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Abstract: Based on the finite element software COMSOL Multiphysics a3bmperature

field model for an aluminium/stainless steel composite third raileacopper impregnated
carbon collector shoe contact with coupling of joule heat and friction heat was established. A
method of coupling the two kinds of heat was developed, the tempefetide were
calculated, and the maximum coupled temperature change under different electric current,
normal forces, sliding velocities and distances were studied. The results show that: the
temperature distribution expands around the contact arem dascending tendency at
positions closer to the electric contact area and the temperature graaeehigher; the
maximum coupled temperature increases waitincrease of electric currenwith anincrease

of normal force, the maximum coupled temperature initially decreases then inctbases
maximum coupled temperature increases initially then gradually becomes stablanwith
increase of sliding distance; an optimal normal force range exists in frictional sliding with an
electric currentat which the maximum coupled temperature is at its lowest; joule heat and
friction heat are competitive with each other. When normal force is lower, the joule heat
becomes the main heat source, but when normal force is greater, mechanical friction heat
becomes the main heat source.
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1 INTRODUCTION

The friction heat, joule heat and arc heat are the three main kinds of heat source in the
frictional process for contacting sliding machine elements with an electric current passing
through them 1, 2]. Joule heat is the process by which the passage [of an electric [current
through @ conductpr releabes heat. Arc heat is heating of a material by the heat energy from an
electric arcln|relative sliding of friction pair without current, the mechanikal frictfon powe
which occurs in the processconverted to friction heat mostly. Wjth repedted relative sl|ding
and power conversion, the surface temperature of the friction pair is rajggddIp addition

to the friction heat, joule heat and arc heat occurs between the friction pairs with electric
current passing through. The continudus friction between asperities of the frictional pair
makes the local temperature rise, atite rise will be intensified with the coupling of joule

heat and arc hea®f8]. The temperature rise resulting from the heat coupling may result in
the friction pair material softening, and contact state changing, which can lead to wear loss
increasing §, 9].

The contact points @ current-carrying friction pair interface change constantly and therefore
the temperature is difficult to measure accurately in the field and under expatiment
conditions. Until now, research reports of the temperature fields coupled in current-carrying
tribological contacts are relatively rare, especially the assessment of friction heat and joule
heat coupling. But the research is very important for industry applications and in particular
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subway transportation, so that the temperature rise can be controlled in order to decrease the
wear loss of materials.

In this papera sliding friction model under electric current was established using COMSOL
Multiphysics 4.3b, ofa composite conductor rail and a collector shoe usedsubway third

rail traction system. Arc heat occurs when collector shoe and third rail lose or remake contact
briefly. In this condition, the normal force between contact points is zero temporarily and the
electrical contact points on the collector shoe and third rail are instantly offline. Because the
arc heat is very high and not stable, it cannot be calculated by the finite element method. In
the finite element simulatin hypothekes, it is assumed that each electrical contact point is not
in an offline case and the arc heat is ignored. The method of coupling the joule heat and
friction heat was developed and the coupled temperature changing properties of the contact
zone werd revealéd. The maximum coupled temperature change under different electric
currents, normal forces, sliding velocities and sliding distances were studied.

2 FINITEELEMENT ASSESSMENT
2.1 Third rail dliding contact model

Third rail traction systems use a conductor rail to transmit electrical powaetréin in a
subway. Figure 1 shows schematic illustration ofa third rail traction system. The
aluminum/stainless steel composite conductive rail is a rolled thin strip of stainless steel
around the top of an extruded aluminum botly}.[ The conductive third rail is parallel to the

two running rails and mounted @m insulator. The collector shoe slides on the top of the
third rail and current is collected by the train throagtollector shoe.

Shoe handle
Collector shoe

/ Stainless steel strip

Aluminum body

Insulator
Railway sleeper

Running rai

77 0777, 777

Fig. 1 Schematic illustration adthird rail traction system with a aluminum/stainless steel
composite conductor rail and collector shoe

2.2 Finite element modelling and Qasic hypothesis
2.2.1 Meshed model

In the researcha sliding friction contact model was established as showngar& 2(a) by
COMSOL Multiphysics 4.3b, based on a friction pair of an aluminum/stairdessd
composite conductive rail anal copper impregnated carbon collector shoe Figure 2(b). A
normal forceF, was applied on the top of collector shoe along the central line evenly, with a
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relative sliding velocity V along the third rail longitndl direction[5, 8]. An electric current
| was passed through the collector shoe and composite conductor rail.

Third rail

Third rail “
ERNE - s S T e

(@) (b)

Fig. 2 (a) Conductor rail and collector sho®3nodel; (b) Actual shoe and rajthe white
arrow means the collector shoe sliding direction)

In the finite element calculation, a 3-D model of the aluminium/stainless steel composite
conductor rail and copper impregnated carbon collector shoe was established, as shown in
Figure 3.

V

Fig. 3 Meshed 3-D modé€the white arrow means the collector shoe sliding direction)

The| _geometric dimensiorls and materials were as follows: the upper sample was made of
copper impregnated carbon material 27 long, 60mm wide and 27mm high; the middle
sample was made of stainless steel material @&00ong, 92mm wide and 6nm high, and

the lower sample which was made of aluminium material 6660long, 92mm wide and

100 mm high. The middle sample (stainless stdefms a union with the lower sample
(aluminium), which models the aluminium/stainless steel composite conductor rail. The
union is kind of Boolean operation, which makes the‘éiiject’ into a composite geometric
component.The type of the finite elements is non-linear shape function. Total degrees of
freedom are 2211076, the degrees of freedom of electric potential are 1054725, and the
degrees of freedom of temperature are 1156351.

A joule heating module was used for thermal coupling in COMSOL Multiphysics A.3b.

free tetrahedron mesh was used. For the relative motion, a moving coordinate system was
applied, whichwas fixed at the cerdit axis of the collector shoe. Then the relative friction
movement between the third rail and collector shoe is realized.

The joule hqu entered into the upper sample (collector shoe), middle sample and lower
(aluminium/stainless steel composite conductor rail) in the foafhedt fluy, and
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wagcoupled by the sliding friction heat at the contact interfaces. In order to make the problem
manageable and meaningful, [the hypotHeses were as follows

(a) Material parameters for each layer were isotropic;

(b) Heat loss caused by radiation was ignored,;

(c) |Power losk caused [by eddy curfents|was ignmored;

(d) Heatcarriedjaway Ry abrasiye debrissfignored;

(e) Density and conductivity of the samples chesgith temperature weye ignoned,;

() Surfacg membrane resistapce between the friction pair was ignored,;

(g9) Electrical contact of the friction pair was continuous and actaat occur.

Based on the hypotheses above and the principle of conservation of gnergy, trans‘ent heat

[transfel may He expressed as follow |

or
pCpE+pCp-V-VT=Q+V-(kVT) (2)

where, p is material density (kg-; C, is specific hea(J: kg'-°C™h); T is node temperature
(°C); t is the relative sliding time (s)V is relative sliding velocity ri/h); Q is power
produced by heat (W) andik|thermal conductivitly (W-m°C™).

2.2.2 Boundary conditions

All of the degrees of freedom were constrajned for the middle and lower sample, and normal
force waif applied to the tpp surface of the upper sample}. The initial temqergabtﬁrkhe

model was set {o room temperafure that i€C20rhe boundary condition for the contact area
was as follows11]:

—r-(-kvT)=Q,+Q, 2)

wherek [is|thermal conductivity of material (W hfC™); (.Qf is friction| heat flux (W- rif);

QonuIe heat flux (W-if); r outer normal direction of the object boundary and T is
temperature.

2.2.3 Calculation of friction heat

In the process of relative sliding, friction heat passes into the contact friction pair in the form
of(heat fluy. As for an area-area friction pair, the mechanical friction heat can be calculated
by the equation as followZ2]f

Q =EuRl J) €))

where E the energy conversion facfog; is|friction coefficienL F. is normal force (N)

and [is]relative sliding distance of the friction pair (m). Then the fridtion heaf flux can be
calculated as belowz]:



http://dict.cnki.net/dict_result.aspx?searchword=%e5%85%b1%e5%90%8c%e4%ba%a7%e7%94%9f&tjType=sentence&style=&t=co-produced
http://dict.cnki.net/dict_result.aspx?searchword=%e5%81%87%e8%ae%be&tjType=sentence&style=&t=hypotheses
http://dict.cnki.net/dict_result.aspx?searchword=%e5%90%84%e5%90%91%e5%90%8c%e6%80%a7&tjType=sentence&style=&t=isotropic
http://dict.cnki.net/dict_result.aspx?searchword=%e5%8a%9f%e7%8e%87%e6%8d%9f%e5%a4%b1&tjType=sentence&style=&t=power+loss
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b6%a1%e6%b5%81&tjType=sentence&style=&t=eddy+current
http://dict.cnki.net/dict_result.aspx?searchword=%e5%bf%bd%e7%95%a5&tjType=sentence&style=&t=ignored
http://dict.cnki.net/dict_result.aspx?searchword=%e5%b8%a6%e8%b5%b0&tjType=sentence&style=&t=carried+off
http://dict.cnki.net/dict_result.aspx?searchword=%e7%a3%a8%e5%b1%91&tjType=sentence&style=&t=abrasive+dust
http://dict.cnki.net/dict_result.aspx?searchword=%e5%bf%bd%e7%95%a5&tjType=sentence&style=&t=ignored
http://dict.cnki.net/dict_result.aspx?searchword=%e5%bf%bd%e7%95%a5&tjType=sentence&style=&t=ignored
http://dict.cnki.net/dict_result.aspx?searchword=%e8%86%9c%e7%94%b5%e9%98%bb&tjType=sentence&style=&t=membrane+resistance
http://dict.cnki.net/dict_result.aspx?searchword=%e5%81%87%e8%ae%be&tjType=sentence&style=&t=hypotheses
http://dict.cnki.net/dict_result.aspx?searchword=%e7%9e%ac%e6%80%81%e4%bc%a0%e7%83%ad&tjType=sentence&style=&t=transient+heat+transfer
http://dict.cnki.net/dict_result.aspx?searchword=%e7%9e%ac%e6%80%81%e4%bc%a0%e7%83%ad&tjType=sentence&style=&t=transient+heat+transfer
http://dict.cnki.net/dict_result.aspx?searchword=%e8%a1%a8%e8%be%be&tjType=sentence&style=&t=expressed
http://dict.cnki.net/dict_result.aspx?searchword=%e5%af%bc%e7%83%ad%e7%8e%87&tjType=sentence&style=&t=thermal+conductivity
http://dict.cnki.net/dict_result.aspx?searchword=%e7%ba%a6%e6%9d%9f&tjType=sentence&style=&t=constrained
http://dict.cnki.net/dict_result.aspx?searchword=%e5%8e%8b%e5%8a%9b&tjType=sentence&style=&t=pressure
http://dict.cnki.net/dict_result.aspx?searchword=%e6%96%bd%e5%8a%a0&tjType=sentence&style=&t=applied
javascript:showjdsw('jd_t','j_')
http://dict.cnki.net/dict_result.aspx?searchword=%e5%88%9d%e5%a7%8b%e6%b8%a9%e5%ba%a6&tjType=sentence&style=&t=initial+temperature
http://dict.cnki.net/dict_result.aspx?searchword=%e5%ae%a4%e6%b8%a9&tjType=sentence&style=&t=room+temperature
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bb%a3%e8%a1%a8&tjType=sentence&style=&t=represents
http://dict.cnki.net/dict_result.aspx?searchword=%e5%af%bc%e7%83%ad%e7%8e%87&tjType=sentence&style=&t=thermal+conductivity
http://dict.cnki.net/dict_result.aspx?searchword=%e7%83%ad%e6%b5%81%e5%af%86%e5%ba%a6&tjType=sentence&style=&t=heat+flux
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bb%a3%e8%a1%a8&tjType=sentence&style=&t=represents
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bb%a3%e8%a1%a8&tjType=sentence&style=&t=represents
http://dict.cnki.net/dict_result.aspx?searchword=%e7%83%ad%e6%b5%81%e5%af%86%e5%ba%a6&tjType=sentence&style=&t=heat+flux
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bb%a3%e8%a1%a8&tjType=sentence&style=&t=represents
http://dict.cnki.net/dict_result.aspx?searchword=%e8%bd%ac%e6%8d%a2%e5%9b%a0%e5%ad%90&tjType=sentence&style=&t=conversion+factor
http://dict.cnki.net/dict_result.aspx?searchword=%e6%91%a9%e6%93%a6%e7%b3%bb%e6%95%b0&tjType=sentence&style=&t=friction+coefficient
http://dict.cnki.net/dict_result.aspx?searchword=%e4%bb%a3%e8%a1%a8&tjType=sentence&style=&t=represents
http://dict.cnki.net/dict_result.aspx?searchword=%e7%83%ad%e6%b5%81%e5%af%86%e5%ba%a6&tjType=sentence&style=&t=heat+flux

- EquRV -2
Q =——" W-m 4
A ( ) (4)

where A is real contact argmn?) andV is relative sliding velocityrfi/s).

2.2.4 Calculation of joule heat

In the process of the assessment, the total joule heat can be calculated as the equation below

[2]:
Q=I"Rt Q) (5)

where | electric currentR, is the contact resistance ahds the relative sliding time (s).
Then the contact resistafice heatfflux can be calculated as[i€low

SR e 6
Q, A (W-m™) (6)

where A, Htota electrical contaft argan?).

The| physical essenlce of the contact resistance is the total of metal contraction resistance
which|caused Ky the contraction effect of the conductive| spots when electric current is
passing through the contacting surface. The electric contact resistance was calculated as
follows [12]:

R=R+R =42 (@) )

where, R, is the contraction resistance of the collector s{fef; R, is the contraction
resistance of the third rail contact surfd€9; « the| radiulF‘ of the actual contact surface

(m); Ry is the resistance of collector sh@@)and R, is thg resistivity of the third rail contact
surfacgQ?).

2.2.5 Calculation of|electrical contact|area

The actual contact argathrough which the electric current passnd| contragt, have a
limitedsize. The following equatiois used to calculate the total electric contact at&h [

A =nA = (m?) )

Fn
EH

where&the area of single contact poinm?); Fn normal force (N) n the number
of single contact pointss is a[correction factdr andt is[hardneds (MPa). The radius of

single contact point can be calculated whikgngle contact point was set to be round. Then

the contact resistance is given QgJf
+ nEHm 2

R={BIR)(EHE: (o)

(9)
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2.2.6 Calculation of convective heat transfer coefficient
The equation of convective heat transfer coefficient, h, is as foltblys [

0.03%k , plV C.u
_ | (p )0.8( p )0.33

7 k

where, k i thermal conductivity (W-h?C ™); | is relative sliding distance (m) p is
material density (kg-f): C, is specific heat(J- kgh-°CY); u is|friction coefficienFV is
relative sliding velocityr/s).

h (10)

2.3 Material and experimental parameters

The properties of the three materiale shown in Table 1. In the FE assessment, electric
current | vas selected to be 150 - 600 A, relative velocities V were selected to be 10km/h -
120 km/h, and normal forces, Wvere selected to be 10 td 290 Nin 10N steps. Sliding
distances S were selected to be 0 m to 2500m| The friction coefficibatween upper
sample and middle sample was measured aq 03P7

Table 1 Propertes of the three materialé4]

Thermal ifi i hermal
Specific heat flastic Poisson ' s Density

conductivity

Materials

@m)  GINEY (kghec) =) (kg- i) coefficient
(x10°-°C™)
Stainless steel 0.73 E-6 12.1 502 190 E9 0.3 7930 16
Aluminium 29E-8 238 902 70 E9 0.3 2700 23
Copper
impregnated 10 E-6 28 469 12.6 E9 0.425 2400 35
carbon
3IRESULTS

3.1 Influence of electric current on coupled temperature

The temperature distributions of the samples with or without electric current were contrasted
in the following finite element simulations: when electric current is OA or 300 A,
normal force 150N, velocity 60 km/h and sliding distance 1500m.

When the normal force is 150 N, relative sliding velocity is 60 km/h, and sliding distance is
1500m without electric current, the resulting temperature distribution contours of friction heat
are shown in Figure 4.

vies? T

A
35.806

(a) 3-D temperature distribution
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(c) Isothermal layer of frictional heat

Fig. 4 Temperature distribution without current (I=0 A, Fn=150 N, V=60 km/h, S=1500m):
(@) 3-D temperature distribution; (b) 2-D cross-sectional view of the central axis; (c)
Isothermal layer induced by friction hedtte white arrow means the collector shoe sliding
direction)

In the 3-D temperature distribution shown in Figure 4(a), the temperature increases from 20.0
°C to 35.8°C, and the maximum temperature increment is 2&8In 2-D temperature
distribution of cross-sectional view of the central axis in Figure 4(b), the temperature
increased from 20.0C to 34.8°C continuously, and the maximum temperature increment
was 14.8°C. In Figure 4(c), the isothermal layer induced by friction heat can be seen clearly
and temperature increased disdsete the set condition, and widths of the isothermal kyer

in third rail are different from each other. The temperature distribution expands around the
contact area in a descending tendency, the closer to the electric contact area, the higher the
temperature gradient.
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(c) Isothermal layer of coupled heat

Fig. 5 Temperature distribution with electric current (I=300 A, Fn=150 N, V=60 km/h,
S=1500n): (a) 3-D temperature distribution; (b) 2-D cross-sectional view of the central axis;
(c) Isothermal layer induced by coupled h@ghe& white arrow means the collector shoe
sliding direction, and the dark arrows in (b) means the flow direction of electric current)

When the electric current is 300 A, normal force 150 N, relative sliding velocity 60 km/h, and
sliding distance is 1500 m, the temperature distribution contours of theedduglion heat

and joule heat were shown as in Figure 5. In the 3-D temperature distribiotion in Figure

5(a), the coupled temperature increased from 2Q.Go 39.3 °C continuously, and the
maximum temperature incremenés 19.3°C. In the 2-D temperature distribution shown in
Figure 5(b) of the cross-sectional view of the central axis, the temperature is increased from
20.0 °C to 38.0°C, and the maximum temperature increment is °@3.Current density
arrows are shown in Figure 5(b), electric current flows from third rail to collector shoe. In
Figure 5(c), the isothermal layer induced by the coupled heat can be seen clearly and
temperature increased discigten the set condition, and widths of the isothermal layers in
the third rail are different from each others. The temperature distribution expands around the
contact area in a descending tendency, the closer to the electric contact area, the higher the
temperature gradients.

Based on the above coupling method applied in 3-D temperature model of Figure 4(a) and
Figure 5(a), the maximum coupled temperatures changing with different electric current from
150A to 600A & shown in Figure 6, when the normal force is 150 N, velocity ranges from
10 km/h to 120 km/h and sliding distance is 1500 m. The results show that under constant
sliding distance and normal force, the maximum coupled temperature increases with the
increasing electric current and sliding velocity as would be expected.
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Fig. 6 Variation of maximum coupled temperature with electric curresptl(bON, S=1500m)

3.2 Influence of normal force on coupled temperature

The variation of maximum coupled temperature changes with normal force from 10 N to 290
N, as shown in Figure 7, when the electric current is 300 A, velocity efiogn 10 km/h to

120 km/h and sliding distance is 1500 m. The results show that with constant sliding distance
and electric current, the maximum coupled temperature decreases initially then increases with
increasing normal force from 10 N to 290 N.
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Fig. 7 Variation of maximum coupled temperature with normal force (I=300 A, S=1500 m)
The optimum normal force figure and quadratic polynomial regression equation were gotten

in Figure 8, and the optimum normal forces were decreased with increasing of velocities
under the constant electric current and sliding distance.
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Fig. 8 Variation of optimum normal force with velocity (I=300 A, S=1500 m)

3.3 Influence of diding distance on coupled temperature

The variation of maximum coupled temperature with displacement from 0 m to 250 m
shown in Figured, when electric current is from 150A to 600A, normal force 150 N and
relative sliding velocity 60km/h. Under the same sliding distance, the greater the current is,
the greater the maximum coupled temperature is. The maximum coupled temperature
increases initially then gradually becomes stable waitlincrease of sliding distance. When

each sliding distance was larger than 1500 m, all the maximum coupled temperatures were in
a stable condition. In previous coupled temperature calculations (Figure 4, Figure 5, Figure 6
and Figure 7), the sliding distances were all selected to be 1500m.
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Fig. 9 Variation of maximum coupled temperature with displacement (Fn=150N, V=60km/h)

The regulation of maximum coupled temperature changing with sliding distance is consistent
with the results of experimental wojr].
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4 DISCUSSION

In Figure 6, with 1500m sliding displacement and 150 N normal force, the friction heat
Q, sourced from sliding friction powes a constant (see Equation 3). But the joule h@at

increases with an increase of electric current (see Equation 5), so the maximum coupled
temperature increases whincrease of electric current as shown in Figure 6.
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Fig. 10 Variation of maximum temperature with normal force (I=300 A, S=1500 m): (a)
V=60 km/h (b) V=20 km/h)

Under different normal force, maximum temperature induced by the coupled heat, friction
heat or joule heat are shown in Fig® Figurel10 has the same working parameters as the
data in Figure 7. The maximum temperature induced by coupled heat in EQisehe
maximum coupled temperature in Figure 7. Figlo&) is with a velocity of 60 km/h and
Figure10 (b) is with a velocity 20 km/h. In Figud® (a), the maximum temperatures induced

by joule heat decrease with increasing normal force, because the increased normal force
makes the contact resistanBe decrease (see Equation 9) and joule lgpatecrease (see

Equation 5). The maximum temperature induced by friction heat increases with the increasing
normal force, because the increased normal force makes the mechanical frictiép} heat

increase (see Equation 3). The maximum coupled temperature is induced by coupled heat of
joule heat and friction heat. Figut&(b) has the same changing regulation with Fiduxe).
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In the process of friction and wear with electric current, the total heat is the coupled result of
mechanieal friction heat and joule heat, while arcs do not occur. The two kinds of heat are
competitive with each other. When normal force is lesg, the contact resistance heat becomes
the main heat source, but when normal force is greater, mechanical friction heat becomes the
main heat source. So the maximum coupled temperature decreases initially then increases
with increasing normal force (see Figure 7 and Fid)e An optimum normal force range

exists in a current-carrying tribological system, where the maximum coupled temperature is at
its lowest value (see Figure 7 and Fig. In Figurel0(a), when velocity is 60km/h, ith
optimum normal force range is betweenMs@nd 80 N. In Figurd(Q(b), and when velocity is

20 km/h, this optimum normal force rangéetween 100 and 120 N.

In Figure9, under constant 60 km/ h velocity and 150 N normal force, the mechanical friction
heatQ, increases with increasing sliding distance (see Equation 3), but the convective heat

transfer coefficient increases with increasing sliding distance (see Equation 10). When the
generation of heat is balanced to the loss of heat, the maximum coupled temperature becomes
stable. Joule heap, increases with increasing electric current (see Equation SpaSio

maximum coupled temperature increases initially then gradually becomes stable with
increasing sliding distance, and stabilized maximum coupled temperature increase with
increasing electric current.

5| CONCLUSIONB

The main conclusions drawn from finite element assessment of the temperature field couple
under joule heat and friction heat in a collector/third rail contact may be summarized as
follows:

1. A finite element couple method $ideen developed for the temperature rise and
temperature field assessment of collector/third rail under friction and wear with electric
current. The joule heat module in COMSOL Multiphysics 4.3b is the dominant work
mode, and friction heat was coupled in the joule heat module by friction work.

2. Under different relative velocities, the maximum coupled temperature increases with an
increase of the electric current.

3. The maximum coupled temperature increases initially then gradually becomes stable with
an increase of sliding distance.

4. The maximum coupled temperature initially decreases then increases with increasing
normal force, and an optimum normal force range exists and can be calculated. Working
under the optimum normal force zone, the maximum coupled temperature is lowest.

For the control of temperature rise in actual working conditions, finite element should be an
important method for assessment, and it will be meaningful in control of the wear volume
lossesin the process of friction and wear with electric current.
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APPENDI X

Notation

A, total electric contact ar¢m?)

A real contact area f)n

A, area of single contact point aregm
c, specific heatd-kg'-°C ™)

E, energy conversion fac{or

F, normal force (N)

h convective heat transfer coefficient
H hardnegs (MPa)

| electric current (A)

k |thermal conductivily of material (W™ntC™)

relative sliding distance (m)

N, optimum normal force (N)

Q
Q

Qs

power produced by heat (W)

mechanical friction heatJ)

friction| heat flux (W-rif)

joule heat(J)

joule heat flux (W- )

outer normal direction of the object boundary

resistivity of collector shog- m)

resistivity of third rail contact surfa¢@- m)

electric contact resistan€€2)
contraction resistance of collector sH{&e)

contraction resistance of third rail contact surféc)
relative sliding time (s)
temperaturéK)

initial node temperatu(&)

relative sliding velocitym/s)

radiug of actual contact surface (m)
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7
P

[ friction coefficient
material density (kg- )

15


http://dict.cnki.net/dict_result.aspx?searchword=%e6%91%a9%e6%93%a6%e7%b3%bb%e6%95%b0&tjType=sentence&style=&t=friction+coefficient

16



