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1. The typhoon which struck the mid-western part of Japan on
Sept. 21, 1934, caused considerable damage, among which the over-
turning of a railroad train on the Setagawa Bridge, crossing River
Seta near Lake Biwa, is an example. Although information is scanty
with respect to the details of that accident, it seems established that
the overturning was due mainly to the strong winds that struck the
train as it was crossing the bridge. Even were the origin of the
accident of an aerodynamic nature, it is still possible to postulate one
aerodynamical static cause and two aerodynamical vibrational causes.
One of the vibrational causes is the turbulent wind in more or less
periodic motion and the other the stationary strong wind that gives
rise to unstable oscillation of the railway carriages. My intention
here is to- examine the two vibrational causes rather than the dy-
namical static cause.

2. The periodic turbulent wind will first be discussed. It is well
known that when wind currents flow through a rigid obstacle, periodic
Karméan vortices? or more general periodic turbulences® are formed
behind or around that obstacle. According to Nagaoka’s conclusion,
the overturning of the carriages was caused by just such wind action.
It seems that the forced oscillation of the carriages was in resonance
condition under the periodic wind force. Not many reliable experi-
ments have been made concerning the periodicity of the growth of
Karman vortices behind an obstacle, but the experiment of Crausse
and Baubiac? seems worth mentioning at this juncture. They found
the relation between the velocity of the fluid and the frequency of
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vortex generation behind a cylindrical obstacle of circular section, using
liquid jets of different kinds and measuring it with a hot wire anemo-
meter. In order to make their result applicable to the present wind
problem with sufficient similarity of conditions, I transformed the
parameters into V7/D aud Reynolds’s number VD/v, where D is the
diameter of the cylinder, V the velocity of the fluid, » the kinematic
coefficient of viscosity, and T the period of formation of vortices (or
fluctuations in wind force). 1t is possible to prove that, if the Rey-
nolds’s number were the same for different fluid motions, the configu-
ration of the vortices, including general turbulent flow, relative to the
obstacle should be arranged always in similar types. The small dots
in Fig. 1 were marked from data due to Crausse and Baubiac, using
Reynolds’s number of logarithmic

scale. Data in Reynolds’s number
greater than 10,000 were not ob- o
tained, and I extrapolated the curve n} T
passing through these dots to as
much of the same number as 107, [
and found that, for V=20m/s,
D=2m, v=0130, T becomes 095 s.
We shall find later that the period
of free oscillation of the rolling type
as that of a carriage of wall height
2m (which is slightly less than
actual) is 0°95s. Even should Rey- [

VT

nolds’s numbers differ more or less 4 ——»logm@:;
for differently shaped bodies, it is o] 3 7y G T
still probable that the overturning Fig. 1.

under consideration took place under

resonance conditions in the periodic vortical or turbulent motion of
strong wind. Again, even were the extrapolated curve in Fig. 1 drawn
in every other possible way, the resultant deviated period of vortices
at the given wind speed would be of the same order as the original
one. It is therefore obvious that the cause as explained by Nagaoka’s
conclusion is the principal one, at any rate for the accident on Setagawa
Bridge.

3. The unstable oscillations of a carriage due to strong wind will
next be dealt with, although it may be rather a secondary cause. It
is known that there are frequently downward (or upward) wind cur-
rents along a river bank. The vertical component of such a current
jimparts, particularly, such vibrational energy to a train of cars as to
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cause horizontal oscillation as well as angular rolling, both of which
are generally coupled. The coupled oscillation becomes unstable (oscil-
latory unstable, but not aperiodic unstable) under certain conditions of
the problem. Taking the case of a bogie and referring to Fig. 2, the
notations used are as follows:

2, x, 0=vertical, horizontal, and angular
displacements of the carriage with respect to O,

!

' "
.

’ |

|

G=centre of gravity, : Helical sring

k=mass radius of gyration about G, ? N ﬁ\Jjj
h=GO, CSE N
i=0E, .
2a=distance between helical springs on N Bister supersn

both sides of the bogie,

M =mass of bogie including bogie truck, Fig. 2.

s==elastic resistance of all helical springs,
including the effect of all bolster springs, on one side of bogie per
unit vertical displacement,

¢,8 9/0 t=damping and dissipation resistance of . .. .,

T/l=elastic resistance of all bolster suspensions on one side of
bogie per unit angular displacement of suspension,

(¢, T'/1)2/3 t=damping and dissipation resistance of ... .,

l=effective length of bolster suspension,

L=length of bogie car,

H=wall height of bogie car,

¢,=moment coefficient of wind force about O,

¢,;=sidewise dragging coefficient of wind force,

p=density of air,

V=speed of air current always flowing vertically.

The equations of motion of the carriage with respect to O which
is fixed in the car are:

Mz + 2sz+2s¢,2=0, 1)

ME—Mni+ 2Ly 2T sy 9% L yeppgr —o, @)
l I 20, 2

M (Je2 + h2)i— MR + 2526 + Zazcléi%%VzLHW’ —0, )

0

where the upper and lower ones of double signs belong to the re-
spective cases of downward and upward wind currents, 6, specifies
the rolling angle in the vicinity of #=0, while ¢’ is written in place
of
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' Hi2+7 5, 1
0 —0+T0i7x’ ‘ (4?
the second and third terms in (4) denoting angular displacements of
the carriage relative to the wind direction due to the respective angular
and linear velocities of the same carriage. -

Since the vertical oscillation given by equation (1) is not coupled
with other oscillations, equation (1) is not necessary in the present
problem. Now, by means of (4), equations (2) and (3) reduce to

Ay + byl ¢y 0+ g0 + by =0, (8"
g0+ Doy + Coy0 + g + gt + 000 =0, (2")
where
Q=M (k2 +12), b11=28a261:t&£LHz<—Eﬂ+ j)V,
O 2
: 0
01y =280 & a%:gLszz, ayy=—MP,
ac,, P 2T ae;
b, =—2LLH*V, @y =M, b, =L e, + L CLHV,
2T, 2 2 2= e
2T 3¢, o H | .
Cog=——, a. =—Mh, b, = »——«t‘_LH<__ )V,
22 7 21 21= & 20, 2 > +7J
ac, p
o=+ 2% P LIV,
a=*75 9
Putting
0=cy e + ¢y + ey 5e” + ¢y e, ]

A (5)
= Cp1 €M + €392 4 €537 + Cyy€™, J
and substituting these in (2/), (8’), and eliminating the coefficients of
(5), we get the following frequency equation for determining 4,, Ayy
13’ '{4

A024+A113+A212+A3)~+A4=0, (6)
in which ’

Ay=laa|, A;=lab|+|bal, A,=]|ac|+|eca|+|bD], )

, (M)
Ay=|be] +[eb],  A,=|ec],

My Ny
My My

It will be seen from (5) that, if the real parts of all the 4, are
negative, the vibratory motion is stable, while, if the real part of any
of the 2, is positive, the motion is unstable. In the latter case, the

|mn| signifying that |mn|=
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amplitudes of vibrations become larger and larger with lapse of time
t, regardless of whether the type of vibrations be periodic or aperiodic.
This fact is strictly conditioned by Routh’s criterion,” namely, if .

A>0, A >0, A,>0, A,>0, 4,>0, ®)
d=AA,A;—AAF—AAT>0, (9)

the vibratory motion is stable, while, if
4<0 | (10)

in place of (9), the motion is unstable. At the critical state of sta-
bility, 4=0, the frequency of vibrations (the numbers in radians) is
expressed by

VA A, . (11)

In a special case of coupled oscillations of two degrees of freedom,
the type of motion becomes ternary® and there is a similar discriminant
4 for stability. ) '

In order to get the critical wind speed to cause unstable oscillation
of the railway carriage, some likely numerical values were assumed
as follows:

M=10*kg mass, k=1m, h=1m, a=1m H=2m, j=05m,
L=15m, p=12kg mass/m? §=5.10*kg=>5.101.9'8 kg m/s?,
T=5.103 kg=5.10%.9'8 kg mass/s?, [=0'05m,

whence we get

a,,=2.10* kg mass m?, b= {10601i54%%“V} kg mass m?/s,
0
oc,,

= {106:|: %WVZ} kg mass m?/s?, a,,=—10* kg mass m,
0

b12=36%‘V kg mass m/s, @5y =10* kg mass,

0

by, =2.10%¢, + 18%»’V kg mass/s, €4, =2.10% kg mass/s?,
0

5) E. J. RoutH, Advanced Rigid Dynamics (London, 1905), 221.

6) In the special case that A,=0 or A4=0 in (9), the frequency equation be-
comes of third degree and the motion is ternary; if 4,=0, the discriminant for sta-
bility becomes

d=A1A:—A4:>0,

the frequency of vibrations being then v As/A,. I applied such a criterion to
certain problems a few years ago: K. SEzAwa, Journ. Aeron. Res. Inst., No. 74
(1930), 404~408; No. 87 (1931), 622~626. ’
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Oy = imﬂV kg mass m/s, . ¢y = + 1836-1172 kg mass m/s?,
a0, 00,

from which we obtain (omitting the names of the scale),

A0=108, A1=[4.101002+1001] [63} 104:;)’ i ?g} 1042; ]V,

A2=[5.101°+2.10120102] [1108 105¢,%» 418,106, ac,]v
220, 20,

oc oc
18.104.2¢ 36.1044'] Ve,
+[* 20, =" 20,

oc oc oc
A~=[2.1012 +2.1012 ] [ 108.106 2% 18.106—1]V 72.10%, 252,
3 ¢ e |+| £ 0 + 0 + cza/)oV

0 0
A,=2.1012472. 106 ’"V2
b,

the upper or lower one of each doublé-valued term corresponding to
downward or upward current as the case may be. I have calculated
from the above quantities the values of discriminants, 4=A4,4,4,
—A4,A2—A,A3 in five cases, namely,

(a) Downward wind,

8 o9, 9¢r_q, e, =0,=10"1,

e, ot
(b) Downward wind, &
g—;mz —0'2, aaT?:l, 01=cg=10_5, 60
0 0 .
(¢) Downward wind, R
86m= —02, Eﬁ:l, ¢y=c,=0, I 2
o, 7a0,

(d) Upward wind,

oc oc
01, 291, ¢,=c,=10",
o0, 20, =0

(e) Upward wind,

]
S

Unstable «—
5

<
2

oc,, ac .
—_—01 _!:::1’ = -_—_-O, Fig. 3.
30, 0, = T

the result being plotted in Fig. 8. This figure shows that for down-
ward current, instabilities in cases (a), (b), (¢) take place respectively
at wind speed V=7-6m/s, 076 m/s, 0 m/s, while for upward current
the vibrations are stable at any wind speed. It should be remarked
that, unless damping or dissipation exists in the carriage, its free vib-
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rations are unstable for any small downward wind current.

It is possible to determine accurately the equations of vibratory
motion for the case without wind current” as well as for the one at
critical wind speed, and fairly accurately for those at other wind
speeds. In all cases we write

'11’ '{2’ laa )‘4=piiq’ p’:‘:iq':
and put them in (6). The solutions of the free vibrations correspond-
ing to the three kinds of downward current and under conditions
9¢,[of,=—02, 9¢/of,=1, ¢,=c,=107*, are
(i) V=0 (stable),
x=ae " "Btcos(21°4 t+ B) + re~%'cos (665 ¢ +0),
O=a'e~"Btcos (214 t+ )+ r' e~ %! cos (665 t+0"),
(ii) V=76 m/s (critical), ‘
x=ae "' cog(21°2 t+ f) + rcos(6-65 £t +9),
f=a'e""cos(21'2 £+ ') +7'c0os(6°65 £ +0'),
(iii) V=10 m/s (unstable),
r=ae """ cos (212 £+ ) + re ™ cos(6°65 £ +0),
O=a' e " cos (2121 + ') + r' et cos(6°65 t+07),
a, B, a', B’ being contants to be determined from initial conditions.

The first term of each solution belongs to principally horizontal
oscillation and the second to mainly rolling osillation. The approximate
periods of the two osillations are 0'29s and 095 s respectively. The
equations also show that, although» the period of the carriage is not
practically changed, the rolling oscillation will have negative damping
beyond the critical speed. It is therefore now obvious that, under
unstable conditions, the amplitudes of successive oscillations become
larger and larger, the energy of large oscillations being continually
supplied from air current.

In conclusion I wish to express my sincere thanks to Professor
Nagaoka for his kind advices during the course of this investigation
and also to Mr. Kanai for his valuable assistance in preparing this
paper.

7) K. SEzZAWA, Rep. Japanese Association for Applied Mechanics, Tokyo, 1931;
Sindogaku (Tokyo, 1932), 357.
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56. T kA A & YUl O R Tny iR
Wy Rl Ok M ¥

IEFI 949 B 2L HORAIZ S 2 W H AW« H 2%, FMANEGICA-CRIRY HE L o
LZ2O—BIThs. FLETHL AP TOIRTH A2 5, FEPEIIIFOTUFL YR
RTHhraThsy, MNP ERNBLORHBMER S EZRAZLORPMFEEIZTI5 2
Y TX5., BHBNORENSRIFRORLHE 529 RWHPRBILEN BT 5555 EAL &
BTN L, EICLHIRDNEEO 2 H~5 T 212 LT

FIMEEI =00 L OpE~ s, —2RFiE HMISEET 5 ZROHNOPILT S
SEMIER TH 5. TH(LREER L 78 RETELIGRBITAO S L FH TH 2T, fEf L
ZnEEh s BRI, BItdH2HH» 5 Reynolds & IO TLIR & -CRTUID, [REMKIZRGT 5
Z QIEHB L OBV IBOTHEOEM 2 KEE 2T 5 L 2dby»on. 2R TIREIERMD
RN SO CHB L2 LURIEI I RIINS.

RIMEHHBEOHED & , ZROWNO N BN OEME DL AT b Fv B TS
RIERTEL R OB T2 2380 2RI 2 L 5 ~TLT. IEILIFoITny d
Y, 20TNOME, HROTLOMTE, RO » Y B4 32 2oCHlo 8 BRI E ¢ o1l
KPMY , AL R TUIZ OBHEHRIID LLREILN S L2 8HsDTh s, ML TLDFRLEE
EMHOR—~RFORREN S CRNUY, L O2HROFHEXP GWETIZLDOTHL L, Il
DENHRLLE RO o TLBUNMRIZTOTHL 6, Bz hs o S RLE
VAR TZARCIIARY, BBICBVERINRARECR I O THS., HL 109512
AHREI 2 707 L O RIRIFIZ IS B THH O UL AN NDTH 2, BED
PAITRAD 2B e MR T o0 THE. BTl O WEH T HE 12 T4 2
FERPOEMAD TSR LR TH MM THMS U505, PR OD L AOEME T 2
DOEMERND LI TINFTHOT, T1RIYLEATNPRLOFH X BEITE~TSIDE
BYLDOThHAS.




