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ABSTRACT

Severe mine disasters have continued to occur around the world. To ensure worker's health
and safety and enhance the productivity, a number of studies have been conducted for the
development of wireless sensor network (WSN), environmental monitoring, and communication
system in underground mines. An increase in development and application of these systems
has just begun with the introduction of information and communication technology into the
mining industry in Korea, and yet there have been only a few studies that considered the
underground mine ventilation system. This study presented the literature review on the
development of WSN and environmental monitoring in underground mines, and especially,
on 7 subjects in terms of underground mine ventilation. Moreover, studies that especially
conducted real-time environmental monitoring were reviewed and categorized by each
commercial software commonly utilized for the ventilation network analysis. For the application
in domestic underground mines, further issues were discussed regarding research subjects
that may be needed in the future and domestic environmental standards that has been used
in the underground mine operation. This paper is expected to be useful for the development
of WSN-based environmental monitoring and communication system, as well as for related
studies in the future.
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A5 o] itola] FIARAL Bl oEARL 505 QIS AP A7 1= QEE7Re: A7 Sl Qlet. AlAA 78U Afazt
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78] U EFof] FMA UELIF(WSN; Wireless Sensor Network) S 28511 Stt. 4
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A A HEYTZE TSt ARIPEoln] gl A o0& HRlrt = A2)A ghtol|l ] @ EZ O] A5 451l o sAR M Yot
7] €3l RFID(Radio Frequency Identification) 7|&°|u 55 2(Bluetooth) H]E-S o]-85}od 2|5} WjH]Alo]A A|JAH]
(Navigation system)©| 7HZ=]7| %= 5} Jung & Choi, 2016; Baek et al. 2017). SFEA|9 24 HUEH-S 7iufjo]] F-=0k= At
TS A= FAPRA] 2ok 4= QIgl o™, 2ok A 57F T & 2 E FoflA= WSN 7]9He] HU B | A|AH]o] 55 v}
QJtKwon et al., 2009; Lee et al., 2009; Min et al., 2012; Park et al., 2007; Park et al., 2008). Joo & Kim(2013)2] -llA=
WSNO| 1S &-gslo] Bld U] 23 RUEHS 755131 0H Eot 8821391 F4l HiHa Aokttt Kwon et al.(2010)+= 4]
SHE g} 22 SgollA] -S4 Hupgol| 2 Qo Ah=0] s Auf] o] Ao A 4 glom olof whe SRt A A
o] @ FTtal SIGIt}. 7Y FAEe] S0 R, S, 25, AFEIY 0= o) Fsh= Ao 9, Ak, S41 Qb
o] 912 A7 2] o, AP Hol| whE vt e 1 50 Q%10 = Qlof] AJFAQ] FAEAlS 551 ofehe Hol ik
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(Muduli et al., 2017). Fig. 1> Aol A 9] WSN ARIE WAL QT Al kB £, S5, 718 E 52 2k=E AAIst
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Fig. 1. ZigBee node positions in WSN (Muduli et al., 2017)
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A|4eH], W2 B 20l At 740l E4Jo] Qlrk kEoflA AmE HE5H] floll ARSEE FASANFA SR Wi-Fi,
Bluetooth, 12|31 ZigBee”7} E-8-%|11 it} o] FAFA] thet YubA Q1 EAI-2 Table 1(Moridi et al., 2014; Bluetooth SIG
Inc., 2018)°] Q2F6IITE. Table 10f] LERd v}t Zo] 78U 3 RUE o] 540 == MA L=0] EXof 9l’t IEEE
802.15.4 ZigBee UIEY 7} =2 =517 QJt}. ZL BLE(Bluetooth Low Energy) 714-& 2|2 0 & bAslo] S-oIg Y| E S
A EZZX|(topology) & A¢5HH(Samosuyev, 2010) WSN =90 EA-S-ZF LERY Y It} Dementyev et al.(2013)2] 42|
W= BLE 7]50] ZigBee Bt} A2 A-W7} 25 4= 9l om, ofof w2t 78Ul WSN 52| &8 7Fs/do] & Ao = Teker,

Kennedy & Bedford(2014)= 541142 IEEE 802.15.1 B-F52 V2.1 7HEEE 802.11x 2}°|1}0](802.11g, 2.4 GHz2}5 GHz
802.11n, 12|17 802.11ac)E ol&5to] At} shto] A e, 12|l At Bl WS 5k 21 dollx] @7 AelS -asisirt. 78
Y gEede e AP Hokg ddshs Tult Gk (waveguide effect)2 15l o]59] A4 FAl 4] AFRE
(throughput) Z|t] 72]7} 252 60 m, 2.4 GHz 802.11 g 400 m, 5 GHz 802.11n 250 mol] 3941 o= 2Ao]| H]|(LHHA o
=100 m) EJ'gePgo] o]0 2 2-851= 7S Uit SEx|RE 73] S Ao] Zofr|H ARSEo| ZhA-go] o A4 4= §lo.
TP A= 73U xR fRofl mhE AR Biso] A 4 la-E HoFgieh. T A At o = =22k 7]
o= 7RAd ol Hlofd ek 291 non-LOS(line of sight) =7 Stoll A 54114 F IEEE 802.11 g7} 7 2 d52
LRI E5] of2fet Axh= B2 =] sg4te] T4 A= 02 22w 11 Q7] wfliZol] 3¢ WSN F50f -go] H Aoz
FhehEch

Table 1. Wireless communication standards commonly used in underground mines (modified from Moridi et al., 2014, Bluetooth

SIG Inc., 2018)

Parameters Bluetooth Bluetooth Low Energy Wi-Fi ZigBee
Communication distance (m) 10 100 50-100 50-500
Frequency range (GHz) 24 24 240r5 24
Data rate (Mbps) 1 0.125—2 11 0.25
Network capacity (nodes) 7 32,767 32 65,536
Power consumption (mW) 1-100 1-100 500-1000 20-40
Complexity High Low High Low

QL7 WSNE A o aresfiof & F7FARI ARe] 3t WSNE F2 2R E o182 HE] F(multi-hop) EZ224]
2o a7 Al 2 k= B0l ARket o= S (ad hoc) WIEITE Foll 150] 2 4= Lo, vlje]2]e] S0l wA|

H7] mzofl Al =0 2t 3] x|} oA mE Al MIEEYTE F-d5he Zo] F-asitt SPAIT, At |
ESA 755 Aol A80he A2 B8 AR R ke =o] 45| 27| tige] 2 A5l e HEYIE AE=eIA

2 &0l A5 430l It Chehri et al.(2010) 2] Aol TH2H =878 % (mine gallery)ollA] EEZA|7F =41 A S A7 0] /4

Al HE0] MRS YU 4= 34Z Zo]2h 53Tt Chen et al.(2010) 2] A= 2141 0 2 viA| == EERX]of| Hol| S=]AF 7]Ht
O] #1198 (chain-type) EE22A]7F WSNo|| B Z{elsiths 25 HoA310 Sun et al.(2011)2 lL==0] 457 o 2] et HIEQ 9]
Wt oA E 2Rt BBl 2k TR eSS ARSI 2hE2 YMIEYS W et Alo] ZALRE HU7] 9t $AE=E 2
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Fig. 2. Probabilistic event detection algorithm based on virtual force (Muduli et al., 2017)

Table 2. Field experimental results based on LOS effect, tunnel wall effect, height effect, and nodes arrangement effect of ZigBee
communication (modified from Moridi et al., 2018b)

Classification Test line view Tunnel layout ZigBee node level Test line position communication distance (m)
Line of sight g - ——-- g Straight OII; :ﬁ?gﬁth In the tunnel axis 380
Non-line of sight SR - C:;fii:gd Orll 0251 ﬁlﬁ?glv:ith In the tunnel axis 120
Tunnel wall effect g - Straight Orll 2_ ﬁlﬁ?gv}ﬁth On the tunnel wall 180
Height effect - =) Straight Located on the floor In the tunnel axis 120
U P el et
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Table 3. Classification of studies based on wireless sensor network in underground mines

Category

Application

Approach

Reference

Wireless Sensor Network

Development of WSN in coal
mine

Implementation and evaluation of
IEEE801.15.4/ZigBee network

Performance of WSN topology
using ZigBee

Cluster-based chain-type topology

Wireless mesh communication in
coal mine

Performance evaluation of commu-
nication standards in underground
mine and tunnel

Evaluation of stable communication
ranges between ZigBee nodes at
straight and curved tunnels

Performance analysis of ZigBee
network between mesh topology
and cluster-tree topology

Node deployment scheme of WSN
in longwall coal mines

Energy efficient clustering protocol
for WSN

Experiments of developed topology similar
to pear-to-peer topology, and routing algorithm

Field experiment in underground mine
gallery

Simulation of point-to-point communication
compared to multihop communication

Simulation of optimized topology suitable
for transmission, connectivity, and life
cycle

Modeling of the propagation of wireless
communication and field test

Both field test and theoretical analysis
using modal theory and ray-tracing model

Experimental and theoretical approach on
a stable communication based on the
attenuation of radio waves

Simulation of ZigBee network to compare
throughput, packet delivery ratio, end-to-
end delay, energy consumption, and network
security

Simulation of different sensor node de-
ployment and a probabilistic event detection
approach incorporating virtual force method

Simulation of clustering protocol based on
node’s residual energy and average energy
of the networks

Bai et al. (2007)

Chehri et al. (2010)

Chehri et al. (2011)

Chen et al. (2010)

Griffin et al. (2010)

Kennedy & Bedford (2014)

Moridi et al. (2014)

Moridi et al. (2018a)

Mulduli et al. (2017)

Sunet al., (2011)

Monitoring

Web of things-based remote moni-
toring system in coal mine

Web-based lightweight remote moni-
toring and control platform with
representational state transfer appli-
cation

Experiment of remote monitoring system
using controller area network bus tech-
nology and representational state transfer
application

Implementation of three scenarios and
analysis of the system performance

Boetal. (2014)

Cheng et al. (2015)
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Table 3. Classification of studies based on wireless sensor network in underground mines (continued)
Category Application Approach Reference
. . Design of hardware and software for
M WSN H 2012
onitoring systems using WS ZigBee WSN e & Wang (2012)
Safetv monitoring svstem usin Implementation of real-time monitoring
WSIIIy g % & using ZigBee network and controller area Kumar et al. (2013)
network bus technology
Eiegsllagn (;{/ rSnI\OInitoring system using Hartdzare and software for monitoring Li-min et al. (2008)
Monitoring e systems
Monitoring, emergency commu-  ZigBee nodes to sense temperature, humidity,
nication, and. ventilation control and gases concentration,. and a trigger Moridi et al. (2015)
integrated ZigBee network and  action plan programmed in GIS manage-
GIS ment system
Monitoring and communication,  Field experiment for the system perform-
and control system using ZigBee ance of data reading, text messaging, and Moridi et al. (2018b)
controlling ventilation fans
Field test of sensor deployment using Misra et al. (2010)
Chen et al. (2013)

network
Design of WSN based com-
WSN
Simulation of minimum error and risk
Boetal. (2012)

munication and location sensing
system in gold and copper mine
WSNs nodes correlation in coal i i
Bayesian decision for the network efficiency
Real-time implementation of event classi-
fication, state-automata detection algorithm,

Tracking
mine tunnel
Event detection and alarming

system using ZigBee with cluster

tree network in coal mine

and alarming disposal process

% 9k, oleft Ao ot 73

T A
QJtt. Fig. 3= ZigBee7|¥1S] W

12 712, 2213 DPM(Diesel Particular Matter) 2} AW =2, ], 25
bl 22 m) )2 5] 2

Safety

o
2
o

3. gk
WSNE 5ol 9= Ame= JUss 2 57
T, F7AOIE QI3 571 A=, ElEd|o]El(regulator), 919 L -4
Stod 4%, A, 8]0 QPSS o] f19t telRt A7t o] Fof x| Al

)

H 2YH"ES %5

WoT services

e

Notepad

RESTful
resource layer

tion and

Data coll
transmission layer

Mobile PAD |@ \ :
Methane sensor / =
C" RS232 RSZSN
/V ZigB i
il
Temperature sensor  Wind speed sensor

(b) Cheng et al. (2015)

Met Ilanc sensor

(a) Boetal. (2014)

<y
Fig. 3. WoT monitoring platforms
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7} CAN(controller area network) bus 71&-& A3t AFE F(WoT; Web of Things) 715+2] BUEH A|AH] Z21ES HoF=
Zﬂ ATARE YA QIEh(Bo et al., 2014; Cheng et al., 2015). WSN+ 734] FAITES tiALo 2 517] wfjfof] A& HTTP

52 1po] ZREZ JEHIE H85HA]| b= Zlo] dubyoltt. k], WSNojlA dojx]= Zt=+= REST(representational state
transfer) ZolX] g AH|A Algo] 7Hsst TR EF Hglo] o]fojx|al, o] whet HA SAl o = GAHIAE Fall 28]
ol theh AFzof] F4o] 7Fsold Tt o et ARBAP F A=E 50l P 3 at =2 BYIA] 38 APl QIR S = = o
QH g =2 sAo] 7HssiRIT. of2fet A2 Q1 A ARRE g5 | oAl AR HUE P FAlof tiste] 1t g artqle
™ 2 o= 55 571 AL et =9] eAtof] tholo] HES] Bzt gt

_l

7P F< U R O] 222 AU 2] 285713 R Qlot A8-5 7 RRe Aol BAehE Rl i B A
7IAE s, 241 5 DPM(Diesel Particular Matter) 7 82 92HE &8-S iEs U, 2212l 2kdde] & ede st
7] SRR A 2|4 BT S 7P 2 kel B 1R SRttt Aol 4887 7S TSk E7 7] 7 1E7] ffeiMs
7 2340 7 HIEAA Gt eF- o] At S717H A7 il L FH 5717 gAtelt 2 vt =7t 2 5
olop gttt SIAR 7AW &7 VIE A= 7ol B3Rt 7397 AL o= sl st &7 AlLshe] s 3t AT ol o A14] ¢
52 37| A= (recirculation) SO 2 @ HH T

7P AN IERE S Aol A= Y EE AR 7 1R HE e RS 4 St TR, 79 HskE QI it W - ]
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ok 212|373 SRR 22 Bl AgRollM e 4 B Rdell 2] P3RS I 4 Sl of2f’t S, iy SE5-2 AV
37t 9= Helslr| flet iE o]l 2RI Qe [th(Belle, 2013). 74 B4 RUE]R) 2 57] AlARlo] felsl=d%s 1t
Y

ES
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—

¢}
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S Z
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O
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3271~

Ziell A HUER O] tido] H= 7Y e AedS i o = wgh g2 3] kA, dibsletay AAa4ielE, et o
b -2 =407, ojpteletA 9l AbAs) 12T eEart -2 HEAM] Z7EAo]T] Gaware et al.(2011)= 57 =2 74U o3
N 412 S SHS 4 QL1 fehE FAte] 2R RUEY ARl 82 4 Sl 477] ik A2 e |o] H(scintillation)
7|0 7|55t KA Al E 7Sttt Baishun et al.(2010)= ZH2F HEEAE, T12]311 Yang et al.(2010)= W FEE 2|01
TATIAE HUE o] 216l ZigBeeol| 7191 AAE 7S | I 519 0™, o 2] 4H], H1-g- 2 *]ﬂﬂﬂ' &e QA5 J1efs}
At 5] F oAM= WSNoJ| A== AlA O] HfE] 2] ARg & 243l foll AL Eof7} 755 4-3olA] =538 4
A7Vso] E/det= s 2A 51 W, Yang et al.(2010)2 252 50| W=z Q15| 718 57 0]' Alxo] E 4ol H
SRR ZAZES HASIGI: oot o] 7kA BUEEE SRMIN=EF 578 Al B0 Wagt e Fglom, tiaAll o= <
AFSYe A0} a7k 0] 39 o1ch, BATolA RIS o] §ahe Aokl Sol s 72 A (ead acid battery)7} 24011,
SRAR|A F7A A AT AT AT o] ATt AAISIRMAS S75HE 27 18R] Al O] SAdgtol M-S Y.or|7] o
ol H% —% SfloF ghck(Rowland et al., 2018). S74%H 7FA0] g2 7}i HUE RS 5l 2FdxtelA] o] 1 BEE n]] A

TR ARAIE] 88 4 olnk

i 2 JEie] 28t el Al F SIS ok Mo A1 el o}REIE SIF) Osunmakine
(2013)=Ajo] A Foll 27 $I4], A7 L2, COs, NOs, T3 CH, O] AR A2 E5511, ofeiat 42 ALt
RIS &4 QIR 5 AR THE BA A2 Besle] FRA0 R AR AT e oA S 4 4 e ¢
2} e A28k ARSIk Niu et al.2007)2 Hgte] S22 mEl=s}] 916} A1) 414 dlo]el S Heist
S 0.2 TG TR 1T R0 WIN AL AGKSHAT, WO @il 9] 1 1)
ol 2eto 2414 © 2 sl | wie] mgko] shiel chek A17F4] B7HA AP Baghelols 4 el Eat e

—_

-

0

ru{m

S HHelehes 7He 218510t o) WSNoflA] s @] 7[eke] 4k 2] OﬂLVL_'iJ F|2okE Sl UE T dlofEof ot
2t AE® T2 Table 4] e vie} o] AA5H= 2k Hieto] 4= 1HH(Moridi et al., 2015). ¥ 75‘ o that oA1EA
= TP s LG HE Qlel] o] AR olojA hs/de] 9] el o[ & Aa | W AIehE LR B ASI,. Wang et

al.(2008)-2 H|Z| =85 (unsupervised learning) 7|5 % ShR1 H|o| 2|9 YIE Q] (Bayesian network) &S £ %0}01 7}0)
of| gt 714 =5 WSNoJ| Sh5AF 0 24 @ 4 BE U 4§35 Kol

Table 4. Plan of monitoring interval change (Moridi et al., 2015)

Variables Safe Transient Unsafe
Reading time interval (min) 30 15 5
Temperature (°C) <28 28 < Temperature < 40 40 <
Humidity (%) <75 75 < Humidity < 85 85 <
CO2 concentration (ppm) < 2000 2000 < CO, <5000 5000 <

e gro] 27t ghlo] ke Wt ohet, wihrkaoh e
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A B Porle 4 e B719] QI F710] wrek FefAp, 10 um ol19 AR
8o %

(respirable dust)2] - H]17\40]W(Mcpherson
1993). 2IA o] et 54 0 = Qlstof Altel| whe} 7] B2 =
NSA] Al 2Eo] A7 | = SFATK Liu et al., 2017). SFAH X1 5 DPM 9] RUE R F2o)A = dAVdEda AlVdske 7A4 X}
Alefl iRt AP A 4= Qlom TSt v 9 9715 o Aslor g B e~
i o = F71 5 DPMIF 22 QIAVSEE O] S HE R 30t 37| W AV 242 THE ol8sto] dejulo] FAE
S0l T STA 02 S e el S787e AARE U] Bl A FR2 Al wet 47] flsiA= 710
Aol afcks T4 SHA0] ohd A W] @7FTh Barone et al.(2017)-2 334t o] 221 RTDF(ray tracing
with diffraction on facets)E 1851 74 um ©J5}] 7FA/dE5](combustible dust)®] Yie FILE AATEO 2 S 5H= F1o]
7Fsohhe Zt& B o3It Mahdavipour et al.(2015)= Z8HiollA] WSNell e1Zo] 7Fs5t A2 11
AA = E719] TIC(total incombustible content) 2] 1470 75 Siat ozt 2.8 =74
L5 AAESIEL ERE DPM O] AARE S Al HiE S F2ARE fok 8= 7iE =L Sle AllkEol JLe™(Noll et al.,
2013; Takiff & Aiken, 2010; Wu & Gillies, 2008), Fth8 HHIE2 nl=t FARPARAMSHA)A skl Sh=
quartza-fiber E]o]] sampling$t DPM= optical analyzer= EC(element carbon)&-2 2-45=NOISH 5040 =4 IS 28
317 9tk DPMQ] ZhS A Q= AL Aslslx] okS 4= 9lo g o] Frle AH|E E5) ECL 24511 1,382 AXls
TC(total carbon) FFS FoUl= 7FEAQ1 BFALS 8511 gl TJafuf o]e} o] E Aol ZAKSTH Hiol| i H QAFE A
tisials AARE S 78] 7ol tieh At o FoIR]al Qo) of27R2] 7] 2410 e R = A AHle] -85 A9

ARIRE ZokE &= I

_ﬁ
30,
o

E

34282017
5 9 o] WU e AR R A 1730] 4] 9 AW B, npb) 873 9 o] mlelg B HEe o)
JJ] 78 2 2] Ale] 54 18] 3 ARPE, A W APAE R H5)ok= 2F9E7] 2 (natural ventilation pressure)< I}
St ti71 Abms A 7] YIERA silAol 282 4= 3k et ot

of5l7] 91et =415 flel 292 4= ek A - & 25 %

Uz, 53] Alskgite] Aot gloffie] et dAsh= A 2419 sl 2182 4= it 2 of2et RYEF AlARS 285
3t A A7 =38=] L tK Agioutantis et al., 2014; Carpenter et al., 2015; Griffin et al., 2012; Roghanchi et al., 2017a;
Roghanchi et al., 2017b). Agioutantis et al.(2014)-= S UE]H A|AROA AoJii=7EA, 2 2 55 T1=]31 tf7] RS #14,
e, 2]l 24617 ffet Hlo[eH|o| A5 55l AR Ams ER ARl whiE W (fluctuation) ] Wi 2 2.0 = L}
g5 Es BRI Hole| o] 2 HiE2 Roghanchi et al.(2017a; 2017b)2] A7 = LFERYT Q13, 052 3H7 H|o[E]
7} 518 71ER et E= A vehhs 32 3o Aol AHA L 4= Shea A 539, o159 Aol 25k e AR e
HSPE AlA l=0] Qixjof wt 2|Aso] tehts ddo] Uehder, ol #7E avi(damping effect)?t WIS EHE
(transient heat exchange) = AH5I3IT]. 5717520 Ao} shi Alo] 2] AlTtef| ihg 2 §sb7 T AlZF7HAS il 'iAESH=T), o]

O

=

] 571780 o] Za]AI7 iz W) g vhehiIks 2ol WP RT3 571 T o1E ARl nhe
QUYR Qe 2P o] S5 S HAIA e 7F AR S ek 2 ik o AN ARl gt

IR Atel= AlEE o)A e] Aatete] zjo| S HAYAIE 4= 9o, olo] e} dynamic VTH(Ventilation-Thermal-Humidity)
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Idlo] 7jl|ojof gto] AFE] 1l QT Carpenter et al., 2015).

3.53

74 2HA| U B P o] 52 QI Ao Sfol] A 0 & F-a P, 7EA0t 25t AHmE 55l 7Fs S Bhattacharjee
et al.(2012)2 Fig. 4(a)2t o] T2 A Fatof| toto] WSN 7[5t s €f#], A K, HUE, 72|37 o3 Al Agef tigh
£ AsIGI. o] AtollA AT AARE AIA e Eofld SHE CO 7RA W Ak F O] HIE-S 51859} vl st s

=5 51310, 1 olF 2E SAsto] ARt sh TR E HR[eHeE S, A4 0 & & S 2] 3oflA Allehe

5 SRt S, AU ShAjer 22 Adollkt= AN e =ofl A FEAste] FAlol Fotd 4= Q17| wlizol, o] Atollil= BIEA
O] kr =5 SASloPH, Mz B 2E Tk, W 2 AS Fatlshs HlolH F419 24 F2E A4t 2k By o] #|
£ 07 o] RoJR| LR Sh= YA E}, T1E|al Ay Qo thE E A 17}0} *] flo]/Ae] AxE HofF=qirt.

Hh, 278 RUE R 0 27 SE|] oS 5 IAo] thieh SAFA7d2 XA glo] ARt A27} o oj Aok shal, SabA el o
HAE) S S Sofsh= Hlo] Fashtt A ke =olli S %= AR F6, 01%&’}74]9} H| WSh= o X O] R A E4tt
Ui 2ol 28570l Aol Qlet. ol2iet ftAVdE: sifast ] Slel B At Eokoll A 2] 22(fuzzy logic)©] 185
AL glom, 73U b BB ol 2-80] 7Hs51H. Muduli et al.(2018)2] 17X Fig. 4(b)2t 22 7'E 2] WSN 7[HF 24|
HUEF Al2Eo] theh 75 w2] 2215 2-8ste] 435130t ol52] Aol SRS SR AHa+= CO, CO,, H 0,95
Lot 2 BT E 5190, HR|S(fuzzification), HA|Z2]A|017]|(fuzzy logic controller), “12]17 H|H2|3}(defuzzification)
& o]Fo frh % (Mamdani) 52 750l T AR AR, 11 AvE ST S w5 slel

N,

Monitorin;
/e A ;:I:Z:r:::;e cemr‘;a:“s:réce
// // //// Transceiver w * e "* Retitd * = "."f:"
/7 L f
7 % o
2 [pin
/1 /1 I l l l' :
// /Y 1— Intake ¢ 1- i ﬁ
4 i Ny
=ﬁj-] @J_ Gas Sensor ¥ §’_
with * Galh.ry ; e
Transceiver g
Wt} 4m iR qm
Clintolioe * Sensor node ---- Sensing range of sensor node
== Ventilation stopping @3 Side discharge loader (SDL)
((g) Base station (Sink) —— Wired connection
(a) Bhattacharjee et al. (2012) (b) Muduli et al. (2018)

Fig. 4. WSN-based fire monitoring system
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= Qlek A S 2 AH] o] ] B AL S 2RISRt o =, QP Of R = At AH| o] SEHRAI AR 2R
B, 120 A WS AR AR 9 Q1 &, TR Al A 0] et 4, R MERIAIE A EeHA| mhefelo 24
7Fs5Itt. Bandyopadhyay et al.(2008)21EEE 802.15.4 7|5 M4 WSN 152 ¢J3t slt=dllofE 7 51494, RFID 7142 5
S RFA, T2, SERUE T, FRAIAH, 123 7SS 917t AR E oS 7 SISIr Huang et al.(2010)9] A
oM ZigBee 7[R WSNE S84 H Ed] EERX|E F/J6131.0M, AIA] leEollk] F5h= A H Abae AT ToflA o]
Hulo g AEsIAL, B7IHE 2|2 HAIAR)(WebGIS)= ol-851eq 78U 2F4A1et 2ke] %15 4] IEEo] 204 & = 21
= ARSI A7 2|2 HAIARI O] E8-2 F7 | YIEEZO] A1, F7] 48]0 FH 53 @7 HojE 4= Q7] dhe
of, FRFAAAELS FRF 1] B AH| O] P H-E Z-8sto] F7] Aol E-8d 7170l Y= A 0= FhekE: §hH, of2:t
AHF2] A2Ho] Z2lol= iA|O] gt Y5 U7 flsliAs, SIS A o ofu] Y21 H-S AT Q1= anchor 2=
ANARIR7TF-25H. Wang et al.(2011)2> ZigBee 7]5F 22154 A 282 912t anchor 1= 912] A7 tigh &
anchor == 91%]9] 2|22} =] tisto] A|SFsISATE Chen et al.(2013)2&2lol= 2412 @A Y217 o2 9171
ol b= e 2RIsIAL, ool whet Bd o] 27| Rl BEE AiSsh] 1 S el Hlo| At oArE
of| tffsf] AIRFsEATE. WSN =T0] S o83t AR AT S Sofl 17154 RUE" o] a&s 57t
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73] 2HiehES BUE R shH BAlol F7 1731 Alof7F 7R AR = AR A4S S Tl 4= QLo ER
AF8-Fof| A= o RS |4 Sfa 4= QJL}. Benedetto et al.(2008)2 =3 0] AZA OIS 5t 7| R @} 7t 5 o]
G612 kS AXSHAL thgatt 22 Alo] HMehS o] 851Gt =] S 2T (2 S5 E W2 &) E Hgslo] 2%
o] 7FsstaL, AlA] e ol 751 714 S 0] glo] 51855 X foh= 730l =Rl S th
201 78U k] 50 & QIol A7 AR 4= Yok A efsto] YE A9 AAP S Ek= glell thell 78 221 H <]
= S Tom Eot -S4l gH] ZFs 0 & QIR A A Aztol] thiel] A== 513IT:. Wang et al.(2016)+= 57| YERTE
Tste] 717t 7t FeE Alofobr| S1Rt et o] B B AR AT 4 AsIRl) o 59| Aok Tl thE EAASAE
LSM(least square method) ETt ZAA17T T =2 A2t AekS H o{5= CIM(Chebyshev interpolation method)E ©-8-5F
o] YeRI 1A 571 YIESIF.2] BRlIR]ofl tiol] 0] 97t 2412 4-fist5int. 18] 11 o} 59] A-ellA =57 A0S Slall
T 7 A S A E A|o)(f-w servo control)2F EA3 A=A O (curve search method) 2] Y252 AASIAL, AE2 434
Sto] S A o7 72 8ol Algsital ARSI kAR A7A-8-& 21t E71AI01E SloiA= 571 IESA siA

o] Zo] ojojxlo} & W a7} g}
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4, 2AZt S7| HESIT AlE8[0|d A+ 5
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N
rEE
rlol

7 BRIP4 K2R 75 B, e At 913 AR lEeka B713uIE Alofske 2
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7} Q1212 square ‘Wjol Sfal) A=l ] kel P = RQ?), 57130 eS8 el 0 2 ARtsloFsick 57 v
E9431 S0l o] AR TR A AT E ol 1349 BAPAEN] 271614 SIE A2 Hardy-Cross) ' AIG] 211

=]

=
F& 285kl i Acufia & Lowndes, 2014). F7HIEQA oA 37143, &5, 5715, 255, YHEXE, U=

|

i)

A

= A5
et ZRe Al o] Autel, ] i1 A4 L E0] 91%] Tk -2 WSN RS A fAIQIE|wlo] Aok e 5ol 2do] 7s

5= GUI(Graphical User Interface)”} Z|4%=H B2 G714 o|th(Salap et al., 2009).

37| YEHA AlEdo)doa= X2 R A ARl (Geographic Information System) 7[HEe] HA4o] Q35K Liu & Yang,
2004). 734 HUE S Foll SHHE AR E ke w 22ES Foll fIA1E metstal, B YIEERA siiA] Axlo] uhet <1719
OIFHRE dISslal, AdAlelA e iy F2E =8 W X521 Walste] ehlie 4= It Massanés et al.(2015)->
GIS Hlo]E{H|o] oA A F7] YIEAet =557 YIETE F-Esto] 721 57| HIEES Tl U $53 25, 1e|al 7 s
T AAG 2AH=E HolWll o5 5ol HpE2] TAE 45181 o529 $45%17Bascompta et al., 2016)°l4= 57| HIE
A=.9] AkeerA H(recirculation)& GISE &9l B4 0 &2 FASIGIH: Alkeehd /=2 vi7] 57171 971 5712} o] 4lo] thA]
2o =2 7)== 2 onfold, T2 AA M EYA U 37] A& &2 =757 Aok AR Moridi et al.(2015) 9]
ol M= Fig. 52 20] ZigBee 7|HF WSNTFGIS S 521510, AARE 2% 55 - 712 RUE T -57] Alof, 1Al "9l E 5
Alo] 7Fs Rt SR AR 7SIt 2257 HIEERIA siAe] o] 8= AT EQo}E2 o] 2ot A ARIES X sk | AR

o ol5S E8t Rl Aol tisl A= a7t itk

@Q)D Gateway

Surface ((:O’D) R1

+465 GROUND LEVEL

Control office SR2 (@@@ Main decline

+430 LEVEL

+410 LEVEL

(@) pL12

(@) EL12 (@) ELT!

(((O))) ZigBee node Active tunnels

Fig. 5. An integrated system of ZigBee-based WSN and GIS

4.1 VentSim

oA A VentSim™ AZE o= GUIS X ¥5HH A AAIA 0 & B85 17 gk F LiveView ™ RE0] 7t
VentSim™of|A] WSNE 58] F= HARF AR E 57| HIEQ Tl JukS 5= A e, o5 Fall AAREAIEZ oS X1
St T3t VentLog ™= 57 |4Z(ventilation survey) A|A|E A=l o 1225 2] €5 VentSim™ 3} A50] 715

Sk, Aol olefgl mEo] Alglo] w1A] lgkom Bhe ek ol AR A2 QJeiol ABeol S T 4 UwS 4 2]
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<
o)
e
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2 HH ATEo7} ZEEATK(Gillies et al., 2004; Gillies et al., 2002a; Gillies et al., 2002b; Gillies et al., 2003; Wu &
Gillies, 2005). OF50] ERAE = 27] A S Aelsti 79Jsle] Mﬂ e gojol ALE T4 QLS AA 0] 47

£ 33, 2 e|olEl(regulator) o] FFoll TE E/d-& U= o] RelS v a4} sieiet. ol @74 AelS soll o
3RS SAok= A7t elgelloleloli A= E7 I(leaking) & AE S 4 21%3 oL, gl=eo]H 9] 7i7H](opening ratio)
£ 2sto] Bl AR 2 U Alofohi= Zo] 7Fe kS HoFqlt. 3k o F 44 VentSim ™o|A] AlEEoA-S 45
Sto] 73U gzl 5 9] Ao 2 F7] YIELIAS] AR HRkE Ao 4= a2 Hol=3let.

HFA Roghanchi et al.(2017a)2] 91704 VentSim ™} ClimSIMTMQ 1E]ZojA B7]780 4 ¥ avE VERR] Bt
T 98-8 MM 2AAT} v W] HodZle) AR ARl 7] & Ao o8] L W &y} WslslA Hi=t), slg 2

B QPR 4] S o=l dit HERA =S 1*1“?3‘% Zolm o]zl xelstx] FEsi= HAPE Slth
MULTIFLUX= S 9] 20 ARAll HIESA a2 Aktsto] 9 avkE Algdolde @ = e BaolH, @A
W= Q= Foltk(Danko, 2013).

4.2 WIPPVENT

o=l 7
Ade] darelEo] #8Hal 2

o]

VnetPC PRO= 3/ JHl 52 HIEERA 3= Alkto = AlRtE o] QLo ™(Griffin et al., 2012) SfHA=A
1= Y ntSimTM—S— ofe] Algdloldo] oA A dE= thiil Btodlzof whet 71s o 77t ARt
L, VnetPC Pro= F5HE¢] AL ClimSIM™ 0 2 B E AZl= DuctSIM™C &2 12|11 3R} 714 AlB#o|A
MineFire Pro= 2] %]0] Qlth T3h AAITHH|o|B & il AlEzo] ﬂ & Qi IR oFA] A o] B]R] k=2 o= &
Fiok AARE HloelE Yot Algd|olde] 7hesies AAF =7t 4 WIPPVENTZ | 7ifEE o] of2] Aol o] 84
It Mcdaniel et al., 1996; McDaniel, 1988; McDaniel & Wallace, 1997; Ruckman & Prosser, 2010). WIPP(Waste Isolation
Pilot Plant)i= "= New Mexico7=ol| $2]et S AV w7 1@ A2 gl o] G- TR E=3d7|= 44wl om, 21 1
A= 2 Aol BRe 255 t7] BUEZS 2R A7 V52 Mine Weather Stations) 7 T2 E | & Hafl= 78u]
=25 RUHEY, YRF4 AAH-]L 20 SIS 't Zoksr] ¥ARYE - AloJA| AR (Underground Ventilation
Remote Monitoring and Control System) 7i&, 12|11 upz|at T2 AE7} AR7FAlEH0]A0] 7Hs3 WIPPVENT Q] 7o)
H20o g Y=l

Mo 2 &
%

o

5. =LH 280l chist 03k

= OE_%LOﬂH—E e HUEY 9 FAA AR ARl of9] ] ks HESISI 2 A5 S0l mulellA efo = T et
-&ofl il %ﬂ%w} St ofi= =] Fite] 23 et 5445 Fall efoke Aol Sesal & 4 Atk
U B2 Aok T A2 S S5l Aite] oo A]Al Q= oH, 3 AT Z oA A 278 A F 2SR 9
TSong et al., 2016). Yu et al.(2013)2] ¢ILof| tf2H 57| H 27} AASEA] 932 334E0] A% 71300 m o1

of| A AT 17 FEotA o] Fo|R|A] Gk 4= Qlrk TR AL =0)7] flol] o AH|7} 7 e AL QAR @5]2

t]
A AGH= @ FEA R Q5] 2 e L oFekE] 11 QIth(Kim et al., 2012; Kim et al., 2017). o]of| what 2Fd#h FH0] 4 Q
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7B F50] o] A 07 oL BAL QI o)A BAR QI5k] Kim et al.(2016)} Nguyen et al.(2018)2] SLof| A=
TR IS BEoto] AU B4 B B718:8-2 75181 Kim et al. (2012) ] ol T =] A 2] gitol| A F71d%a A
SI3Iet o520 54 Ao =1 A 71es 2olk= 7HA BRSO HAL QIQLAL, o &2 7R aAQl Shike fsl v
A 7| 9] o)F A =5 HEs| HESIOF hth= 32 A5l TRt ol 59| & 54 Aol d S7H90%E Adelekl =4
= HoJFATt Park et al.(2014)2] oA w = AegollA] 90%01449] =2 557 Z4E 1.0, WBGT(Wet Bulb
Globe Temperature) 7|5 33°Coll 45k BYE Hol7| %= Firt. Bvf 5= SHolA 78U 2Rt 217 e8-S AsliA= 214
79 F5 1.5m/s7F 7 TR Sunkpal et al., 2017)= = e of], ok ZJE oA ARRE Qlet ARAHEAYsHH S-2et

U FE= ARSS] ol o= Sl ofeh 22 =ie] 7S FRtote] thatt 22 A Ardel] Histe] AElstE 4 2t

ol X

lo

A

n A A At o) iU =2 78 TEf WSN A Za
» WSN 44| A] U] $5S efotod(Es], &

S7UESA 5l
n 2P HUER 75 A 7 Z79%k Ot 98 gH g e
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u
%
o
K
i)
e
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» 37 e AR it 7R Al A B darelE i Ee

w PR E DPM) S-S At @ = Rk s Al EE) i 28
w ik Z3tof] Aeiet = 22 WA ¢4 Z2 A s Alo7le i e
w o] Bl ARRlQlY PR TAe -8R B AR T Ee

F7FH 0=, WSN 714t 8P B e o] 53t -SAlof| s UiellA] Z3uls 712}
olFofrof gttt X =Ul AlopdAtollxl= 53] T |2 Q19 2Fete] ghgolslo] tigt Aol F5-& Bl Qlr(Park et
al.,, 2017). o|2} A5t ol o] tiet A Q-5 715k Aol Tt =27 2 a et 2.0 2 yetect, o Arlofxli= fof 71Ast
DPMo| s | wiiol] A7 4 228 71508 29575 A 7=l lck =7PEE A8et Q= 7S
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Table 5. Regulatory ventilation requirements for diesel vehicles (modified from Darling, 2011)

Country Minimum required ventilation rate standard (m*/s/kw)
South Korea 0.025®
0.05 — 0.06
Canada 0.047 — 0,097
usS 0.032 — 0.094 (commonly 0.06)
Chile 0.063
South Africa 0.06 — 0.063
Indonesia 0.067
China 0.067
0.05 (WAMSIR|
Australia ¢ )

0.05 — 0.06 NSW)®

(a) Halim (2017); (b) KORES (2017)
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Table 6. Exposure limit of mine gases

Gases TLV —TWA (ppm) TLV —STEL (ppm) TLV —C (ppm)
. 0.5%>) 3.0%
Carbon dioxide (CO») | 0%® 5040 _
2.59
S(b)
Carbon monoxide (CO) 309 400@b) B
50¢
1.0-1.25%"
Methane (CH,) 5 0% R _
Sulfur dioxide (SO,) 2@ed 5@9) 50)
3@ 5@
Oxi;ie NO 5stbed) - 35
o
H 5@0)
ac,d
Nitrogen NO, 3@cd) _ .

(a) Hartman et al. (2012); (b) Vutukuri & Lama (1986); (c) Mcpherson (1993); (d) KORES (2017)
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