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A Study on Running Resistance of Rolling Stock
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ABSTRACT

Republic of korea has begun operating high speed train service according as
KTX service operation starts in 2004. Also, EMU whose maximum speed is over
150 kph will be starting to service with electrification and improvement of
existing railroad. Moreover, metropolitan electric railways have begun an express
service to increase scheduled speed. Therefore, running resistance of rolling

stock becomes more important factor effects on the performance.

Running resistance of rolling stock is the factor which is necessary for the
performance or operation plan of rolling stock, and it's related to rolling friction,
slip friction, drag force, gradient, acceleration, curvature, tunnel condition and so
on. It is possible to be calculated by CFD (Computational Fluid Dynamics).
However it is predicted by experimental equation from running resistance test

because of the complex calculation and manifold variables.

In this paper, studies about running resistance of rolling stock is introduced,
and each term of experimental equation 1is studied through theoretical
approximation. Also, running resistance of rolling stock is estimated by the result
of running resistance test, and effects being related to f{riction, drag force,

gradient is examined.
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1. Introduction

1.1 452 w43
2004 s=ol KTX AE5GA7E 7lE o] HwA, dishvls2 24242 a&5A4 Al e
SolAA Huh E, V1S A2V AFEUr " drE 2] Mgl ok A% 150
km/h o)’ 3% A7 FA7F 71 1A dAE diAske] 2dstal vk FdE o
Al BAEEE =ol7] S8 58 dAE 2dsta o, AlA

Al
o 45 AR aFse FAR /1 Qe Aot At ukst HuN FEAFE
2]
=

o =

2 Ass ARsked U o8 247 HA

Aol FAA T Ao AsAatoly A G Fdast drow Ut ow FFut
Zolup wjigebg, F7]e] ok ¥, dxo i, 7SR, AN, B Tl uhet
AR}, AAF-A S 8 (Computational Fluid Dynamics, CFD) #s el o&] dxle] F3Y
A& Artsks o] 7hs AN AAlR= AlLte]l B3sta, agsjor & WagEo] Wot
FTHAGYG ANFE Sst AP 0w ofFsta Ut

2 ERddAe dA7EA Ak FR A dis) AT dS gheks] &l skl
=3 & dHx FAAGA ] Z; gl s ghefs] o2 Ao w HLete] B4 ouw|E A
¥ Hekth T A7)0 FAATS o Fste W Ul Ao AF e oF )
o, AA A7]EAe FAY AY AoE sl vk, &9, gl 231 Fo] FH A

1.2 FYA T2 27

&3] Davis equation °©]2} &&= FHA T2 ot} o] A5, ko st
g &5 Aol vldEsts ?igi TAH
R=a+bV+cV?(N) (1.1)
714, a, b, c= 27+ (N), (N-s/m), (N-s/m? 9] 294<S 7Hx= Ageolt).
Azate] FHAGTL o M 7EA] &l ost FaAE fJeof JMEE, T, 34 SollA g
FHAGS FHEINF shi=d ole FAAY B o »AYS & 4 Sl
Zegs AL SCNFi 74749 7 $-o whe} ofg] Table 13} 2 4 A8k o).
3 5 T A 2
Bogie® ¥ o=} R=0.01540.000036 /2
UIC 329 A& R=0.0125+0.000021 V2
~3% 9] oAM= 1&IELA} R=0.01540.000054 V2
=3 10t 3k R=0.01540.000081 V2
=% 18t 3Af R=0.012+0.0000324 V2
2
A7 2 A7) 7] 2 R=0.0065L+0.13n+0.0036 "+ 0.00388 1/
HAZ1 A, 7)) L0349 AW, n: Fe, VL% (mfs)
TGV R=25+1.1881V+0.0703728 V2

Table.1 (V : m/s)

=99 A EAAe TIEA oA AA}o] thalA Strahldo] AMEE I EAIZ
o A% FZ Sauthoff4o] AHgH=d] o] 22 FEdate] daiHE AHgd + itk
Stl’ahlé}f_’_ LO X]B]:lﬂ— _?zmxig]_o L]'E]"/HT;]-(V m/s)

r=0.01[(1.5—2.5)+ (0.007 + —)(ﬂ) ] (N/kg) (1.2)
m 10
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A7IM, mEkE AAe Fol WE T E A7 g2 o] Table.29 Zt.
&k

= >~
g = AT

45 AN FAESE shab
25 ~3% AL
59 parcel G2 slEo] AAE shAt
Hl st 3

B(8|8|B
Il

= no| |

o|lu|o|o

Table.2

Sauthoff 9] A% n7lel Axe Ak QI Aol al wel ABY FAAFAE o
&3 o] £@ATH(V=m/s)

r=[1.9+3.6bV+ 0.0048%2(n+ 2.7)A (3.6 +15)*] (N/kg) (1.3)

9] Aol Ax s7F WA oI, bz A EM, 45 29 B¢ 0.0025, 35 Ao A
+ 0.004, 25 A9l A% 0.007 o]tk

AREA o2 S Agafel] 2rol= FHAFA LS b5 Lok

A&} r=1.867+ 0.0359 V+ 0.000745 V2 (kgf/ton) (1.4)

A4 = (1.6540.024 V) W, + (0.78 +0.0028 V) W, + [0.028 + 0.0078 (n — 1)] V* (kgf) (1.5)
Ve £% (km/h), Wnd M—car?] %), W= (T—car? %), n& #AX G =5 otk

1.3 A& 9 =274

B omRolAE g FaAFAe] 7]E o] Ht Davis equation®] 7Hahe] ofnE
olgAor Aw wgron, 1.2d6 27 HAW A771RAe] FAAFAL o)L, oA
or AT FaAGE AR FAATE Aol i Az, £ T v
o}, AAl A71EAe] FaAAG AW Ao} Mad @ = ole@d Azl ool o

B B4 W RS s
2. Research Methods

2.1 Davis equation

FPAerAl o] 7]E ulglo] = Davis equation(1.1)& AHEgel 3 @A 3y} S0
Hlgsts &0 7 HA &, £ Aol vlaEshs Al HAE o] 3714 3] For o]Fo
A 9t} Davis equation(l.1)2 Figure.1¥ #Zo] A WA F WA o g FTEAT
(Rolling resistance) 3 A WA d<l F7]9 84 (Drag force) F+ 7F#4 &9 goz vepdl
ok A, R 9] Edde] oy HeRd R et gl 21E Vo E i)

550 —

500 B Air

450 — resistance

400 — Gross engine horsepower required
350 —
300 —
250 —

200 —

HORSEPOWER REQUIRED

150 —

100 —

o+ I I I

0 10 20 30 40 50 60 70 80
VEHICLE SPEED, mi/h

Figure.l Drag reduction of a tractor—trailer car
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T& A& (Rolling resistance) & -9 ofell 4 (2.1) 2+ #o] Yepdtt
R W(N) (2.1)

rolling = frolling
A7IA Wi Akl AFWN), fomed A5 759 AlFE o]= Figure.l¥ oz 2
(1.6) ol e} o] dxte] nbsde] ot A& = (Relative velocity) ol B]#lgko] Hstr},

Frotting = Frotting (1 + ?V) (k : constant) (2.2)
719 &5l ot ¥ (Drag force) & ob 2 (1.6) 7 o] YepH,
Ripoy = %pC’D V24 (N) (2.3)

o= F719 UXx, Ax characteristic area® Gx}9 geometryell A vk AE A
Frontal area, Planform area, A8 So]i 22o]= Wetted area® & & glon, HEx}
Fo A4 dnbdor AT @A (Frontal area) o] #hs &

Cp2l 7% &YA5(Drag force coefficient) @, Gxpo] dAlo] wel EEkxH
geometryell W& Cpaks Figure.20] YERSITE

Table 7.3 Dvag of Three-Dimensional Bodies a1t Re = 10°

‘-'phmm
Body frontal area Beoady Cip based om fronisl ares

Cuahe: Clone
—_— ' 1.07 . : 1 IN' 0" f 40 ) 60° f 78 ] ot
Cp |030fo40]ossfoss |oso] 1os] 108
i}
o - Shon cylinder,
lassizar flow:
1 3 5 10 |20

| 2

I‘H'illm

L €y |04 ] 068 | 072 | 0vd | 082 | 081 u-au|1m
Cep o
F— 14 Paorous parabodic
dish [23]:

Poroaity: | 0 01 102 103 )04 |03
—_— ~—Cp fraz 033 120 108 ] 005 ] ok

04

l
i T T

—=Cp | 085 |09z | 050 | 086 | 085 | 080

Average person:
Drisk:
— I L17 - — L | —= CpA =R tc,,a-:l.:hT
1l
Ll
!‘nhr:hul: ' Pine and sprace
{ porcsity) S
e 12 1
Cp hased on Cp hased on
Bady Ratio frontal area Bty Ratin fromtal rea
Rectangulas plate: Flat-fuced cylinder:
— Wi s — @ -
¥ 5 12 1 0,90
i 13 2 0,85
4 b 1.5 4 0.&7
- 2.0 ] 0.99
Ellipsoid: B Laminar  Twerbalent
e d Lid 0,75 05 2
1 047 0.2
| L T 2 027 013
4 025 0.1
8 02 008

Figure.2 Drag coefficient of Two—dimensional bodies
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uhebA, A FEAGS obell 2 (2.4) I Eo] e,

14 1
Rf,otal = Rroll’mg + Rdra,g = frollz'ng (1 + ?) W+ 5[)0014 V2 (N) (24)
o] Davis equation?} £ H(2.5) % %d & 4 vk
rolling w
R= frolling W+ fl% V+ %pCDA V2 (N) (2.5)

2.2 THAG2 Q) o] 24 Fo

Davis equations HIH O 2 3tz FHPA A2 Atz o7 ofg] 2 (2.6) 2 ).
H.

R=—(av* +bv+c)(N) (x "—"= 23 w3y} wio)ad) (2.6)
ol A FH AT (W[N],
r= f_1dv —(av2+ bv C) (2.7)

W gdt

+
2% vo(m/s) ol Bl o R 3 & & FuEHE Vol madhes Ao Ak tehar ofd

dv_ ,ag o bg cg 2
e (WU+W+ ) (m/s®),

a9 _ 4 b9 _ 9 o owom

1000 W 1000 W 1000 W ’
. dv —dt.
— (kv* +mo+1)
[ [ e
v, kv +mo+1
1 2kv, tm kv+m

arctan —arctan—F——————
kv2+mv+l \/4161— Vakl—m Vakl—m

S C (xC=constant) 2 =29, running time ()= o}z 21 (2.8) ¥ Zo] A
Vakl—m?
ER2A=
t = 2C(arctan C(2kv, +m)— arctan C(2kv+m)) (s) (2.8)
FHAY (s) =,
arctan C(2kv +m) = arctan C(2kv, +m) — QLC’
C(2kv+m) = tan|arctan C(2kv, +m ) — 2t—0
whebA,
1 t
— tan (arctan C(2kv, + m)— =—=)—m
v C 2¢ (2.9)
2k ’
ds = vdt,

tan arctanC(ka +m)——=——=)—m
2C
/ds*/vdt*/ % )dt

t m
20) — ot E Injsec(arctan C(2kv, +m)|

sec(arctan C(2kv, +m ) —

Szzln
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defst ok 4 (2.9) 3 &t
t

sec(arctan C(2kv, +m)— —)

1 2c
k In sec(arctan C(2kv, +m) - ﬁt (m) (2.10)

2E5E wolld vAA Y B FAATE tad 2k

s =

(av® +bv+ ¢)dv % %(Uf—UQ)Jrc(vo—v)
R =" = N) (2.1D)

average _ _
V,— v V,— U

Pk Qi MR, BN AT el FAATL wA rojor s 4T
(G %) Z=ZANA L] e &gt F3) 16@}%
Ry diont = mgsin (arctan 1000 ) (N) (2.12)

oy, o)== £ % (V)9 independent 3F & o7 AF3) ojt)
FARE (o m)Ql ARA AA] FHATY Fhes B 3

FaA

ot
flo o

’

Rcurvature - gm (N) (2. 13)

O]U;], Reurvature %)\— 91:]}\] /—TE(V) Oﬂ independent st 6o o= }23]"{[:62-0]‘:]'-

2.3 FYAZ Y 9 da=54 O
FAAGAY L 7 U 7Hed HugTolM EF (Notch off) 02 44 9

2
offt
2
1o

% 55E SAUT 27 SR BE &% 7 md i Ae8E A0 FH 3
@ RES 54 & FAAel AFE Folol B FUARE SYE Hug AL
#e] #AE GraphE plotting &t 7 %, FHAT () H} H2(v) Y #AE T3l 2449
AAe £, 12 A

AE FPAF AP FUASANA ALEHE FBAA 1LHAE ol g3gor, 7
YAF AW Ao A 354 AEAL A4, AsTre] FAAF AY DIE ol
g3tk FMEAL 10 %2 Tl 20 A§ slon, 4a MRl AEL sk
3. Results
3.1 A% a9 =

Time - Velocity graph
25

—~ 20

£

% 15 + Time-Velocity (0| &)

g 10 = Time-Velocity (& &)

©

> 5

0
0 50 100 150 200 250
time(sec)

Figure.3 A&7 Time—Velocity
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velocity(m/s)

Time-Velocity graph

+ Time-Velocity(0| &)
= Time-Velocity(A %)

0 50 100 150 200 250
time(sec)
Figure.4 #7313+ Time—Velocity
Time - Distance graph
2500
. 2000
£
g 1500 + Time-Distance(0| &)
é 1000 » Time-Distance(& %)
®
500
0
0 50 100 150 200 250
time(sec)
Figure.5 #A8}7%F Time—Distance
Time-Distance graph
2000
£ 1500
T ¢ Time-Distance(O|&)
2 1000 , : _
g » Time-Distance(& %)
S 500
0

o

50

100 150 200 250

time(sec)

Figure.6 A|4+7F Time—Distance
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+ Velocity-Resistance(7-HH{0,0| &)

= Velocity-Resistance(TtHH0, A &)

0 10 20 30

velocity(m/s)

Running resistance(kg/ton)

Figure.7 T-¥lFZA<S ® 43l Velocity — Running resistance (X831

THIEY S obX| ftSmel FHXE
c 3.5
S
> 3 r j
X
T 2.5 -
3] POt od
§ 2+ w,.w’ H + Velocity-Resistance(0| &)
% 15 ; M = Velocity-Resistance(& %)
g 0.5
[
= 0
0 5 10 15 20
velocity(m/s)

Figure.8 THlZ7AS ® 33l Velocity — Running resistance (X A7)

3.2 43 &4

4 39 Azl e AT A1Y A (Figure.9) S Hots o dAAlgo=z o] &3y
Akl @27k oF 60 km/he] WM7HA DA 8k AL, 60 km/h o] W WelM = o
2 el vl ext Frtaksdch Ul Abel AbgEEE Askgale] FR skl o
A e Aol AgHo], THol dependentd APt FAAFA(1.5)0] T8 AFAtol
Ag HUE W AFrd darge eas & dvh obyf Table.3o] W@ A sk A&
ER 2343 ¥ e 3549 T3S eI

Ol'
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% T (km/h)
% T (km/h)

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
3t FH AN (ko/ton)-A 57 Y18 (H0%) [ommzans %t FH AN (ko/ton)-A 7Y HY2S(H0%) [~ oraziang

=y FENY =y FENY

~ 60 . 60
= =
< <
E 50 E 50
= =
H 40 H 40
4 4

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Gxt T4 M (kg/ton)-KI3tT2k SHYIE(H0%) [ ommz rang dxt =8 M (ko/ton)-XI St 77t SIS (+10%) [ oEwz FanE

=y FENY =y FENY

Figure.9 A8}t =38 A4y}

Table.3 B F2e} T3 d52ke] S (ton)

3 M Tel Tc2
ALHERZ 234 58.9 55.8 55.7
FAA s 354 51.9 47.4 47.5
2M2T #HA 9

FAb sk 334 A 22 w94 AevlER 234 AEAte] H
93 K H]

oX H S

w3k Feo] WAF 30.6 tono] JHTh WA F3 AEAY A4 0y AEatel ve ¥
Ad FZol oF 13.3 %7F 7PHaL o Bl FEAZA Y e dade] AgE A
st 2 1.40A Ard 1.619, 4A3e] A4+ 0.03112 BAH).

g dAF Ae-E B 5 F49 ol i A3 32 Figure. 103 2t

THEYS otx ksl T g

= 10

2 9

B 38 + Velocity-Resistance(7H0,0| &)

° 7

% 6 ® Velocity-Resistance(THH0, &%)

@ 5

@ 4 Velocity-Dragforce

o 3

£ 2 = Velocity-Rolling resistance

5 1

® 9

0 10 20 30
velocity(m/s)

Figure.10 A4, dx3d A4 43 Velocity—Running resistance graph
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2 (Drag force) 89 AAE Yehl= g3t B2 Aol HolA oAttt & AA FIAF

Ado = T8 A& (Rolling resistance)©] 79| 2F-g31A] @ohvh= A¥E Kol Q)

iAol Aol W FHEAC) Aol s 2 Ao ¥ 5 glon, Az
Azl mpaAS 5 A% 249 FEE BA7 Ak £, F710) 9§ @ (Drag force)

of o)t Fa AF gol oA S gkl wal 24 @ol A UL Ao @Y xE

AR A9 43]9] A A(Figure.12) oA ®3o] FE A& (Rolling
resistance)©] ZA vgkovt, 3 (Drag force) 2 A A8 F7re Aol Al&el g o]
= 3 B2oh 3A vgkon, sk el Al S A9 ol& gkl vlEl #A usith A

o

Pk AR A% v 5 9% 84 240 9% Wol Wi AFoly] wEel vhete]
d@ Ao AuEEE AE sl drh Ted, videl A% WA F5 oS0l 3
5] wizel ex7t 4 ek W T2 ST old AvlH mEe] 43
TRRNAE AR FFelA 78 W 029 wigo] Blow, YTLAAE A} 2

Yaho PPt ukd) ool el UL sbsol Ak wd, AR T, FAx

Figure.11 #4138 AF59 FAAs+d 334 (55)
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0 0
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it Fd Mg (kg/ton)-x 47 2E W12 (+6%) |——olzos Faxa AR Fd M@ (kg/ton)-Kl & T2 AHH 28| (+6%)
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2 2
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% = (km/h;

30 F

\
%
% = (km/h

R —

Figure.12 A|74+3F =348 Ald4d 3}

3] ah7)w Brbssth FAAT] BE WiEEo]
B ooZsta Alolatle 5T Aw Zde uel

d
-

2 A7y wiske, wpere] ek W A7) 5 9] s oS58tr] ks btk AN
drth T AL, AA Ayt s Tl AdFT FeixAY] APARE g
H7AA 7 w9 oy 7)ol gt FAAFES o5 717 wWlg- ztvkEch JEs FAAE
A& AbEs] SleiA e A dld e Agst wpRAGE Aok s, 1&ow2
B = At A FAel e Qs dHAS (Drag coefficient) #h& AAsh= 21 9
Al Fastth ATl B E = ARk Ae Ak 9FS Has F S ole 24
ol Al WaafoF gt 80 km/h o]ste] kel Al 18 E Aol Lo tfdt 3
A ko] o] & #¥ =4 I BF A9 Lineard ¥¥E H It} o], Figure.llolA =
o] ALKow gt datelAe w7l st & (Drag force)el ®BlEl -5 AT
o

o Seh= ol 7HE s 244

A= 89 (Drag force) ol 2]3t | %

A "ok ugbd g% pE£ow 3EE AT AoAE d# A4 (Drag coefficient) 2
£z

=S
dAATE FAAZE FFed T 98s e de ¢

©
nAEY oog Frh EE, ety B WeEw ol JuE FAAY @2 3
sl GlolA RAE BASHE AV B9oM, FHAT NG Al ekt o g
o AFAQ BHe FF AT vhRo] i st
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