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Abstract: In subway environments, particulate matter is gateer continuously by abrasion between wheels, aaitsbrake
pads, and through contact between electric cartamglsthe pantograph. Particulate matter, 61-79%hath is composed of
iron (Fe), is dispersed throughout subway statiorduding platforms and waiting rooms, by trairafis. This study proposes
a method for removal of Fe particulates from subtanels, which involves mounting magnetic dustembrs underneath
operating subway trains. A mathematical model igettgped to determine the size of dust collectordedeand the minimum
period required to remove all Fe particulate mastetumulated in subway tunnels. When the model apgdied to Seoul
Metropolitan Subway Line 7, which has an operatiahaation of 20 years, it was estimated that u8 tgears would be
required to remove accumulated particulate maftéwao collectors were mounted on all subway traiAfier removal of
accumulated particulate matter, the overall conmedinh of particulate matter in the tunnel was shdw decrease by 61.6%
when dust collectors were mounted on 50% of suhiveays.
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1. Introduction

Expansion of subway lines results in greater pagsen consequences for passengers and workers, electrical
numbers using underground transit [1], and sodbed of air equipment failure, and premature depreciation oflifees.
quality management in subways is becoming incrgasin Though subway tunnels contain ventilation systems i
important. As such, Korean regulations require cstri constant operation and are regularly water cleaned,
management of subway air quality [2]. improvements in air quality have been minimal.He Seoul

Acceleration, deceleration and steering in subwajng Metro, mounted magnets underneath trains have been
are controlled using the frictional force betweér tvheels installed to lower particulate matter concentratiofp],
and rails. In this process, significant quantitiéparticulate however these have shown limited efficacy in imjmgvair
matter are generated through abrasion between sylraéls  quality, since the average diameter of capturediqodaite
and brake pads, and from sparking at the contastde®m matter is 50 pmor more.
electric carlines and the pantograph. Studies Bheeavn that This study proposes a magnetic dust collector taat
61-79% of particulate matter in subway contains [Be effectively remove particulate matter from subway
Particulate matter generated in subway tunneldsigedsed environments. The removal mechanism is presentetl aa
throughout the tunnels and may be spread to ptafand estimate of the quantity of removed particulatetaratising
waiting rooms by strong air circulation currentsheT this method is provided.
distribution of particulate matter is at a maximwithin the Mathematical modeling was undertaken to determige t
tunnels, with lower concentrations found on platierand in  size of dust collector needed for a given partitifaneter, the
waiting rooms. Overall concentrations increaserwpprtion number of dust collector sets required to lower ralle
to operational frequency [4]. High particulate centations particulate matter concentrations in tunnels, ane time
in tunnels may result in environmental pollutiongalth needed for particulate matter removal.
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2. Materials and Methods

Method of Renwtie Particulate Matters from Subway Environments

of the magnet, and the distance from the magnengUa
plate magnet with widthw, length L and thicknessT,

The magnetic flux density due to any magnet used tQ,qnetic flux density (B) at a distanedrom the center of

remove Fe particulate matter varies with the sham size

WL
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the magnet cay be expressed as below [6].

WL

1)

Where,B, = magnetic strength. The magnetic flux densitydiameter ¢) of an Fe patrticle.

of a 0.5 T (=5,000 Gauss) plate magnet, with wikithgth and
thickness of 15, 10, and 10 mm, respectively, equdfl) can
be approximate as shown in equation (2).

B Obx* +b,x3 +bx? +bx +bs [T]  (2)

Where, b,;=0.0238, b,=-1.5215, b;=37.456, b,=-436.42,
bs=2171.6.

Assuming a gap G between two adjacent
magnets,particulate iron found at their midpoint@#2) will
be affected by the adsorptive power of the madnegravity
and by air resistance (including that generatedréiyn draft
passing between the magnets). The adsorptive {&rcé for
particulate matter is proportional to the square tbé
magnetic flux density and the cross-sectional artdhe
particulate iron, as shown in equation (3) [7].

_B?A A= cross section area fm ]

F
" 24,

[N], where { (3)

Uy = permeability of space 7x 10

An expression may be obtained for the adsorptiveepo
experienced by Fe particulate matters found at ighhdn
vertically from the surface of the magnet. Thigigen by the
average of the square of the magnetic flux denagyshown
in equation (4).

— h
B2 :%L B?dx=ah® +a,h’ +---+agh+ag [T]  (4)

Y
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The force with which Fe particulate mattersare dust to
a 0.5T plate magnet is proportional to the squdrahe

2
where g =%,

Fy =3m,d(d +0.162) [N], Where{

Equation (5) shows air resistance as a functiopaoficle
velocity, for particulate matter adsorbed under itifuence
of both the magnetic force and gravity [8].

v = particle velocity [m/sec]
F, =3mu,dv [N], wheres d= particle diameter [m] (5)

u, = viscosity of air= 1.& 10

plate Equation (6) gives an expression for the velocify o

particulate matter for the case in which adsorppigeer and
air resistance are in equilibrium.
d? 2
y=Pe | 38" g | [m/sec], whereg =9.8m/seé (6)
184, { 4dpy, o

We can therefore obtain an expression for the tiaken
for the particulate matter located at a distahfrom the
magnet surface to be adsorbed, equation (7).

-1
—igJ [sec] (7)

The strength of the train draft delivered underhethie
carriage as a train passes through a double-tratiet may
be estimated at up to 40-60% of train velocity [1The
under-carriage train draft generated by two subwains
approaching each other in opposite directions mgagimum
velocity of 80 km/h may be up to 3.6 m/s [11]. Apeession
for the maximum train-draft-induced air resistance
experienced by particulate matter passing undemneat
subway train is shown in equation (8).

u=train velocity [m/sec]
{ =rate of strength of train draft at traottom

(8)

The maximum dispersion distancg 6f particulate matter collector must be larger than this, if all Fe parate matters

experiencing train draft while passing through tpfate
magnets is given by equation (9). The width of rtregnetic

3B?

9u,G
x=wt=({+0.162u—_
(€roaed ppdz(

4dppIUO -

passing through the magnets is to be adsorbed.

-1
g] [m], where G gap between two plahagnet  (9)

Hence, the width of two 0.5T plate magnets arrang@d as shown in table 1, if they are to adsorb all Répdate
mm apart, underneath a subway train traveling & thmatter with diameter >2.5m.
maximum velocity of 80 km/h,should be larger th&¥imm,
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Table 1. Trapping time and dispersion distance of particles between two plate
of magnets.

Iltems d=1.0 pmd=2.5 ymd=5.0 pmd=10 pm Remark
Trapping time (ms) 1.9 0.77 0.38 0.19 G=40 mm
Dispersiondistance,; 1 164 g2 41 u=80kmh

(mm)

% Conditions: B=0.5 T, G=40 mm

If multiple plate magnets are installed in a dusitector,
the shape of the magnetic flux, and hence thequdate iron
collection capability, varies with the layout ofetimagnetic
poles. To increase iron particle collection capghil
magnetic poles should face each other to creatallg@ar
magnetic flux lines, as shown in figure 1(a). & ttame poles
are adjacent to each other, an opposing flux iméar as
shown in figure 1(b), decreasing Fe particulate tenat
collection capability.

(a) Faced with opposite poles  (b) Faced with spabes

Figure 1. Changesin magnetic flux with pole layout.

When the plate magnets in a dust collector are dait
parallel to the travel direction of a subway trahe width (V)
of the magnet should be selected to ensure thastthagth
(B) and spacing@) satisfy equation (9-1), for diametef)

12,“0:“aG

W > vt O(C + 0162u = [m] (9-1)

Table 2. Qualitative assessment of particle trappingdevice mounting position.

Positions Safety Workability Space Effectiveness
Roof X X (@) A

Lower (6] (@] A (@]

Front X O A O

O: Good,A: Normal, x: Bad

Particulate matters in tunnels settles faster thaair due
to higher specific gravity, hence, capture -efficignwill

increase when dust collectors are mounted lowesrd hre a
number of advantages to mounting dust collectorghat
bottom of the T (trailers) of subway trains, suck a
workability and space security, as well as trapmffigiency,
as shown in table 2.

Although the practical size of a dust collectorlwliépend
on the installation location, multiple plate magnshould be
spaced equally such that the cross-sectional
perpendicular to travel direction is at a maximuithim the
limits of the train dimensions [9] as shown in fig2.

area

N B

5 I

Figure 2. Sructure of particle trapping device.

3. Results

Park et al. [12] reported that the concentration of
particulate matters in subway tunnels in Seoul Metr
increases by 9.08g/n? for each subway train operating,
regardless of direction. Assuming that particulatatters
dispersed in tunnels has Fe contents of 70% [3],came
calculate a corresponding increase in Fe partieutaatters
concentration of 6.3pg/nT for each subway train passing.

This particulate matters may be divided into paitites
accumulated on the floor and subsequently scatieyetdain
draft, and particulates generated through frictidin.the
generation rate for new particulate mattery(§1), the

quantity Q) of particulate matters generated daily in a tlinne
can be obtained using equation (10).

N = number of train operation each day jgisiday

Q=NydS, [ug/m? [daylwhere

$= cross sectional area of tunnél [m ]

(10)

J =Increased particulate mattegs [ d/m ]

The operational efficiency of a dust collector dege on
the ratio between the cross-sectional areas of dhst
collector and the tunnel; these areas vary accgrtbnthe
size of the train and tunnel structure. Calculatiom this
study used a double-track tunnel with a cross-aeatiarea

direction of travel. To construct a mathematicaldelofor
dust collector operation, the ratio between these dources
of train draft was approximated as the ratio betwéee
cross-sectional area of the dust collector and etfective
area §, S~=S-S), where the ‘effective area' is the

(S) of 82.37 M, and subway train with a cross-sectional areaross-sectional area of the tunnel minus that efsbway
(S) of 13.16 M. As the space between the train body antrain, as shown in equation (11). It was assumed titain

collector is limited to 100 mm by the structuretloé subway
train, the maximum cross-sectional area of a doleator
(S)) will be 3.08 M.

When a subway train passes through a tunnel, draift is
generated both in front of the train and opposidethe

drafts and particulate matter concentrations withire
cross-sectional area perpendicular to the direatibiravel
did not vary with location. Applying equation (119 the
cross-sectional area of the tunnel, an effectivwogative area
for the dust collector of 4.45% was calculated.
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azi:l:4.45% (11)
Se Sl T

If N represents the total humber of daily subway t
operations,M is the number of daily operations with d
collectors mounted, andc is the particulate matt
concentration in the tunnelthen a quantity cs, of Fe
particulate matter is removed, andS /M (where M =21)
is generated per unit distance, each time a subwa with
dust collectors mounteid operated. Therefore, the changt
particulate matter concentration in the tunnel fk
operational events of trains mounted witht collectors can
be expressed by equation (12).

CS; = €4S ~ €4S, + NI /M [ng/m]

_ ok
O, = B¢, +5%% [ng/m?] (12)

B=1-a=1-S,/S,
where<k=12---,M, M 21
Cy = initial concentraon of iron particlematters

Assuming the existence of undeposited particuladter
floating in the tunnel, an overall reduction in tpaslate
matterconcentration requires that the collector operataia
(i.e.,M/N) satisfies equation (13).

&

M
C <Cp=>—>—-
N ¢S

13)

Equation (14) calculates the sensitivity particulate
matter concentration in the tunnel ichanges in the
cross-sectional area of the dust collectsing Equation (12).
Since the particulate matter concentration in thanel
increases with collectooperation rate (i., M/N ) and
decreases with the crosssectional area (i.e.,S,/S,), the
rate of operation and the crossetional area of the du
collector must be higher than the critical valuegsairticulate
matter removal efficiency is to be increa:

o _ _ N1-MB"1+(M-18M
ECM =Mc,8" l+5ﬁ Y

(14)

—*—M=0.IN ——M=0.5N ——M=N
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Figure 3. Sengitivity of particulate matters concentration to changes in

p=1-S/9 .

Method of Removing Fe Particulatdtbta from Subway Environmel

The crosssectional area of the dust collector can
effectively enlarged by mounting two dust collestaxith
sufficient space between. Assuming that air pasiraugh ¢
dustcollector installed at the front of a train is nixeith the
air in the tunnel such that particulate mesare uniformly
distributed in the tunnel, installing two dust ealiors on on:
train should have a similar effect to operating twains eact
installed witha single dust collector, as shown equation
(15).

CS; = 1S — Gy S, — k1S, + NS /M [ug/m]

2
O, = B¢, +5% 911_% [ug/m*] (15)

Assuming that particulate mats generated by a moving
train is not discharged outside the tunnel but iemaside,
the maximum time redred to remove the particulate mas
accumulated in a tunnel using dust collectors eanliainec
by dividing the total accumulated amount in theneirby the
removal amount per day as showrequation (16).

___QH _ M
P Mos, - NGB, McgS; 1 @ e
NGBS,

D = no.of daystheaccumulaid PMsareremoved

Where, . .
{H =subwayoperatiomperiodday]

With two dust collectors installed with sufficiespacing
the time taken to remove particulate mes in the tunnel
decreases to 1/(By compared with one dust collector,
shown in equation (17).

D= QH = }'H
1+ BMc,S, - N&5, 1+ p) McoS, _,
N5,

b 49

Assuming a generation raty) of Fe particulate matters in
the Seoul Metro of 10%, for an operational duratofr20
years, not all particulate mats accumulated in the tunnel
will be removed even with a dust collector of c-sectional
area ratio 4% wunted on all trains. However, if two 4% d
collectors are mounted on all subway trains witfigent
space between, all particulate matter can be redhawthin
961 days.

Table 3. Removal period of Fe particulate matters from tunnels (unit: day).

Dust collector (1 set) Dust collector (2 sets)

/S, M=0.1IN M=0.5N M=N M=0.1N M=0.5N M=N
3% 0 © 0 0 0 2,674
4% ) ) ) ) ) 961
5% ) ) 16,73¢ 60,312 588
6% 0 ) 2,46¢ 0 2,917 425
7% ) ) 1,33: ) 1,502 334
8% ) ) 913 ) 1,015 275
9% 0 16,739 694 0 769 234
10% 4,303 560 o0 620 204

% Conditions:c,=131.6pg/n?, §=6.35ug/m*, =10%
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Since not all accumulated Feparticulate matterd lvgl
floated by train drafts after accumulated in thenel is
removed, the concentration of particulate mattersthe
tunnel will increase by)d each time a subway train
operates. Therefore, particulate matter conceatratin a
tunnel can be obtained by equation (18), by agansicering
the number of operationis of subway trains mounted with
dust collectors.

1- BX
1-p

(18)

N
¢, =B v [ug/m®],

In this case, the particulate matter concentrationa
tunnel decreases to equation (20) with increasimgber of
operation days of subway trains mounted with doBectors.
As a result, particulate matter concentrationsha éentire

tunnel will decrease td° —Cs .

N
Ci = yJEIIW % (20)

Once all accumulated Fe particulate matters areveth
from the subways in Seoul Metro, the concentratan
Feparticulate matters in tunnels will decrease frb81.6

Wherek =12,---,M, M =1, pg/n® to 15.9 pg/nt.even when all subway trains are
The number of dust collectors may be reduced aftghounted with only one dust collector with a 4%
particulate matters accumulated in the tunnel iBored as  ross-sectional area. This amounts to a 61.6% tiedun

long as equation (19) is satisfied.

Y5,

M
Cy <CO:>W>_

oS, (19)

particulates in tunnels. If a dust collector istatied on 50%
of all subway trains, Fe particulate matters witcease from
131.6pug/n? to 31.8ug/n?, a 53.1% reduction in particulates
in tunnels.

Table 4. Changes in particulate matter concentrations in tunnelsusing dust collectorsafter all accumulated particulate matters are removed.

ltems Concentration of Fe particulate matter in tunnels Concentration of particulate matter in tunnels
M/N S2/S1 Initial Final Reduction Rate Initial Final Reduction Rate
4% 131.6 15.9 87.9% 188.0 72.3 61.6%
100%
8% 131.6 7.9 94.0% 188.0 64.4 65.8%
4% 131.6 31.8 75.9% 188.0 88.2 53.1%
50%
8% 131.6 15.9 87.9% 188.0 72.3 62.5%

4. Conclusion

Particulate matter is being generated continuously
subway tunnels through abrasion between wheels, aad
brake disks as well as from sparks generated dwamgact
between electric carlines and the pantograph dwidgyvay
operation. Since high concentrations of particutatgter in

tunnels are dispersed by train drafts throughoue th®

underground space, particulate matter generatéghimels is
the main source of particulates in the subway envirent.
Highdensity Fe particles are rapidly deposited dhds
accumulate in tunnels as subway train operationeases.
Particulate matter accumulated in tunnels not quailutes
the subway environment but also results in malfioncand
shortened life span of the electronic devices usecbntrol
trains and equipment. It is therefore vitally imjaot to
remove particulate matter to improve air quality

underground stations.

This study proposed a method for efficient remowhl
particulate matter in tunnels, involving magnetiausd
collectors mounted underneath operating subwaydraf
mathematical model was presented to determine disegil
and operation of these dust collectors.

For a dust collector to effectively adsorb and reeno
particulate matter floating in tunnels, it shoull designed so
that the magnet width in the dust collector is tgethan the
dispersion distance of particulate matter due a&ntdrafts.
For a dust collector mounted underneath a subwain tr

moving at a maximum velocity of 80 km/h, the widththe
magnet must be at least 16.4 mm if all particutatdter of
2.5um diameter or larger is to be adsorbed.

It is recommended that magnetic dust collectors be

installed underneath subway trains. The removalbgefor
particulate matter currently accumulated in tunmalsy be
reduced by installing two dust collectors with theximum
pace between them on all operating subway trains.
After the particulate matter accumulated in tunnils
removed, it is expected that the overall conceomabf
particulate matter in tunnels can be reduced b¥%375.9%
of Fe particulate matter), even when dust collectare
installed on only 50% of all subway trains.
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