Int. J. Str. Stab. Dyn. Downloaded from www.worldscientific.com
by UNIVERSITY OF NEW ENGLAND on 12/19/17. For personal use only.

World Scientific

Vol. 18, No. 7 (2018) 1850093 (30 pages) World Scientific
www.worldscientific.com

© World Scientific Publishing Company
DOI: 10.1142/50219455418500931

International Journal of Structural Stability and Dynamics \\’

Hunting Stability of High-Speed Railway Vehicles
Under Steady Aerodynamic Loads

Xiao-Hui Zeng*

Key Laboratory for Mechanics in Fluid Solid Coupling Systems
Institute of Mechanics, Chinese Academy of Sciences
Beijing 100190, P. R. China

School of Engineering Science
University of Chinese Academy of Sciences
Beijing 100049, P. R. China
zzh@imech.ac.cn

Jiang Lai

Nuclear Power Institute of China
Chengdu 610041, P. R. China

Han Wu

Key Laboratory for Mechanics in Fluid Solid Coupling Systems
Institute of Mechanics, Chinese Academy of Sciences
Beijing 100190, P. R. China

School of Engineering Science
University of Chinese Academy of Sciences
Beijing 100049, P. R. China

Received 1 May 2017
Accepted 20 November 2017
Published 18 December 2017

With the rising speed of high-speed trains, the aerodynamic loads become more significant and
their influences on the hunting stability of railway vehicles deserve to be considered. Such an
effect cannot be properly considered by the conventional model of hunting stability analysis. To
this end, the linear hunting stability of high-speed railway vehicles running on tangent tracks is
studied. A model considering the steady aerodynamic loads due to the joint action of the airflow
facing the moving train and the crosswind, is proposed for the hunting stability analysis of a
railway vehicle with 17 degrees of freedom (DOF). The key factors considered include: varia-
tions of the wheel-rail normal forces, creep coefficients, gravitational stiffness and angular
stiffness due to the actions of the aerodynamic load, which affects the characteristics of hunting
stability. Using the computer program developed, numerical calculations were carried out for
studying the behavior of the linear hunting stability of vehicles under steady aerodynamic loads.
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The results show that the aerodynamic loads have an obvious effect on the linear critical speeds
and instability modes. The linear critical speed decreases monotonously as the crosswind ve-
locity increases, and the influences of pitch moment and lift force on the linear critical speed are
larger than the other components of the aerodynamic loads.

Keywords: Stability; self-excited vibration; high-speed railway; steady aerodynamic load,;
hunting; multibody dynamics.

1. Introduction

High-speed passenger trains are being increasingly operated to cope with the ever-
increasing hunger for bigger transport capacity. A speed record of 574.8 km/h for
wheeled trains was set on April 3, 2007 by a French TGV test train on conventional
rails. Among the wheeled trains in service, a Chinese CRH380BL set reached
487.3km/h on the Beijing—Shanghai high-speed railway during the trial service on
January 10, 2011. Besides the notable increase in the uppermost speed, the sus-
tainable operation speed is also boosted. The maximum speed of the China railway
high-speed (CRH) trains in the Beijing—Tianjin intercity rail line, the Wuhan—
Guangzhou and Zhengzhou-Xi’an passenger dedicated lines, and the Shanghai—
Nanjing high-speed railway, is 380km/h during regular commercial operations,
whereas the operating speed is 350 km/h.

Speed boosts may cause problems that differ from those at low speed. One of the
problems has to do with the effects of the aerodynamic load on the train. There have
been many studies on this subject. Suzuki et al.! evaluated the aerodynamic char-
acteristics of the typical vehicle configurations on embankment by using tunnel tests.
Carrarini® studied the effects of aerodynamic loads on vehicles by modeling the
parameters as stochastic variables. Baker® investigated the crosswind effect on train
and presented a simple method for calculating the wind time history. Bocciolone
et al.* carried out extensive wind-tunnel tests on three types of railway vehicles and
performed sensitivity analysis on the parameters influencing the aerodynamic be-
havior. Baker and Cheli® reviewed the research findings on the crosswind aerody-
namic effects on road and railway vehicles and set out the methodology for predicting
accident risks by using aerodynamic force characteristics. Wetzel and Proppe® per-
formed the probabilistic analysis of the railway vehicle systems considering the
turbulent crosswind excitation. Thomas et al.” carried out multibody simulations for
a high-speed railway vehicle in crosswind and studied the effects of aerodynamic
loads induced by crosswind on a vehicle negotiating a curve. Cheng et al.® investi-
gated the dynamic responses of a railway vehicle subjected to three-directional
wind-induced forces and moments. Baker et al.” presented a method to produce
aerodynamic force time histories by using wind-tunnel testing and computational
fluid dynamics, followed by vehicle dynamics simulations. Cheli et al.'’ and
Tomasini and Cheli'! presented a numerical model for the aerodynamic admittance
function, and verified the model based on experimental data.
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The studies regarding the effects of aerodynamic loads on trains may be broadly
divided into two categories. The first is concerned with seeking the characteristics of
the flow field and the aerodynamic force or moment coeflicients by using experiments
or computational fluid dynamics, neglecting the wheel-rail interaction. The second
concerns the vehicle behavior, especially derailment risk indicators, under aerody-
namic load. On this subject, besides the majority of studies on the characteristics of
flow fields and aerodynamic issues, nearly all other works on dynamic responses of
the vehicle are concerned with the forced vibration induced by aerodynamic loads.
Little has been done on the effect of aerodynamic load on the self-excited vibration or
“hunting phenomenon” of railway vehicles.

The hunting phenomenon is an important feature of the motion of railway
vehicles that has to be tested in any newly designed vehicle before service. The
critical speed at which railroad vehicles experience severe hunting is critical in safety
design, because of the potential instability and the associated passenger discomfort
or possibly derailment.

Wickens'? investigated the hunting stability of wheelsets and bogies, and ana-
lyzed the effects of various parameters. Hannebrink et al.'® studied the effects of axle
load, track gage, and wheel profile on the wheelset hunting. Tuten et al.'* analyzed
the effects of different wheel profiles and asymmetric loading on the lateral stability
of freight cars. Hirotsu et al.'® studied the hunting stability of a railway vehicle with
17 degrees of freedom (DOF). Knudsen et al.'® presented a numerical model for
analyzing the stability of a wheelset. Zeng'” numerically studied the Hopf bifurcation
and limit cycles of a nonlinear railway vehicle system. Zhang and Shen'® analyzed the
periodic motion stability of a nonlinear vehicle system. True'® discussed the non-
linear characteristics of railway vehicle systems based on nonlinear dynamics.
Yabuno et al.? used the center manifold theory and the normal form method to
study the nonlinear characteristics of hunting motion of a railway wheelset. Lee and
Cheng?!?? presented a model of the truck with 10 DOF and showed that the critical
hunting speeds differ significantly from those of a six-DOF system. Cheng et al.”*
examined the hunting stability of a vehicle during curving, and presented the re-
spective effects of the various parameters on the critical speed. Kim and Seok>*
performed bifurcation analysis on the hunting behavior of a nonlinear railway vehicle
with dual bogies. Zboinski and Dusza®® studied the nonlinear stability of a railway
vehicle in a curved track. Zhai and Wang?® studied the lateral hunting stability of
railway vehicles considering track elasticity. Polach and Kaiser’” used the path-
following and brute-force methods to analyze the bifurcation and hunting of a
complex railway vehicle. Dong and Zeng”® proposed an algebraic approach based
on the normal form method to determine the bifurcation mode (subcritical or
supercritical) of the lateral stability of the wheelset of a railway vehicle.

As mentioned above, with the significantly increasing train speeds, the aerody-
namic load becomes important. Then, the hunting behavior of high-speed railway
vehicles may differ from the low-speed equivalent. Despite the number of studies on
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the hunting of railway vehicles, few have considered the influence of aerodynamic
loads. Therefore, it is still a problem deserving further investigations for the effects of
aerodynamic loads on the hunting stability of high-speed railway vehicles. That is to
say, what effects can the high-speed air flow in the opposite advancing direction of
the train (in addition to the wind blowing across the direction of travel) have on the
hunting stability and the variation rules of suspension parameters versus critical
speed? Quantitative study has to be performed on this problem because the
aerodynamic loads increase very fast as the speed of the air flow boosts.

In this study, we investigated the eigenvalue problem of the hunting stability of a
high-speed railway vehicle traveling on a straight track, considering steady aero-
dynamic loads (lift, drag, lateral forces, roll moment, and pitch moment) owing to
the airflow opposite to the direction of the train and the wind across the direction of
travel. The effects of variations of wheel-track normal forces, creep coefficients, and
gravitational stiffness and angular stiffness owing to the aerodynamic load were
taken into account. A mathematical model incorporating such effects due to aero-
dynamic loads for the hunting stability analysis of a vehicle with 17 DOF is pre-
sented. A computer code based on the presented model was written. Comparison and
verification were performed by recalculations of published degenerate examples. By
using the code, numerical calculations (incorporating effects of aerodynamic loads)
for eigenvalues, eigenvectors, root locus diagram, and linear critical hunting speed in
different cases were carried out. We also show the variation trends of critical speed
with respect to suspension parameters, under the aerodynamic load in different
airflow fields.

In this paper, we only focus on the effect of steady aerodynamic load. The effect of
unsteady aerodynamic load will be discussed in a future study.

2. Mathematical Model for the Hunting Stability of Railway Vehicles
Under the Aerodynamic Load

To analyze the hunting stability of high-speed railway vehicles, we consider the
vehicles as a multibody system consisting of wheelsets, bogie frames, and car bodies.
The wheelsets and bogie frames are connected by the primary suspensions, and the
bogie frames and car bodies are connected by the secondary suspensions, as shown in
Fig. 1.

The following notations are used.

Ye> Yfis Yui: lateral displacements of car body, bogie frame and wheelset;

Pes Pfis Puwit yaw angles of car body, bogie frame and wheelset;

0, 04 roll angles of car body and bogie frame;

Y4 lateral displacement of spring-damping connecting point of lateral damper;

Tqari, Tagi: longitudinal displacements of the spring-damping connecting point of yaw
damper;

M., My, M,: masses of car body, bogie frame, and wheelset;
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Fig. 1. Dynamic model of a railway vehicle.
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I, Iy, I,; yaw moments of inertia of car body, bogie frame and wheelset;

Iy, If,: roll moments of inertia of car body and bogie frame;

Ky, K,y longitudinal and lateral supporting stiffnesses of the primary suspension;

K, C;: vertical stiffness and damping of the primary suspension;

K,, Cy: vertical stiffness and damping of the secondary suspension;

K: lateral and longitudinal stiffness of the secondary suspension;

K, K, supporting stiffnesses of the yaw and lateral dampers;

Cy, C,: dampings of the yaw and lateral dampers;

hy: vertical distance from the center of gravity (C.G.) of the bogie frame to the
primary suspension;

hy: vertical distance from the C.G. of the bogie frame to the secondary suspension;

hy: vertical distance from the C.G. of car body to the secondary suspension;

hs: vertical distance from the C.G. of the bogie frame to lateral damper;

hy: vertical distance from the C.G. of the car body to lateral damper;

a: half of wheelbase;

b: half of the distance between tracks;

b;: half of the lateral distance between primary suspensions;

1850093-5



Int. J. Str. Stab. Dyn. Downloaded from www.worldscientific.com
by UNIVERSITY OF NEW ENGLAND on 12/19/17. For personal use only.

X.-H. Zeng, J. Lai & H. Wu

by: half of the lateral distance between secondary suspensions;

bs: half of the distance between lateral dampers;

I: half of the distance between bogie centers;

R: rolling radius of wheel;

ARp;, ARy;: rolling radius deviations from the nominal value R;

Npg;, Np;: wheel-rail normal forces;

Opi, 01;: wheel-rail contact angles;

fiiris fiiris fo2ris foors: longitudinal and lateral creep force coefficients;
V: vehicle speed.

There are 17 DOF in this multibody system including the lateral displacements
and yaw angles of the four wheelsets (y,, and ¢,,), the lateral displacements, yaw, and
roll of the two bogie frames (yy, »; and 6;), the lateral displacements, yaw, and roll of
the car body (y., ¢. and 8,). In addition, we considered the six displacements of the
damper rubber joints, including the longitudinal displacements of the spring-
damping connecting point of four yaw dampers (z4), and the lateral displacements of
the spring-damping connecting point of two lateral dampers (x,). The differential
equations of motion for the hunting of railway vehicles are the following.

For the first and second wheelsets (i = 1, 2)

.. y’wi WA
Mwywz + 2Kwy(ywz —Yn + apr — hfefl) + 2f22 (7 - @wz) +Tyuz = 07

b\ b2 (1)
Lo Pui + 2K b3 (0ui — ©11) + 2f11 (Eywz + V(lbwi) — Wibp,,; = 0.
For the third and fourth wheelsets (i = 3, 4)
.. Yuwi WA
My i + 2Ky (Yui — Yp2 F apro — hylpo) + 2f22( ‘u/ - S%i) +Tywi =0,
(2)
2

. bA b2
Lo Pui + 2K b1 (0ui — 052) + 2f11 <§ywi + V@wz) — Wabp,,; = 0.

In Egs. (1) and (2), subscript ¢ = 1, 2, 3, and 4 denotes the ith wheelset, respectively.
For the bogie frames (j = 1, 2)
Mfyfj - ZKwy(yw@j—l) + yw(Zj) - 2yfj - thefj) - zKé(yr + l‘Pc + hZGC
— Yy + hl Hfj) + Ky(ydl —Y.F l(po - h49(1) = 07
I35 — 20K 4y (Yuaj1) — Yuzi) — 209055) — 2K,0:03 (0uej-1) + Puzj) — 207;)
— 2K5b3(0. — ) + by Kg(ar; — Tarj — 2b3¢p,) = 0,
Ly, g = 2R Koy (Yuiaj 1) + Yuiay) — 295 — 2hs05) + 4bT (K1 0y + Crby)
— 2b3(K5(0. — 0p)) + Ca(0. — 0p)) + 2h1 K5 (y. £ lp. + hal, — ys; + hi0y;)
+ hSKy(ydj — Y.+ l% - h400) =0.
(3)
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Subscripts j =1 and 2 in Eq. (3) denotes the front and rear frames, respectively.
For the body,
Mcyc + 2Ké(2yc + 2h290 — Y — Yy + hlefl + h19f2)
— Ky (Yar + Yar — 2y, — 2h40,) = 0,
I, P+ 2K52lp. — yp + Y+ hi0p — h10p)
— UK, (yar — yar — 2lpe) + 203K5(20, — 951 — ¢po)
+ b3 Kq(Tar1 — Tar1 + Taza — Tare + 4bspe) = 0,
1,0, + 2b3[K5(20, — O —0s2) + Cy(20, — 9f1 - éfQ)]
+ 2Ry K5(2y, + 2ho0, — ys1 — Ypo + h1Op1 + hi6po)
—hy Ky (Yar + Yao — 2y — 2hy0,) = 0.
For the spring-damping connecting points of the lateral dampers (i = 1, 2),
_ Ky(ybl —YeF l@c - h496)

Yaj = C
Yy

+ 95 + hsby;. (5)

For the spring-damping connecting points of the yaw dampers (i = 1, 2),

. Kd(l‘dLj +b3p.) bed
Larj = -, 3 fjs
(6)
. Kd(dej — by 80(;) .
T4Rj = —T + b3<Pfj~

In Egs. (5) and (6), subscripts j = 1 and 2 denote the dampers on the front and rear
frames, respectively.

In the shorthand of matrix analysis, the 17 DOF of the vehicle are expressed as
Y, the six displacements of the damper rubber joint are expressed as Y5, and the
differential equations of motion are given by Egs. (7)—(9).

Y= [Yu1 Yo Yus Yot Put Puz Pus Put Ypt 11 O Up 052 Op ye 0 0.]7,
Y,= [mdm LTar1 Tar2 Tdr2 Tyl $y2]T

(7)

Aerodynamic load is proportional to the square of the speed; thus, it is rea-
sonable to consider its effect on the hunting stability of the vehicle on tracks at
high speed. There have been studies on the dynamic behavior of railway vehicles
that have considered the aerodynamic loads. However, nearly all such works deal
with the forced vibration induced by aerodynamic load. Hardly any work concerns
the influence of aerodynamic load on the self-excited vibration of railway vehicles or
hunting stability. Forced vibration analysis cannot offer meaningful results to
evaluate the stability of motion; hence, the existing works on the forced vibration
of railway vehicle considering the aerodynamic load cannot be used in the analysis
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of the hunting stability. For example, it is well known that for linear hunting
stability, critical speed is the most important parameter. However, if we use the
existing methods for hunting analysis, the linear critical speed does not change
regardless of how big the aerodynamic load is, because these methods do not
consider the aerodynamic loads. If we use the existing methods for forced vibration,
which do consider the aerodynamic load, the linear critical speed, which is an
eigenvalue, cannot be obtained because the typical forced vibration analysis does
not yield eigenvalues. Actually, the hunting stability will change because of the
aerodynamic load. To solve the problem, a mathematical model for the hunting
stability of a vehicle considering the aerodynamic load is presented in this study.
The key issue, as it will be shown below, is the recognition of the change of the
intrinsic parameters of the vehicle dynamics model owing to the aerodynamic load.
By using the model the solution to the linear hunting stability (eigenvalue prob-
lem) of a high-speed railway vehicle considering the aerodynamic load is obtained,
and the changes of the linear critical speed (eigenvalue) and the eigenvectors owing
to the aerodynamic load are investigated quantitatively.

The aerodynamic load may change the important intrinsic parameters of the
vehicle dynamics model, such as the wheel-rail creepage coefficients, the gravita-
tional stiffness, and the gravitational angular stiffness of the wheelsets. These
changes derive from the variation of the wheel-rail normal forces or axle loads
induced by the aerodynamic load. Consequently, the hunting stability may vary as
well. This is the main reason for the changes in the linear hunting stability owing to
the aerodynamic load in general. In this study, the following are considered: (1) the
changes in the wheel-rail creepage coefficients, the gravitational stiffness and
gravitational angular stiffness owing to the aerodynamic lift force, the drag force,
and the pitching moment; (2) the differences in the creepage coefficients between
the left and right wheels of a wheelset because of the different wheel-rail normal
forces owing to the lateral aerodynamic force and overturning moment; (3) the
differences in the creepage coefficients between one wheelset and every wheelset
because of the different wheel-rail normal forces owing to the aerodynamic drag
force and pitching moment. The effects of the yaw moment are ignored in this
study because it does not contribute to the wheel-rail normal forces. Based on all
the above, the differential equation of motion for the hunting stability of a railway

vehicle is
[M1 0] {Yl } N C,(C1,Cp,Cc, Chsy, Cayy, U, V) 0 {Y1 }
0 0]lv, C, Gy,
Kl (OLaCD,CCUC]V]mCJWyvU,V) K2 Yl - (8)
K, K, || Y ’

where Cp, Cp, Cq, Cyy, and Cyy, are, respectively, the aerodynamic coeffi-
cients of lift force, drag force, lateral force, overturning moment, and pitching
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moment; U and V are, respectively, the velocity vectors of crosswind and the
running speed of the vehicle; M is the inertia matrix; C; (C, Cp, C¢, Chpy Chys
U, V) and K, (Cp, Cp, C¢, Chpy, Cuyy, U, V) are, respectively, the damping and
stiffness matrices consisting of contributions from the wheel-rail creep, gravita-
tional stiffness and angular stiffness, and the primary and secondary suspension
(some elements of C; and K; are affected by the aerodynamic loads); C, and Cs
are the damping matrices of the lateral and yaw dampers, respectively; Ko, Kj,
and K, are the supporting stiffness matrices of the spring-damping connecting
point of the lateral and yaw dampers, respectively.

To obtain the linear critical hunting speed of the vehicle considering the aero-
dynamic load, we analyze the eigenvalue problem for the vehicle dynamic system
characterized by Eq. (8) at the equilibrium position considering the aerodynamic
load in the presence of crosswind. If the real part of an eigenvalue becomes zero, the
vehicle system reaches the critical state and the corresponding speed is the linear
critical hunting speed.

The usual equations of motion, which are listed below for comparison, do not
include the effect of aerodynamic load.

ol e elln) e kIR e o
Y, 2 L3l Y, 3 4 2

It is obvious that each term in Eq. (9) has nothing to do with the aerodynamic
load; therefore the usual method based on Eq. (9) cannot deal with the hunting
stability including the effects of the aerodynamic load. We only use Eq. (8), which we
developed, for this purpose.

Because of the relative velocity between the vehicle system and air, the induced
airflow creates pressure and frictional shear stress on the vehicle body surface and
forms the aerodynamic drag force, lateral force, and lift force F; (i = 1-3), over-
turning moment, pitching moment, and yaw moment M; (i = 1-3). They are
expressed as Egs. (10) and (11), e.g. Refs. 29-31,

1
F =5 pACIV + U (i=1,2,3),
C,=Cp, Cy=CL, C3=0Cc.
1 .
M; = pALCy;|V +U* (i=1,2,3),
2 (11)
Cu1 = Cry  Capp =Cuyyy, Ciz = Chy,

where p, A, and L are, respectively, the air density, reference area, and reference
length; Cr,, Cp, C¢, Chpy Cgy, and Cyy, are the coefficients of aerodynamic lift force,
drag force, lateral force, overturning moment, pitching moment, and yaw moment,
respectively.
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The aerodynamic lift, drag and lateral force, overturning and pitching moment
affect the wheel-rail normal forces. Omitting the high-order small quantities, the
variation of the wheel-rail normal forces is obtained by Eq. (12).

1
Z (Furi + Furi) + Fo, =0,

i=1
! (12)
> (g X Fup+ 1 x Fup) + 160, x Fo, + 1o, x Fo, +1¢,
=1
xFe, +r, xF,+r, xF, + M=0,

where F1;, F.,ri, rr; and rp; are, respectively, the variation of the wheel-rail normal
forces of the left and right wheel of a wheelset and their position vectors; Fr and rqf,
are the aerodynamic lift load and its position vector; Fp and rqp are the aerody-
namic drag force and its position vector; Fo and roo are the aerodynamic lateral
force and its position vector; F, and r, are the traction (counteracting the drag) and
its radius vector; F, and r, are the wheel-rail lateral force and its radius vector; M is
the moment vector.

Incorporating the variation of the wheel-rail normal forces obtained by Eq. (12),
the changed wheel-rail normal forces after considering the aerodynamic loads, Ny,
and Npg;, of the left and right wheels of a wheelset are

w1 ZoaCco | ZoaCp | LCyp | LCyy 5
Ny, =———pA|C + + V+U
Li 9 16 P < L =+ dO lc =+ lc dO | + | )
w1 ZoaCo | ZoaCp LCyp | LCyy, (13)
Np = ———pA( C; — + — L+ 211V 4+ U2
T < LT, I I do V+U]
(i=1,2,3,4)

Then, the changed gravitational stiffness K, and the gravitational angular stiffness
C,; after considering the aerodynamic loads are

1 ZoaCp | LCy, A
ng‘:(W—§PA<CLi%i%>|V+U|2>Ev

‘ ‘ (i=1,2,3,4) (14)

Z04Cp

1 LC),
Cgi = (W - gpA <OL + I + My

le

> IV + U|2> b,

where W, A\, b, Zp4, and [, are the axle load, wheel conicity, half of the track gauge,
the vertical distance from the aerodynamic force application point to the track, and
half of the bogie center distance.

Similarly, the changed creepage coefficients owing to aerodynamic load are
obtained by substituting the wheel-rail normal forces in Eq. (13) for the usual
normal forces without considering the aerodynamic load. According to Kalker’s
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linear theory,*” the changed creep force coefficients f;; and fy, after considering the
aerodynamic load are

2
3

3n(1 —o?)
fiw = Gmn S A, + B))
L Y +ZOACC:|:ZOAOD+LCAIx:|:LCZLIy v+ U %C~
2 16"\ TET g, L, I dy
Fow = G 3r(1—0?) |°
i 2E(A; + By)
« w 1 Al c _ZOACC:I:ZOACD_LCM:c:tLCMy v+ U %C~
2 167\t 4, I, I, dy
(i=1,2)
(15)
where
1/1 1 1
Ap+By) =g p+—+— 16
a2 =5 (745 +7) 1o

and R, T, and r, are, respectively, the radius of the wheel, the radius of the wheel
tread, and the rail profile; G and E are the shear modulus and Young’s modulus; o is
the Poisson’s ratio; m and n are coefficients that depend on A; and By; and Cj; is a
dimensionless coefficient.*?

The usual expressions for the gravitational stiffness, the gravitational angular
stiffness, and the creepage coefficients do not consider the aerodynamic load and are
listed for comparison below.

A )
Ky=W3, Cu=Wx (i=1234), (17)
B 3nW (1 —o?) g B 3nW (1 —o?) g
fll =Gmn (m> Cu, f22 = Gmn m 022- (18)

The terms in Egs. (17) and (18) have nothing to do with the aerodynamic load;
therefore, the method based on Egs. (17) and (18) cannot deal with the hunting
stability including the effects of the aerodynamic load. To tackle this, Egs. (13)—(15)
should be used for applications involving changed wheel-rail normal forces,
gravitational stiffness, gravitational angular stiffness and creepage coefficients.
This clearly makes the hunting behavior of high-speed vehicles different from their
low-speed counterparts.
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3. Numerical Results and Discussion

To describe the method for calculating the numerical results, Eq. (8) is rewritten as
follows:

MY + C(CLa CD7 CCv CJWI? CZWyv U7 V)Y + K(CL7 CDv CC? C]va CJMy7 U7 V)Y = 07
(19)

where M, C, K and Y are the mass matrix, damping matrix, stiffness matrix, and
displacement vector, respectively. Furthermore, a new vector Z is defined as

z=[y v|" (20)
Then, Eq. (19) becomes
Z=AZ, (21)
which is the standard form readily solved for the eigenvalue problem.

A ~M~1C(Cy,,Cp,C¢, Cppy, Chyy, U, V) =M K(Cy, Cp, C, Cppy, Cyy, U, V)
= I 0 )
(22)

where I and O are the identity and zero matrices.

If the real parts of all eigenvalues of matrix A are negative, the vehicle system is
stable. If a real part of the eigenvalue of matrix A is positive, the system is unstable.
If the maximum real part of the eigenvalue is zero, the system is at the critical state,
and the corresponding minimum speed is the linear critical speed.

Examples of the critical hunting speed for railway vehicles on straight tracks were
presented in Ref. 15, in which the aerodynamic load was not considered. These
examples were recalculated as degenerated cases for verification by using our com-
puter program capable of considering the effects of the aerodynamic load. The linear
critical speed versus the conicity of wheel tread is shown in Fig. 2, where the max-
imum deviation between the results of this study and Ref. 15 is less than 1%.

We can see that the damping and stiffness matrices C and K in Eq. (19) are
independent of the response vectors, such as displacement, velocity, acceleration
vectors; therefore Eq. (19) is the linear equation suitable for the eigenvalue
analysis. If the wheel-rail contact is nonlinear or a nonlinear suspension system is
considered, matrices C and K in Eq. (19) depend on the response vectors.
Then, matrices C and K become C(Cp,Cp,Cc,Chp,Chy, U, V)Y, Y) and
K(Cyp,Cp,Ce, Cpps Coy, U, V,Y,Y), and Eq. (19) is a nonlinear equation. In this
case, the nonlinear critical speed should be calculated.®® In this study, we mainly
focus on the eigenvalue analyses for the linearized model to understand the essential
features of the high-speed railway vehicle system, including the effects of the aero-
dynamic loads. Regarding hunting stability, the eigenvalue analysis and nonlinear
analysis are complementary; details for the latter are given in Ref. 33. Several results
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Fig. 2. Comparison of the linear critical velocity of a railway vehicle.

Table 1. Nonlinear critical speed.

Aerodynamic condition Nonlinear critical speed (km/h)
Without aerodynamic load 377
With aerodynamic load (crosswind velocity 5.4 m/s) 385
With aerodynamic load (crosswind velocity 10.7m/s) 351
With aerodynamic load (crosswind velocity 15.0m/s) 242

for the nonlinear critical speed are briefly given in Table 1. The effects of the joint
actions of the aerodynamic load and other parameters on the nonlinear critical speed
are complex, and details are given in Ref. 33 and thus omitted here. Except for
Table 1, the rest of this study only concerns about the eigenvalue analysis.

3.1. The effect of the aerodynamic load on linear critical speed

The effect of the steady aerodynamic load, from the actions of the crosswind and
airflow in the opposite direction of the train, on the linear critical hunting speed of
the railway vehicle is discussed in this section. Numerical calculations were per-
formed for a typical high-speed railway vehicle. The parameters of the vehicle system
are given in the appendix. The eigenvalues corresponding to the hunting instability
mode of the vehicle were calculated for four different cases, three of which incorpo-
rate the effect of the aerodynamic load (crosswind velocities of 5.40, 10.7 and
15.0m/s, respectively). The results are shown in Fig. 3. The vehicle running speed
corresponding to the zero-real part of the eigenvalue is the linear critical speed. It is
clearly seen that the aerodynamic load can decrease the linear critical speed.
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Fig. 3. Real part of the eigenvalues of the instability mode.

The linear critical speed decreases monotonously as the velocity of the beam wind
increases. For the example considered in this study, the linear critical speed incor-
porating the effect of the aerodynamic load is 704, 680 and 598 km /h, which is 1.53%,
4.90% and 16.4% less than the linear critical speed without the effect of the aero-
dynamic load. For the three cases, the beam wind velocities are 5.40, 10.7 and
15.0 m/s. Figure 4 is the root locus diagram showing the loci of the eigenvalues as the
running speed of the vehicle increases beyond the linear critical speed. Lines (D) , (2,
and (3 in Fig. 4 are lines connecting the points of equal running speeds in different
aerodynamic cases. All running speeds on line (D (line ) or line 3)) correspond to a
same speed — the linear critical speed for the case of the crosswind velocities being
5.40m/s (10.7m/s or 15.0m/s). It is obvious that for the same running speed, the
real part of the eigenvalue increases with the increasing crosswind velocity, which
means that the high crosswind velocity will make the railway vehicle prone to
hunting.

Furthermore, to distinguish the importance of different components of the aero-
dynamic load, the linear critical speed was calculated for various cases where each
component of the aerodynamic forces and moments is considered either individually
or collectively. The numerical results are given in Table 2. It is seen that the effect of
the pitching moment and lift force on the linear critical speed is stronger than that of
the other components of the aerodynamic load.

The aerodynamic coefficients were provided by the aerodynamics research group
directed by Prof. G. W. Yang at the Institute of Mechanics, Chinese Academy of
Sciences.
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To further understand the effect of the aerodynamic load, the values for aero-
dynamic load, gravitational stiffness K, gravitational angular stiffness Cy;, creep-
age coefficients fj;7; and fj;p; for the cases where each component of the
aerodynamic forces and moments is considered individually or collectively are cal-
culated using Egs. (10)—(15). The results for K;; and Cy for the vehicle speed of
600 km/h are listed in Table 3. The gravitational stiffness K is 26188.9N/m and
the gravitational angular stiffness C; is 14594.1 N-m/rad when not considering the
aerodynamic loads. Similarly, the results for f;;7; and fi1p; for the vehicle speed of
600km/h are listed in Table 4; fi171 = fiig1 = 1.373 X 107 N when not considering
the aerodynamic loads. It is obvious that the aerodynamic load affects the gravita-
tional stiffness, gravitational angular stiffness, and creepage coefficients. These fac-
tors are critical to a vehicle system. Therefore, the linear hunting stability is also
affected.

3.2. The effect of the aerodynamic load on instability mode

The effect of the aerodynamic load on the instability mode is discussed below.
First, the effects of the individual components of the aerodynamic loads were
investigated. For crosswind velocity of 15.0m/s, with each component of aerody-
namic forces and moments considered individually, the phasor diagram for the
eigenvectors corresponding to the instability mode is shown in Fig. 5. It is obvious
that, for different components of aerodynamic load acting individually or without the
aerodynamic load, the complex moduli and arguments of each eigenvector element
are different. To show this more clearly, the complex moduli and arguments of the
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Fig. 5. Phasor diagram for the eigenvectors of the instability mode.

displacement components of the instability mode are shown separately in Figs. 6
and 7. The abscissas of Figs. 6 and 7 represent the sequence number of the first 17
elements (which describe the displacements of the vehicle system) of the eigenvec-
tors. Every number (1-17) on the horizontal axes of Figs. 6 and 7 correspond to the
displacement component of the instability mode. Numbers 1-4 correspond to the
lateral displacements of the wheelset, numbers 5-8 correspond to the yaw angle of
the wheelset, numbers 9 and 12 correspond to the lateral displacement of the bogie
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Fig. 6. Moduli of the first 17 eigenvector elements of the instability mode.
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frames, numbers 10 and 13 correspond to the yaw angle of the bogie frame, numbers
11 and 14 correspond to the roll angle of the bogie frame, and numbers 15-17
correspond to the lateral displacement, and yaw and roll angles of the car body.

As shown in Figs. 6 and 7, the aerodynamic lift force, the drag force, the lateral
force, and the overturning moment affect the moduli of the displacement element in
the instability mode, but not the arguments. The pitching moment affects both the
moduli and arguments of the displacement elements in the instability mode.

Second, we investigated the collective effect of every component of the aerody-
namic load. The first 17 eigenvector elements in the instability mode are listed in
Table 5 and shown in Figs. 8-12. For the four different aerodynamic load cases —
three involve the collective effects of all components at different crosswind velocities
and the other does not consider the aerodynamic loads — the eigenvalues and
eigenvectors are obviously different. By using the data in Table 5, the successive
positions of the first wheelset and the front bogie during a period of time in the
hunting mode (instability mode), as the vehicle moves along the track, are shown in
Figs. 8 and 9. In these two figures, black denotes the case without the aerodynamic
load. Blue, green, and red denote, respectively, the cases involving the collective
effects of all the components of the aerodynamic loads at crosswind velocities of 5.40,
10.7 and 15.0 m/s. Clearly, the natural period of the hunting motion visibly increases
with the increasing crosswind velocity. The attitudes of the wheelset and the bogie
are notably changed by the actions of the aerodynamic loads.

For crosswind velocities of 5.40, 10.7 and 15.0m/s, with all components of the
aerodynamic forces and moments considered collectively, the phasor diagram for
the eigenvectors corresponding to the instability mode are shown in Fig. 10. The
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Fig. 9. Successive positions of the front bogie in the hunting mode.

eigenvectors for with or without the effect of the aerodynamic load and crosswind
velocity of 5.40m/s are shown in Fig. 10(a), for 10.7m/s are shown in Fig. 10(b),
and for 15.0m/s are shown in Fig. 10(c). The aerodynamic load apparently affects
the moduli and arguments of the elements of the eigenvectors and the phase differ-
ences among the elements. These effects are clearer with the increasing crosswind
velocity, as shown in Fig. 10(d). The complex moduli and arguments of the dis-
placement components of the instability mode are shown in Figs. 11 and 12. The
abscissas are the same as in Figs. 6 and 7. It is seen from Figs. 11 and 12 that the
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Fig. 10. Phasor diagram for the eigenvectors of the instability mode for crosswind velocity of (a) 5.4 m/s,
(b) 10.7m/s, (c) 15m/s and (d) all three.
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Fig. 11. Moduli of the elements of eigenvectors of the instability mode at different aerodynamic conditions.

moduli and arguments of the of vehicle displacement change if the aerodynamic load
is considered. The changes in the moduli of the lateral displacements of the wheelsets
and bogie frames are clearer and the changes in the moduli of the displacements of
the car body are small. The moduli of the lateral displacement of the rear bogie frame
and its two wheelsets increase when the aerodynamic load is considered and increase
monotonically with the increasing crosswind velocity; the highest increase is 70.6%
for this example. The moduli of the lateral displacement of the front bogie frame and
its wheelsets decrease and the highest decrease is 56.2% for this example. The
changes in the arguments of the 17 displacements are all noticeable when the
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Fig. 12. Arguments of the elements of eigenvectors of the instability mode at different aerodynamic
conditions.

aerodynamic load is considered, but it is difficult to differentiate among the three
cases with different crosswind velocities.

3.3. The relation between linear critical speed and suspension
parameters when the aerodynamic load is considered

With consideration of the aerodynamic load, the variation relationships between the
linear critical speed and the primary/secondary suspension are presented in this
section. The suspension parameters are the longitudinal and lateral stiffness of the
primary suspension, and the supporting stiffness of the lateral and yaw dampers
of the secondary suspension. Numerical calculations were performed at the same
four aerodynamic conditions, as in preceding sections. The results are shown in
Figs. 13-15.

The relation between the linear critical speed and primary suspension parameters
is shown in Figs. 13(a) and 14(a). The aerodynamic load causes the linear critical
speed to decrease at any stiffness of the primary suspension in the concerned range,
but does not affect the variation trend of the curves of speed with respect to the
stiffness of the primary suspension. For any given stiffness, the linear critical speed
decreases with the increasing crosswind velocity. The speed differences for with or
without the aerodynamic load are shown in Figs. 13(b) and 14(b). Figure 13(b)
shows that for the lateral stiffness, the curve of speed difference is parallel to the
abscissa for different crosswind velocities if the lateral stiffness is greater than a
certain value, e.g. 6 MN/m; that is, the speed difference does not vary for large
lateral stiffness. This means that for large lateral stiffness, the interaction between
the aerodynamic load and lateral stiffness is insignificant. However, the interaction is

1850093-24



Int. J. Str. Stab. Dyn. Downloaded from www.worldscientific.com
by UNIVERSITY OF NEW ENGLAND on 12/19/17. For personal use only.

Hunting Stability Under Aerodynamic Loads

800 40

- = Speed of the crosswind is 5.4m/s
—+ = Speed of the crosswind is 10.7m/s
-+ - Speed of the crosswind is 15m/s

750 4

700 4

650 4

5
:
1
|
i
i
1
i
i
i
i
i
i
i
i
i
i
i

600 4

Vehicle linear critical speed (km/h)
The speed difference(km/h)

ssod 4 -80 -
N —— Without aerodynamic loads
3009 - = Speed of the crosswind is 5.4m/s N
4504 —+ = Speed of the crosswind is 10.7m/s -120 ., s e
- -+ - Speed of the crosswind is 15m/s o=

400 T T T T T T T T T

2 4 6 8 10 12 14 2 4 6 8 10

Lateral stiffness of primary suspension (MN/m) Lateral stiffness of primary suspension (MN/m)
(a) (b)

Fig. 13. (a) Linear critical speed versus lateral stiffness of primary suspension and (b) speed difference
versus lateral stiffness of primary suspension.

significant for small lateral stiffness. The interaction between the aerodynamic load
and lateral stiffness becomes more visible with the increasing crosswind velocity. For
the longitudinal stiffness in Fig. 14(b), the interaction between the aerodynamic load
and longitudinal stiffness is significant in the entire range and becomes more visible
as the velocity of crosswind increases.

The relation between the linear critical speed and secondary suspension para-
meters is shown in Figs. 15(a) and 16(a). The aerodynamic load changes the linear
critical speed for any supporting stiffness of the lateral and yaw dampers in the
concerned range but does not affect the variation trend of the curves of speed with
respect to the supporting stiffness of the damper. For most stiffness values, the linear
critical speed decreases with the increasing crosswind velocity. The speed differences
are shown in Figs. 15(b) and 16(b). For the supporting stiffness of the lateral
damper, the curve of speed difference is approximately parallel to the abscissa if the
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Fig. 14. (a) Linear critical speed versus longitudinal stiffness of primary suspension and (b) speed dif-
ference versus longitudinal stiffness of primary suspension.
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800

50

- = Speed of the crosswind is 5.4m/s
= — - = Speed of the crosswind is 10.7m/s
B 700 -+ - Speed of the crosswind is 15m/s
< o) 0 ST T~ - L -
= Lo ST S
2 2 T
2 600 Py ’ >
— 2 -
8 5 sofhe.. _ -
£ g | T - -
S sy /. 3 o
< N .. . = Vi
_?5) ../ —— Without aerodynamic loads S ‘\\ % .
© a0 - = Speed of the crosswind is 5.4m/s S P . 4
E — - = Speed of the crosswind is 10.7m/s =) e K4
2 - - Speed of the crosswind is 15m/s N -’

300 y T T T 150 e - . .
10 20 30 40 50 10 20 30 40 50
Supporting stiffness of yaw damper (MN/m) Supporting stiffness of yaw damper (MN/m)
(a) (b)

Fig. 16. (a) Linear critical speed versus supporting stiffness of yaw damper and (b) speed differences versus
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supporting stiffness is greater than a certain value, e.g. 3 MN/m. This means that for
large supporting stiffness of the lateral damper, the interaction between the aero-
dynamic load and stiffness is small. However, the interaction is significant at
small supporting stiffness. For supporting stiffness of the yaw damper, as shown in
Fig. 16(b), the interaction between the aerodynamic load and stiffness is significant
in the entire range. The interaction between the aerodynamic load and supporting
stiffness of the lateral and yaw dampers becomes more visible as the velocity of
crosswind increases.

4. Conclusions
The hunting stability of high-speed railway vehicles traveling on straight tracks,

considering the steady aerodynamic load owing to the crosswind and airflow in the
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opposite direction of the train, was investigated by building a mathematical model
for a vehicle with 17 DOF. The model takes into account the variations of wheel-rail
normal forces, creep coefficients, and gravitational stiffness and angular stiffness
owing to the aerodynamic load. All the above collectively contribute to the change of
the linear hunting stability. The eigenvalue problem of the high-speed railway vehicle
was also investigated quantitatively. The eigenvalues, eigenvectors, root locus dia-
gram, linear critical hunting speed, and the relations among these parameters and
crosswind velocity or primary and secondary suspension parameters were obtained.

The linear critical speed decreases monotonously with the increasing velocity of
crosswind, and the pitching moment and lift force affect the linear critical speed more
than the other components of the aerodynamic load.

Aerodynamic lift force, drag force, lateral force, and overturning moment affect
the moduli of the displacement elements of the instability mode, and have little effect
on the arguments. The pitching moment significantly affects the moduli and argu-
ments of the displacement in the instability mode.

The natural period of the hunting motion visibly increases with the increasing
velocity of crosswind. The attitudes of the wheelset and bogie are notably affected by
the aerodynamic load. The aerodynamic load apparently changes the moduli and
arguments of the elements of the eigenvectors and the phase differences between the
elements. These effects become more distinct with the increasing crosswind velocity.
The changes in the moduli of the lateral displacement of the wheelsets and bogie
frames are more obvious, whereas the changes in the moduli of the displacement of
the car body are small. The changes in the arguments of the displacement elements of
hunting mode are all noticeable when the aerodynamic load is considered.

The aerodynamic load affects the linear critical speed for any primary and sec-
ondary suspension parameters even though the aerodynamic load does not affect the
variation trend of the curves of speed with respect to the primary/secondary sus-
pension parameters. Aerodynamic load and primary or secondary suspension para-
meters can affect the linear critical speed independently; moreover, their combined
action affects the linear critical speed within a certain range of the suspension
parameters.
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Appendix A. Vehicle Parameters

Parameters Value
Mass of wheelset m,, = 1627kg
Mass of bogie my = 2056 kg
Mass of car body m, = 33786 kg

Roll moment of the inertia of the bogie

Roll moment of the inertia of the car body

Pitch moment of the inertia of the car body

Yaw moment of the inertia of the wheelset

Yaw moment of the inertia of the bogie

Yaw moment of the inertia of the car body

Primary longitudinal stiffness

Primary lateral stiffness

Primary vertical stiffness

Primary vertical damping

Half of track gauge

Half of lateral distance of primary suspension

Half of longitudinal distance of primary suspension

Vertical distance from primary suspension to the C.G. of the bogie

Longitudinal and lateral stiffness of the secondary suspension

Vertical stiffness of the secondary suspension

Half of the lateral distance of the secondary suspension

Vertical distance from the C.G. of the bogie frame to the
secondary suspension

Vertical distance from the C.G. of the car body to the secondary suspension

Half of the longitudinal distance of the secondary suspension

Supporting stiffness of the lateral damper

Damping of the lateral damper

Vertical distance from the C.G. of the bogie frame to the lateral damper

Vertical distance from the C.G. of the car body to the lateral damper

Supporting stiffness of the yaw damper

Damping of the yaw damper

Half of the lateral distance of the yaw damper

Rolling radius of the wheel

Wheel conicity

Axle weight

Air density

Reference area

Reference length

I, = 1390 kg-m?

I, = 109500 kg-m>
I, = 1555000 kg-m?
I, = 830kg'm?

I, = 3800 kg:m?

I, = 1562300 kg-m?
K,, = 1.2 x 10°N/m
K,y =125 x 107N/m
K, = 886500 N/m

C, = 19600 Ns/m

b=0.7465m
by =1.02m

I, =0.7Tm

hy =—0.121m

K5 =13x10°N/m
K, = 2.03 x 10°N/m

by, =0.95m

hy = 0.398 m
hy = 1.076 m
[ =8.6875m

K,=425x10"N/m
C, =15 x10*Ns/m
hz = —0.105m

hy = 0.966m

K, =35 %107 N/m
Cy =6.72 x 10° Ns/m

by = 1.3225
R=046m
A=0.17

W =1.15x%x10°N
p=1.225kg/m?
A =9.323m?
L=342m
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