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An Analytical Study of the Effect of Inclined Angle of Road on
Tum-over Accident of a High-speed Coach running on a Curved Road
under Cross-wind Condition

Hyeong-Su Park

Nano.IT Fusion Program, Graduate School of Nano IT Design Fusion, Seoul National University of
Science & Technology
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Abstract Kyeonggi Provincial Government is considering double decker bus service to solve the problem of heavy
rush hour traffic. However, the height-to-width ratio is more than 1.16 times larger than that of a general high-speed
single decker bus, and the center of gravity is higher. This could cause driving stability problems, such as turnover
and breakaway from the lane, especially under strong side-wind conditions at high speed. In this numerical study,
the driving characteristics of a model double decker bus were reviewed under side-wind and superelevation conditions
at high driving speed. The rolling, pitching, and yawing moment of the model bus were calculated with CFD
numerical simulation, and the results were compared to the recovery angular moments of the model bus to evaluate
the dynamic stability under given driving conditions. As the model vehicle moves on a straight level road, it is stable
under any side-wind conditions. However, on a curved road under side-wind conditions, it could reach unstable
conditions dynamically. There is a chance that the bus will turn over when it moves on a curved road with a radius
of gyration less than 100 m under side-wind (15 m/s). However, there is a very small chance of breakaway from

the lane under any driving conditions.

Keywords : vehicle driving stability, aerodynamic design, side wind, rotational moment, CFD, superelevation

W oEES 2016 A2 IEdEal w A7) A Al oe e AT Al
Correspondmg Author : Hyeong-Su Park (Seoul National University of Science & Technology)
Tel: +82-10-5251-8057 email: autocar sos@hanmail.net

Received November 29, 2016 Revised December 26, 2016

Accepted January 6, 2017 Published January 31, 2017

373



A& 8] =g A A8l ALz, 2017

1LME

7+

qul

A2 SN E 24 2o
2% W29 £9l0] A1
Hlal eis o Aol A
o WAo] Wole) uet )7

A 7R e Sad #

gl

xe
=

ofx
o>
o

=

il

o
o,
)
R

&
>
ol
N
18
<

2

[o

ek

)

=

i
rlo

Lo
rot
o2
o
o
W
X
T
o,

A
oX
o,

A
=

it

A} -2 4 Running Resistance)
th 78 FYPAFoRE EF e} Elo]ojAlo
npgEle] ogk 543 (Rolling Resistance), £]4-
5 %4 8K Gradient Resistance)s
FePapE AA gk 3719 A
HHlEs 2o FA F4%(C,G)A Fig. 13 2o 3
7HA A3} 371A 9] FARHE] R o WA
=2

o]

374

X

g e g e

Fig. 1. Aerodynamic axis system of a vehicle”
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(a) positive yawing moment (b) negative yawing moment

Fig. 3. Yawing moment by the forces acting on the vehicle

M, = Fgeosax AX+(=)F,<xAY (2

A
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(b) negative rolling moment

(a) positive rolling moment

Fig. 4. Rolling moment by the forces acting on the vehicle

M, = (Fcosa— Wsina) X AZ+ Feosa X AY
3

Fig. 5. Pitching moment by the forces acting on the
vehicle

M, = (=)F, X AZ+ (=) F.cosax A X (4)

P

q71A, Az, Ay, Az: distance between C.G and C.P in

X, Y, Z direction, m
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1) Yawing Resistance Moment
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Fig. 6. Dynamic energy balance of yawing moment on
the model vehicle
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FLift) X Lpyont
F Lift) X Lppive
My, = puX (cosa WTag — FLift) X LTag

My, = My, + Myy, + My, (%)

MYfa = K X (COSO& WFront -

Myy, = X< (cosa Wy, —

where (4 is friction coefficient of road

o37]A, u: Friction Coefficiennt of Road

2) Rolling Resistance Moment

Fig. 7. Dynamic energy balance of rolling moment on
the model vehicle
My, = (Weosa+ Fsina— FLift) XL (6)

where W is the gross weight of the vehicle, F is the
centrifugal force.

3) Pitching Resistance Moment

F

i<

Fig. 8. Dynamic energy balance of pitching moment on
the model vehicle
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Table 1. Specification of the model double decker bus™

Cwverall lengthim) 14.00
Crver width i) 285

Body heightim) 4
Curk weightiton) 23.13
Weight of lpaded carlton) 27 80
Frontal arealm?) 344
Side area[m2) 488

4m

14.0m ‘

Ll

Fig. 9. Geometry of the model double decker bus and
its center of gravity
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Table 2. Initial and boundary condition for the
numerical analysis

Inletl velocity boundary condition
(VBus=60~120km/h)
side-wind condition

fnlet2 (Viide wina=15m05)

Outletl Pow = latm

Outlet2 Py = latm

Surface of Vehicle

No-slip condition

Low wall same velocity as inletl
Radius of Gyration 100~300m
Superelevation 0~10 %
4, £x|sHM 0| AopEN
41 £20| g2 Al 2UHAC| THEY 2y
Fig. 118 2% W2 Rdo] 2Zo] Qe LS
100km/he] £z Faet wf 24 F9lelA sk
Exg s
=

-1037.350

(a) pressure distribution

Velocity, m/s
45.18182)
42.36072
39.53962
36.71851

H 33.89741

H 31.07631

H 28.25521

M 25.43410

22.61300

19.79190

16.97080

14.14970

11.32860

8.507493

5.686392

2.865290

0.044188

(b) velocity distribution

Fig. 11. Top view of the Aerodynamic characteristics
around the Double Decker Bus model at
VBUS =100km/h without Side-wind
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RUS
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Pressure, Pa
2447.937)
1973.801
1499.665
1025.529
551.3931
f 77.25732
[ -396.8784
-871.0146
-1345.150
-1819.286
-2293.422
-2767.558
-3241.694
-3715.830
-4189.966
-4664.102
-5138.238

(a) pressure distribution

Velocity, /s
97.79345
91.70314
85.61263
79.52251
73.43221
67.34190
61.25158
55.16127
49.07096
42.98065
36.89034
30.80003
24.70972
18.61941
12.52910 res—
6.438785 - — -
0.348474 . -

15m/s_100km/h Doubledeck Bus (179,43,69)

(b) velocity distribution

Fig. 12

Top view of the Aerodynamic characteristics
around the Double Decker Bus model at

VBUS=100km/h and Vside wind = 15m/s
Fig. 13 29 5 FHol|Ae] Ates

[e]
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Pressure, Pa

2447.937

1973.801

1499.663

1025.529

H 551.3931

f 77.25732

f -396.8784

H -871.0146

-1345.150

-1819.286

-2293.422 A
-2767.558 | .
-3241.694 X
-3715.830

-4189.966

-4664.102

-5138.238

Fig. 13. The pressure distribution on the surface of the
model BUS at Vgys=100km/h and Viide wind =
15m/s

Table 32 15m/s % oA 60~120km/h®E 3§ A|
o] C.GAH CPAH Atole] AE vedty. =24
A9 C.GHH CPAEL A A= Qe Rd Apigo]
| ARHNET} HAYSA Fk

Table 3. Distance(m) between C.G and C.P of the
model vehicle

Distance between C.G and C.P (m)
velocity
AX AY AL
60km/h 24 1.165 0.84
80km/h 24 0.735 0.69
100km/h 249 0.617 0.47
120km/h 25 0.566 0.29

Table 4= CFD 29 x}&o] 15m/s =F dollA
60~120km/h 2 53§ A] C.Pol 2H4-3}= Fx, Fy, Fz¢] &
o] AY)E AHESE Frolt)

Table 4. Force acting on the C.P of the model vehicle

Velocity Fx (N) Fy (N) Fz (N)
60km/h -1888.7 -37493.0 24069.6
80km/h -3462.9 -52945.2 33527.5
100km/h -6572.7 -62518.6 38877.5
120km/h -9640.3 -70051.3 42851.7
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Fig. 13. Variation of the yawing moment stability with
the superelevation and curvature of the road
under the side-wind(15m/s) condition
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Fig. 14. Variation of the pitching moment stability with
the superelevation and curvature of the road
under the side-wind(15m/s) condition

4.3.3 Rolling Moment
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. 15, Variation of the rolling moment stability with
the curvature of road and speed of the vehicle
under the side-wind (15m/s) condition
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