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The Fluid-Solid Coupling Characteristics of Vacuum Pipeline Maglev Train

KOU Jie, GAO Xinglong, LI Song, FU Cheng’
(Facility Design and Instrumentation Institute, China Aerodynamic Research and Development Center, Mianyang 621000, China)

Abstract The interaction between the motion of a vacuum pipeline maglev train and the flow field inside the
pipeline results in a highly unstable flow environment. At the same time, the characteristics of the train suspension
operation will cause serious fluid-solid coupling effects between the train and the flow field. In this issue, a fluid-
solid coupling dynamics theory was proposed. A numerical calculation model for the fluid-solid coupling was
established to achieve real-time online interaction data of trains. The fluid-solid coupling characteristics of the
vacuum pipeline maglev train were analyzed. Research results show that the flow field at the rear of the train is
relatively complex, with multiple oblique shock waves and reflected waves. As the train runs relatively stably, the
wave system at the top and the head of the train is relatively simpler. But it will undergo significant changes with the
rain’s operation. The aerodynamic load on the train exhibits low-frequency periodic changes. A decrease in
suspension stiffness leads to an increase in the amplitude of the aerodynamic load on the train and a decrease in the
frequency. Under the suspension stiffness of 30 kN, the displacement and rotation amplitude of the train can reach
270 mm and 14 mrad. The aerodynamic load on the train shows an oscillating amplitude and an increasing trend
over time. It will affect the safety of the train. The above research can provide theoretical guidance and analytical
method reference for the study of vacuum tube maglev trains.

Keywords Vacuum pipeline, Maglev train, Fluid-solid coupling, Aerodynamic force, Aerodynamic

characteristic

WE ASSHEUERTIEEYSEENRSHOER, S0 E R I5EEA & E N AERE . R 5 EBIRBTH
PR 8] 42 5 45 T8 D I 3 (B0 A A T T 0 3 TR A U0, o T XT3 — ), B4R T s A T B VR A A T R G s e,
JEEESE T AT LASE IS 2 A 4R S A8 B0 0 TR A BT A, e L2 A E R TR A ZE M R B A R . TR
B, R IF BT E BRI N I B4, A7AE 238 BRI R Sk, B 25 51 42 138 AT A X e, T 47 42 T A <k B 11
U FR ARG 0 B, (A2 BE A B Gas AT R AW AR Ak . B 4 A2 B0 Y BNk Ay 2 RO B AR Ak, B IS A kNS R 3R )
2 PR SR RGN, ST R 76 30 kN B IRERIEE R, 5128 AR A% shilg(E vT LA ] 270 mm A1 14 mrad, 3 H B
I HERS, 51 4232 2] (1) S sh a8 2 IR 5 IR (B 1 R IS 38, A 8474 & LR AFIE vl LIk 25 S T R 17 91 42
HIRF SRR LS S AT S %

XEiR HAEIE MRIFIE O WEREG KehEm Kok

FESES: U171 XERFRIRAG: A doi: 10.13922/j.cnki.cjvst.202402003

HAE G ERRIFI A — o R se sy R iis T | ARy A B N
==
B

T o
TR, fE—E B N E A E R IR IR, A EBE ROV AES) 43847 BA Ush R, o
AR, TSN AP G AL b e TESCHE A A2 9 B ) 2 W S0 R OB A B . B

B B

75 B #A3: 2024-02-06
E&TR: P ESSH NI SRR OR T SR AR E4E @ EOUHR 54T H
* Bt & A1 E-mail: 50653302@qq.com


https://doi.org/10.13922/j.cnki.cjvst.202402003
mailto:838911823@qq.com

%07 M

AN G A AR

PRI A RS S R ST 593

Xof B2 A5 T W B VR A AR (R 23 R sl 1 2k ) R R AN
G RS T B R IR G s AT
BB SRS TS EZ %
R RS X — AR S R [ A, KM 2
RIRT H2S G BRI W R R TR 4 .

L A T R TR ) G e A R D B A
f0 77 LB ML R AL R AL B, Gillani 26 [ NSNS
NGBS T O BT S WNES . S KB
BH 58 2R J 45 PN IR B 55 80 N B 2% G R T AR 22 1]
(26 2, iz ) R — RS S sh ) Bk TS
1730 3 10— WA 5 v T DL & B, SERR A 4as 4T i
Frb, A i gy A R RS N R
SEF Y S A I I) K A AR Ak, S TR 20 45 T Y
JE 1R A7 AE 25 57, DRI L 5 A 3 37 2 ) A< s )
bR — AR A R AR T AR R ) — 2
WF5E Hh, Kim &7 32 0] AR Ry A Fa A4S Tn] U
W9, I SO T 9 R J5 1 I 2 B s (1] 1)
AR . Zhou!"™ ™ [R] At s SR FH A R A A B I
J'& T B T A e a4 7 A R R ) SR 5 4 A £
A AL PE BRI GE o A S A 5% 244 B i 4 2 R
(B R EE R B ARRR A, IF HA 2 M < sh ek 2E R
RESSWERES KA. XL ES BB
GRS SRR RS, H EE N AMIFIE 5 Bk
FRAT 2 2% 04 T 000, 0 45 37 20 e 8 PN s 32 47
G| 58 2 ia AT A v 81 4 1 S sl R Y AR AL T
TREMFFE, HE BRTAIRFIE AR E T 51
HR BB SR | 4584 L g
A2 B 56 2R, AT AR S 2 52 3 i HoAt T 18] (1<,
B KRS S AT RN, B N
ARFaE W AR B 5 B IR s AT A AN AR, S8
Fomr IR EE, B8 A8 T R B A7 AE,
TR A RN ™ i A AR 3 i VR R
HMIFFE R KRB, R R A B O R
TG G AL Wiz sh A, FF R ek w
SENIREE N BT E RS IE . UL nT LAE H B s
IR A8 4 5 8 N R A AR T
(1) 9 AR A 800, 4 AR A DGR ge 45 SR B, T 2
X A1 X 3k — [ U R IR AW . A S E ST A
25 B TE R VT 9 4 0 I TR A5 A0, 8 s I
i 2k VR B 2 1 O TR - ) ) 2 BRI RO BT O vk, I
HESL T HUE T AR, Sy BT RS A B BT
BRI AR A R, A3 B3R B A Sh AT T B A 4

BAT SRR SR

1 EZEE#BRRIEREBESHNFER

75 A8 T W R I 4 2 U [ R S 80 B Y
TE B2 IR0 e Jsh Sy et s vh itk — 2
fill5 2% B8 4 A B 2R G858 ) 27 e RS I N
PR . A 1 TR, FE RS B RIS A
2z KN 128 b 5 T 948 1 280, i
VAR BA 7S A BB RE sk, 51 %52 21
BNTEFIE Ry A0 50 1 2 53 W B 2847 288, W]
B 12 B o T ) A A AR A . Sy S B R )
2E P B R G, R R 2 X AR 1T oA,
& B H R 0 ER Iz 3l ) 2% 3EAT o3 B, F R
iR AH 45 A8 AT B P A% B H-BR $7 (Arbitrary
Lagrangian-Eulerian, ALE) J5 7%, AJ LS T ]
o HT R R A R B Ty s d) 1) E o i 5
— U RUHNZ I A 9 258 12 Ry R A8 A
ALE AL o M e, B T =S S -
Wish 17 MR R G sh 1 W e e

T X TR, A Y T S R

=N

\

0
gw.(pfuf):o (1)
Bl SFE TR
0
p_fllf"'v’(pfufuf_ff):ff (2)

ot
K pe MUTRAREEE | ¢ IEFIE], f iR T i .
ue N R o B ek Horp AR
NN

‘rf=2,ue—(p+§,uV~uf)I (3)

K, p IR TETT, e ABIITREIE, e R 1 /7 5k
i, e [ RN

e= %(VuﬁVufT) (4)
SRS Tk e e e L N N DS R E s o
ity = Vo, + f, (5)

Hor, p NI L | o, a5k aE | f, S A
PRRRR A | wy W [T A 3 R R o, TN
eIy IR ERER (VPN s AR Yo T TH
VIR JE A R T A ) 8 <, PRIt A2
u =u
{ i ) i (6)
orn=0-n

w R PARTEAE AR B 3 L A RE, wl o [ A



594 Bz B % 5 R ¥ W CIRYE
AR AE T L (93, o bR o 43 A A Foop & (13)
VRAERE A5 ST L 7, m SR ML A8 P 00 3 T . v

N =27) Iﬁlﬁﬁﬁé\ﬁﬁﬂj%%ﬁ%ﬁiﬂﬂﬁﬁmE‘JETEME
IRGLIST0E o

A S LT b B SR A ), 28 T u = (14)

F I3 7 4[] B 2l L < e, S ) A
(H 232 T b SRR B A RO AR e S E A
SHE 75 S A A 10 7 S 8 A F 49 2L, AT
SR A 7 A A B, T B
JIF;
F = [ (H) olds (7)
CH)" S5 AR 0 R SR 4 7 b R L
A3 5N 7 1 ) 5 ) A 1
(308 Y 550 s 336 476 0 W -5 o R P
SR X
Xi= I(Hf>Txisds (8)
(H')' 2 [ VR 30 0 A o B 50 6 1 b A (1 e,
38 T A AT A
S T A 3 2 I A F7 2% 43 59 3R B R R
e B E R THEA, AK TR

€K Bu> ARSIy R
Ou,
py P Vu, = V- [-pI+u(Vu,+(Vu)')|+ F
(9)

P, p R T, ¢ ], we S TR R A, 1
AN I BERE, T MR, FORAN 1, p MRS, T
h AR

FA% Y H ik 1Bl 177 T
0%u; 3
p8t2 —V.o=Fy, (11)

Ao, v o AR BE ) £, 6 I o

T 2 T ARz 2 A 2 (9) F (10) 545 3 1Y
WA TR u,, T 312 Zh P i i 52 31 Y
AR A AT £

f= n~{—p1+ p(Vag+ (V") - gy(v-uf)l]} (12)

X, p T, w RS EE, TR, 1o F5AE
i

AR IO IE SR 32 B I AT AR B B S
BT MR Bh AT f SRR BT 25 (R AE SR A
B RHRE S 0 45 15 K- dv R dv, AT DABE— 2D 3158
B Z PRS2 B B TR Fr

Hoh, XOh 1z s IR MRS RFE /S . 12 SRy
WA Iz B0 78 F1 AR I8 i S el g 1 ik TS 5 22 At
T b Y A LR
FEBE I ITRERN:
Ms% +CS% +K X =F:+F,
0%t ot ¢

Horr, M iz sh R B 56 1, €, iz sk
BHJCRE M5, K, Jyis sh Wik iy I EE A6 B, F, 82k
i LAA ) A A S 2 A

(15)

fliud region aerodynamic force

\ o)
inner K, C

rrrrrrmrrret

suspension stiftfness

speed

other force

K SESS S E s os g2’
Fig. 1 The aerodynamic-motion coupling analysis of train sche-

matic diagram

2 EXEE#MAFRIEREREHHFEE

e bR s I AR TR G AR A B,
FIFH COMSOL £ 3 73 A R A4 A T A 01 2 3 s e |
ZARD 1453 Wi e LA K RS A o B e, A 2
LA B WG R B R A3 R BN 12— 2R BN 0 2 1 Bk
A BRI, SC T 9 45 S o i £
(USTIPAES TN g W% JLa RN i Ihg
BRI FL 25 A PR N 9 ZE 0 AR A B ) 25 a0 A
TR @1 T 58 12558 1540
B RN Y L S A T R TR ) A S I R R
BAH AR

L5 TR RGBT A 25 43 B A A SR ] i A,
A3 BT SR B R S5 R, B E EAR 6 m, B4R
0.9 m, PHZE LA 0.3, 424K 5 48 1E M i A (] R R 1 mo
FEFARE S B BRI ZE Y, % B 8 4 N is B ]
AR, T I L s A8 T Y LR R o S T AR B, ST
REZEE T B, RSB 340 m/s BB,
T R TR E R 0.1 AN KRR L ) %% B, i Y A



87 W NS AR

ESSER KR LI RO 595

AUV N RANs [ k-oo 157, 3R R 293.15 K

DA% ] o3 BsF, XoF 3 Bl B 3 ) XA 15 A B
K, BR B2 Bl 38 LA AR [R] 3 BE A8 A7, IF8 35 40 P A%
HATAIAL . TR B A SR ER 43, SR ABOR 1 R A%
HEFT R 53, AR AR IS B i, IS R 43 )5 an i 2 B
TN o FHPTES 4T A AR T LA RN, R T
/N 10 mm B R A% RS, 78378 25 91 427 B %) A
W) >R FH v A X P A, B8 1) 2 A6 R A ) ks R
B, PIA% K 1000 mm. AR T AERR 5]
2 T P TR AR, XA A A X B T
HFZ ARG, B E T 8 2R, B ECh
112526 4~

L 2000 m
i |

*

K2 504 pAs A
Fig. 2 The grid distribution of train

HEAL T 0 ) A SRR T Y IR AR AL B
TCo oM SR T 53 R AR AR o 83 ) R A T A
W o R A R A R — T LASE S s sl 4 R A
18] 5 3t 180 =22 ) R A P A 0 O AR, A B ] DLRE
SR 1) W EEANBELE, [R] T LAsE % 1 oo kiiz s
PR LU TR 4 2 B2 Gz gy o 8 Ak R S R ] L Ly
Iriz s A T ¥ A 1 . ) e, AT RSB 2
SRR R PR, X T R 2B PR I Rl R W
HAT B AR o

BCE S Gz s M2 i A AR )
B A is Bl B 2, RIS AR s AT,
BB AT O e e A1, o S T AR IR
R WSO, & A AEAE 0.1 s P9 I i 3

—

(2)

e | |

340 mys, BijG —HAIHETTE 4.0 s, WEMESE
TR T O M o 0, 45 E
RE T30 53y [ 2 BE AT, 5] 2 A 0% 2 A7 DA 3 1Y)
PRIz ghil ., H v A TS S G 45 R HH JC W
FEREALFH

BTN - W 1R R 58 )1+
WFFE e, B 08 420 B 5 2 127 e i &
T B FNE A2 it AR S (TSR, X B s A T
BIEIN A Z P i AT 550 A IE NS R
A RE M A B 22 R 8l Mz s ke e AT TR . X L
WFSE T A )BT W DA R [ 58 B 3538 4T F A 4
YrtetE, S5 T M OGRS B R ) 4 o B s R, R E
TENIE 9 30, 300, 3000 kKN/m = Fl 45 2% , R0 B
4.8 t, THEEIRIY 4 s,

3 EEEEHMEFIERERSHESH
Z#HR

3.1 ZHEARGOHENE

ML 3 FE 4 BAS[R] B V7 NI T 510 42 ) 1L
A AT LA, B 26 JR SR A AR A 208 S L R
B . A A AE K EE A 300 KN/m, 3000 N/m Al [ 5
BARBATHE, FNZETH 54 B RE R T 218 )
S, AR TR A 30 KN/m B, 31 42 THR 0 5 A
X A RS . ek, B HEAE 30 kKN/m & TR FI
B, 510 4 3k R T B T — AN BH R AR X, A
RETENIEE T, 51 5 B i 5 50 2 S BT
IR 19 3 7 53 A R 5 22 501, R B R 84T 1
) L 1 TR W B 2 X S Bl e 7 A W S s ), L
T I 3 AL, T 15 280 I A 4

BSR4 s B Z0AS ) 1 WL 37 2 i sl skt
B i . DAZEIA LUE H 30 kKN/m 19 B 77 W
T, AN R BT AN Sk iy AR ST A
TR DI, 7 ARk T W R K A TR, 4 R TS 1 R

4\

"/
/

3 4 s NZIARERNIEE R4 R BE S206 . () k=30 kN/m; (b) k=300 kN/m; (c) k=3000 kN/m; (d) [#E
Fig.3 The pressure distribution around train with different suspension stiffness at 4 s. (a) £&=30 kN/m, (b) /=300 kN/m, (c) ki=

3000 kN/m, (d) fix



596 H o= B2 5 # R % i W44 %
(a) ) ‘ (b) - .
¥ o T oo (1] W o I g
e C —
) v) r ~ 7 R

K4 4 s ZIRIRE R RIE T 91 46 AT )1 25204375 . (a) k=30 KN/ms (b) k=300 kN/ms; (c) k=3000 kN/m; (d) A5
Fig. 4 The pressure counter line around train with different suspension stiffness at 4 s. (a) &=30 kN/m, (b) k=300 kN/m, (c) k=

3000 kN/m, (d) fix

(d)

450
400
350
1300
250
200
150
100
50

KI5 4 s BPZIANRIETE I T 51 4 8 Rl B ik 704 o (a) k=30 KN/m; (b) A=300 kN/m; (c) 4=3000 kN/m; (d) 5
Fig. 5 The speed distribution and streamline around train with different suspension stiffness at 4 s. (a) k=30 kN/m, (b) /=300 kN/m,

(c) ~=3000 kN/m, (d) fix

WX RIS . R E S i T R A
WINRJG, S 2R 5 A0 R AR Ak, 51 2 R i
LT . 7E 30 KN/m (AR NIEE T, 91 4 T Y
TR AT LAY 5, A B A B TR NI B R A 7 T
U, BT TR G I I AE AR, 5 ZE TR 4k th R
WA oA o R RI BB W KR, g 5 A T4
B8 A B AT W 43 A R B W . TRt
PN ERIFIEAT TOL T, BIFRIER /NS S8 5
[P 7 B AT B TR S P S B W 25 5, B 7R R
G G IO U 3 4 A1 38 5 818 i 818 4T LolAT
FERER 25 5, B/ IR W B 2 SO0 [ R 45 2507
T

K6 M2 T2 W R 30 kN/m T0L F, A
Bk 2050 4 8 L 7, T RAMA 0.5 s FiT 1 s B 20051 4257
HETOER AL BT [ BB AT 00T A R, (2
JEAE 1.5 s B2, 50 AT s i e 2k, OF HAEZ G
B 20 POR PR B, IEAh, B4 5 FE 1.5 s
L — AR X, 1.5 s ~ 3.5 s 3% X B i b ok
1M 3.5 s ~ 5 s 1% XA W), 2 A0 X i AR e &
24T IR AL . 0.5 s~ 5 s BFZI51 %
JAFIR 153 A5 T DL, 9 4 I A 2 2,
FEAE 22 TE RO ARSI, AR Bl 51 22 s A7 A
XA SRR A, T 1) 2 T8 A0 Sk 50 1) D5 2 AFDGT B 75
BB RSBEE S st R AEVT R AR L, BT

o N[

HL AR EIF BT S S EO EAEIERE RS,
JEHIEB A TOER AN Sk i A8 A B

K7 BN 4 s B 20 [ TR NI T 81 42 4 5
J153 A, For A S R 42 R B 4 1 R ) 43 A B AR A 4%
AT, AE B R R TR ) 0 A MAE 76 B B 1
2600 o A A 1 43 A Dy, BT WIS R g e
%o BEIFWIE 30 KN/m T.00F, HTRHE iz s T
HoAth =B TOCHY R 5040, X —FEPEFERT SCHh Y R
J15r A AL AT DL, A2 T0A 20 B 0 1 s S5
B S#em . Bk, ARIR] B 77 NI 25 58001 42 8]
BB A 3 3 A A A6 B A 22 01, % 91 432 B i < 8h 3k
fap s 2 7 A A R ) E
N ES BT
SRy itt—20 or Br LA A T R R O AR E
AN TR st e, RIS [l 1222
9 5 7 2 2 A5 T WG R TR A A A A B T
BT, S Z2 g v NI BE 450 T 19 91 4z Bl ) 22 Rk
HEATEUEIT B 0T, 5RO A M < sh 2k 22 1k
FFIE .

WE 8 N, F A AN R B W EE T 32 20
BN AT YIRS AT B A 3 340 my/s 11 0.1 s B %)
ik B — AW AE, B PENIEE R 300 kKN/m, 3000 kN/m
AN 8 A AB AT T 51 42 9 1) < 5)) 288 Ay 248 34 [
5B —RONRRE . TETENIEE 30 kKN/m T4

3.2



%07 W LA

&
i
it
¢

B AR5 4 AR S PRI 597

—~
o
—
‘

(b

—~
o
~—

(d

Z

—~
J
—

E

(g

(h

Z

—~
—
=

[y
=

-

x10*
1.25
1.14
1.04
0.94
0.83
0.73
0.62
0.52
0.42
0.31
0.21
0.10

—-0.10
-0.21
—0.31
—0.42
—0.52
—0.63
—0.73
—0.82

El6 AR 2] k=30 kN/m %) 4 Ji 1l 1204 o (a) =0.5 s; (b) £=1.0 5 (c) £=1.5 55 (d) =2.0 s; (€) 1=2.5 s; (f) =3.0 s; () £=3.5 53

(h) =4.0's; (i) =4.5 s (j) =5.0's

Fig. 6 The pressure distribution around train with stiffness of 30 kN/m at different times. (a) =0.5 s, (b) =1.0 s, (c) =1.5 s, (d) =2.0 s,
(e)=2.5s, (f) =3.0s, (g) =3.55s,(h) =4.0 s, (i) =4.5 5, (j) =5.0 s

bottom \ roof tail
10

/

0 ;/_/—/—’_/J\/ W {
S head \],
0 5 10 15 20 25 30 35
circumference coordinate of train body/m

— k=30 ---- k=300 -—- k=3000 fix

K7 4 s 2R NI T 81 42 4 B T ) A
Fig. 7 The pressure distribution around train body with differ-

presslre on the train bocy/kPa

ent suspension stiffness at 4 s

pc uniform speed

05 1.0 15 20 25 30 35 40
time/s

k=300

longitudinal aerodynamic

— k=30
I8 N[l NI T 51 432 B9 ) Bl 4 Aif

Fig. 8 The longitudinal aerodynamic force with different sus-

k=3000 fix

pension stiffness

T, KB EATTE 1.5 s 2247 B 2] SO 3 — N A, A
177 5 B0 1) < 2 2 A e (B BH I o T At = T
B &9 Hr g 2R 37 3 ) 3 ) A< B0 3 Ao AR ER 1 — 2
IR AR, Hod B IERIEE 4 300 kN/m T-HLF,
B 4 3 (] A<, 2 28K g 552 B0 L34 A %) B 1 AR Ak
AT 5, 22 KIEE K 3000 KN/m T2 30 1 [ 5 8 245
BAT T, 51432 B 8h 3 ) sl 2 fr 8 M 230
T2 77 W EE 2 30 kKN/m TR, 91 4 52 31 0 2 i) /<
ST i T HA =R T, oAbt R — &
(R o sk far ) R AR AL ZE L 10 ik
W NI . BIRE TR SR TR, 52 ER
Bl IR B — o 0 JR B IR LIRS 1 iR (e Y
REPRER B4 2 3 1w S sh kAR sh
R o R 12 B 17 W2 s/ IN T 8 R el Tk 0
W 5 S [R) 5 2080 22 S 28 AR AR R 1 R (R, < Bh 28 e
AR A 5 I 7 T R i/ N T/ )N o

S AE 2R 3 R A 5 EL4h R R 8 42 2 B Y
S B A RN T 38 AR R AR A TR N
JEE (/N2 3 B8 4 % 2 A S sh 28 4o e (L84 Jn, At
RN, B EERS, 51 7552 20 003 sh 3 S B
IR 5 M (08 DR ) 2 3, 2 B O T 45 80 2 AN i 34



598 Hoz= fogE 5 R R 5 44 3
z 2
5 20 o 0p , -
S -0} S -4\ By
E 20 % 6 \ N
g 30¢ 5 -8
R 5-10f i
= i
S 70 514t
g 80 -16 _
£ 290 N W (Y S N S 0 05 10 15 20 25 30 3.5 40
5 0 05 10 15 20 25 30 35 40 time/s
time/s — k=30 k=300 — k=3000
— k=30 k=300 — k=3000 fix

B9 N[l F I E N 91 42 52 B3 1) Sl 48 Ay
Fig.9 The vertical aerodynamic force with different suspen-

sion stiffness

B
Z 400 —
< 300} f
%/ 200 | 364 -
5 100 | ‘
3 0 —— : \
2 -100] N
§ 200
= =300 [ /
2 400 —— =UE
g 0 05 10 15 20 25 30 35 40
time/s
— k=30 — k=300 — k=3000  fix
[E110 AR EERIE T 51 4252 213l 146

Fig. 10 The aerodynamic torque with different suspension stiff-

ness

Sif, QR BEA A RO v e 51 4 32 B 5 ] sh w1
IS4 BBl 51 AEas 11K 12 32 2 KA o

33 FFETIHFN

B R B A Ja S i TR e S B8 o 7E VR I
J& >4 30 kN/m A1 300 kN/m PR EIFRIE T, 511421
e ) o7 B B K, B R AE 7T 15 24 270 mm Al 38 mm,
TR 7 W BE A 3000 kKN/m B, 51) 22 3000 37 % f K iR
EACH 2mm 2247 o [ 12 50 4 1 05 Sk s sl
0 TE X P Pl B TR T 2 B R W R 7 R,

0.2
0.1 0038

of————
,01 L
-02}

-027

vertical aerodynamic force/kN

-0.3
0

1.5 20 25 30 35 40

time/s
k=30, rear k=300, front
k=300, rear k=3000, front — £k=3000, rear

1L ORI PRRIE T 500

The displacement at monitor points of train with differ-

0.5 1.0

— k=30, front

Fig. 11

ent suspension stiffness

B2 N[R89 4245 2l ffy 2
Fig. 12 The rotation angle of train with different suspension

stiffness

e KIFAE P 5 14 mrad F1 3.7 mrad. 2 B 763X 9
BIEWIEE T, PN E e sh#m AVE T A ™ &
OF I A b i e Ay o L 2 R T 6 B e ) = i i
I T] A 4 A% 522 30 A0 W (38 R R et S B0 T 9
W o] 5 B8 SlE B AR BE SR B T A AL R

bt & 5 BB AT, U B R A RN B X BT i
A7 35 53 WOk B 2, X8 42 i s 47 28 a1 5 i)
N

4 #ig

X B2 S BRI BRI s TR, SRS
B N ) A7 A6 ™ 2 A0 O [ A 3000, B T &
TE RGBT R AR G s A e, s T
EE
yA

WY 1 ok

B i 7 7 ) 4 52 AR e U [ R 5 BB 3R
j'_, A3 AT B B TR A A AL A TR AR A
o WF5E R IR

(D) I GRIF BTN R MR 4=, FE1E
22 TE R AN S, (B2 Bl 3 22 B35 AT AR 5
SRS, T A1) 2 T A Sk 5 A U F RE R S T
AR SRE Y st &AM B ARk,

(2) SEITE LU AR G U B 45 2R B R 3 452 3|
1) <, 3h B A7 347 S AR R S T AR A o AR R I ) 9
INGs BN 232 B S B R R A RS I, A3 R
Wit 5 I R4S, 21 242 32 B 0 R Bh 2 22 B4R 3% R (B
HER A A, FHA I AR A 250N 23 AN BT o

(3) INGRIFBAT TOU T, BIRRI B3/ s 3 3L
i 5 e BB AT R I 2 R, T
RS A 3N 2 i o 7F 30 kN VRN TR, 1 1917
% FEE Shig (E r] DAk 3] 270 mm Fl 14 mrad, 3 H.BE
E I RIHERS, 2 4252 3] 09 < 3h 2T 2 LR IR (i
A HGRANEH
X LE Y2 R R W B R IB 1T

s i Y

=

F 207 A 1 R

H



s

7

NS S B REETE A G B R A R DT

599

s 45, 2
7B A 6 A A N [ Py 38 0 7 T S8 2 AN W

5, ARG A R IR AR A B A, 2 T3

(ks

BT W ARACANRE 32 24T LA, 47 4%

AT R EIR

(1]

[2]

(3]

(4]

[5]

(6]

(7]

(8]

(9]

& £ x #
Taylor, Catherine L, Hyde D J, et al. Hyperloop commer-
cial feasibility analysis: High level overview[R]. United
States Department of Transportation, 2016
LiuJ L, Zhang J Y, Zhang W H. Analysis of aerodynam-
ic characteristics of high-speed trains in the evacuated
tube[J]. Journal of Mechanical Engineering, 2013, 49(22):
137-143 (XA, Fkkl, 5k TR, B8 TE & 81 4
BRI (0], HLAE T2 2241, 2013, 49(22): 137-
143(in Chinese) )
Zhou X, Zhang D Y, Zhang Y P. Numerical simulation of
blockage rate and aerodynamic drag of high-speed train in
evacuated tube transportation[J]. Chinese Journal of Vac-
uum Science and Technology, 2008, 28(6): 535-538 (J#
¢, SRBON, SR B2 4 B 28 X 81 4 <R
TR B BUE I ()], B e 5 HOR 2441, 2008,
28(6): 535-538(in Chinese))
Opgenoord M, Caplan P C. Aerodynamic design of the
hyperloop concept[J]. AIAA Journal, 2018,56(11):4261—
4270
Wang Y B, Xuan Y, Zhang J B. Train aerodynamic resis-
tance in transportation system of low vacuum tube[J].
Chinese Railways, 2023, (07): 53-59 (E )%, 55, ik
PRI AR LA T Al R G5 F SR WEoE (3], T
Bkitk, 2023, (07): 53-59(in Chinese) )
Kim T, Kim K, Kwon H. Aerodynamic characteristics of
a tube train[J]. Journal of Wind Engineering and Industri-
al Aerodynamics, Aerospace Science and Technology,
2011, 99: 1187-1196
Kyeong S J, Thi T G, Jihoon K, et al. Effects of com-
pressible flow phenomena on aerodynamic characteristics
in Hyperloop system[J]. Aerospace Science and Technol-
ogy, 2021, 117: 106970
Zhang X H, L T, Zhang J Y, et al. Aerodynamic choked
flow and shock wave phenomena of subsonic evacuated
tube train[J]. Journal of Mechanical Engineering, 2021
(04): 182-190 CiKIERA, 2 I, 5Kkl 2. W5 L2
I A B 2 FE R (9], HUAR TR 2 4
2021(04): 182-190(in Chinese) )
OhJ S, Kang T, Ham S, et al. Numerical analysis of aero-

dynamic characteristics of hyperloop system[J]. Energies,

f10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

2019, 12(3): 1-17

Gillani S A, Panikulam V P, Sadasivan S, et al. CFD anal-
ysis of aerodynamic drag effects on vacuum tube
trains[J]. Journal of Applied Fluid Mechanics, 2019,
12(1):303-309

Kang H, Jin Y, Kwon H, et al. A study on the aerodynam-
ic drag of transonic vehicle in evacuated tube using com-
putational fluid dynamics[J]. International Journal of
Aeronautical and Space Sciences, 2017, 18(4): 614—622
Zhang Y. Numerical simulation and analysis of aerody-
namic drag on a subsonic train in evacuated tube trans-
portation[J]. Journal of Modern Transportation, 2012,
20(1): 4448

Zhou P, Zhang J, Li T. Effects of blocking ratio and Mach
number on aerodynamic characteristics of the evacuated
tube train[J]. International Journal of Rail Transportation:
2019, 8(1): 27-44

Bao S, Hu X, Wang J, et al. Numerical study on the influ-
ence of initial ambient temperature on the aerodynamic
heating in the tube train system[J]. Advances in Aerody-
namics, 2020, 2(1): 18

Zhou P, Zhang J, Li T, et al. Numerical study on wave
phenomena produced by the super high-speed evacuated
tube maglev train[J]. Journal of Wind Engineering and In-
dustrial Aerodynamics, 2019, 190: 61-70

Kim T K, Kim K H, Kwon H B. Aerodynamic character-
istics of a tube train[J]. Journal of Wind Engineering &
Industrial Aerodynamics, 2011,99(12): 1187-1196

Hu X, Deng Z G, Zhang Y L, et al. Characteristics of spa-
tial and temporal distribution of wave system in evacuat-
ed tube maglev transportation[J].
Sinica, 2022, 40(6): 146—154 (WIWf, XI5 [ NI, 5k 4 e,
8. FL2s I RGITACH A NI RN 23 S A RHIE [J]. 2R
B J17727412, 2022, 40(6): 146-154(in Chinese) )

Li T, Song J Y, Zhang X H, et al. Theoretical and numeri-

Acta Aerodynamica

cal studies on compressible flow around a subsonic evac-
uated tube train[J]. Proceedings of the Institution of Me-
chanical Engineers, Part C: Journal of Mechanical Engi-
neering Science, 2022, 236(15): 8261-8271

Zhou P, Li T, Zhang J Y, et al. Research on shock wave
trains generated by the hyper train in the evacuated
tube[J]. Journal of Mechanical Engineering, 2020, 56(2):
86-97 (JEIME, 2= 1, sKak b, 55, 25 IH M9 43k
RESHITIFE [J]. MUK TR 4, 2020, 56(2): 86-97(in
Chinese) )

Zhou P, Zhang J. Aerothermal mechanisms induced by


https://doi.org/10.3901/JME.2013.22.137
https://doi.org/10.3901/JME.2013.22.137
https://doi.org/10.2514/1.J057103
https://doi.org/10.1016/j.ast.2021.106970
https://doi.org/10.1016/j.ast.2021.106970
https://doi.org/10.1016/j.ast.2021.106970
https://doi.org/10.29252/jafm.75.253.29091
https://doi.org/10.5139/IJASS.2017.18.4.614
https://doi.org/10.5139/IJASS.2017.18.4.614
https://doi.org/10.1007/BF03325776
https://doi.org/10.1186/s42774-020-00043-w
https://doi.org/10.1186/s42774-020-00043-w
https://doi.org/10.1186/s42774-020-00043-w
https://doi.org/10.1016/j.jweia.2019.04.003
https://doi.org/10.1016/j.jweia.2019.04.003
https://doi.org/10.1016/j.jweia.2019.04.003
https://doi.org/10.1177/09544062221087826
https://doi.org/10.1177/09544062221087826
https://doi.org/10.1177/09544062221087826
https://doi.org/10.1177/09544062221087826
https://doi.org/10.1177/09544062221087826
https://doi.org/10.3901/JME.2020.02.086
https://doi.org/10.3901/JME.2020.02.086

600

o 44 3%

[21]

[22]

[23]

[24]

the super high-speed evacuated tube maglev train[J]. Vac-
uum, 2020, 173: 109142

Song J Y, Li T, Zhang J Y. Research on aerodynamic
characteristics of evacuated tube train in dynamic opera-
tion[J]. Journal of Experiments in Fluid Mechanics, 2023,
37(01): 64-71 CREE, 22 H, skakll. B8 HS 435)
BB NS (0], SR 157, 2023, 37(01):
64-71(in Chinese) )

Hou Z H. Flow structures and aerodynamic force/heating
characteristics of high-speed tube train[D]. He Fei: Uni-
versity of Science and Technology of China, 2022 ({3 H
5. e U I A L B A5 A AR B 1 AR [D]. A
TRl HR K2, 2022(in Chinese) )

Wang X F, Hu X, Li Z P, et al. The effect of track struc-
ture on the aerodynamic characteristics of evacuated tube
maglev train[J]. Journal of Experiments in Fluid Mechan-
ics, 2023, 37(03): 9-18 (L K, WANH, 22531, 45, Pl
SERR LA T RE TS SRR R 2R (1], AR
k41,2023, 37(03): 9-18(in Chinese) )

YiY Y, Huang Z D, Zhou Z B, et al. Analysis of shock

wave characteristics of two-dimensional pipeline train in-

[25]

[26]

[27]

tersection[J]. Chinese Journal of Vacuum Science and
Technology, 2023, 43(4): 350-360 ({Jt/"/™, 2 4h, J&
PO, 45, " HERE IS A R o (0], SR
2 SR 24, 2023, 43(4): 350-360(in Chinese) )

Hou Z H, Mao K, Zhu Y J, et al. Progresses in key aero-
dynamic problems of low-vacuum tube trains[J]. Acta
Aerodynamica Sinica, 2023, 41: 1-20 ({4 %, B, &
TR, S5 RS A T 5 42 SRR Bl ) LRI 5 B e (1.
25BN, 2023, 41: 1-20(in Chinese) )

Kou J, Fu C, Gao X L, et al. Progress on fluid-solid cou-
pling of vacuum pipeline train and analysis of key tech-
nology[J]. Journal of Experiments in Fluid Mechanics,
2023, 37(3): 37-49 GE, f5&, W%, % KA HIE
B 2 G R TS O i M OCRE AR AT (1], SRR A
71%#,2023,37(3): 37-49(in Chinese) )

Fu C, Kou J, Gao X L, et al. A coupled analysis method
for aerodynamics and kinematics of maglev platform in a
maglev flight wind tunnel. Chinese Invention Patent,
CN202310778115.2[P] (FF3#, %A, w24, 55, —Fhi
P RAT KGR 17 5 R sh iz 3 e i e A or vk
v [ & B & F), CN202310778115.2[P](in Chinese) )


https://doi.org/10.1016/j.vacuum.2019.109142
https://doi.org/10.1016/j.vacuum.2019.109142

	1 真空管道磁悬浮列车流固耦合动力学理论
	2 真空管道磁悬浮列车流固耦合动力学模型
	3 真空管道磁悬浮列车流固耦合特性分析结果
	3.1 管道内流场分布特性
	3.2 列车气动载荷特性
	3.3 列车运动特性

	4 结论
	参考文献

