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Experimental Study on Low-Energy Consumption Ventilation and Smoke
Suppression and Control of Road Tunnel Based on Negative lon Purification
FENG Shouzhong'?, CHANG Lei', SONG Yuan', KAN Deyuan'?

(1.School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan Anhui 232001,China;
2.School of Civil Engineering, Tongji University, Shanghai 200092,China)

Abstract: Objective The ventilation energy consumption of road tunnels is high during operation, and there are
high fire risks. It is urgent to explore effective low-energy tunnel ventilation and smoke control technologies. This
paper aims to explore the feasibility of negative ion purifiers for decomposing smoke and controlling fire smoke
in tunnels through full-scale experiments. Methods A specialized negative ion purifier for road tunnels was
developed based on single-pole ion generators. Multiple symmetrically arranged purifiers were installed on the
sidewalls of an actual tunnel and test one to form a purification system. The air purification effectiveness was
evaluated by monitoring negative ion concentration and fine particulate matter (PM) levels before and after
activation. For fire scenarios, the negative ion concentration in the tunnel before the fire test, the changes in fine
particulate matter concentration during the fire test, and the smoke conditions during the fire were recorded to
compare the smoke control effect of the negative ion purifier under permanent activation versus temporary
activation during fire events. Results The negative ion purification system significantly reduced PM levels during
tunnel operations, effectively improving air quality. It demonstrated excellent decomposition and purification of
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fire-smoke emissions, resulting in distinct smoke stratification and enhanced visibility. Permanent activation of the

system outperformed temporary activation during fires. Conclusion This study provides a basis for realizing a

low-energy consumption ventilation and smoke control system based on negative ion purification for road

tunnels.

Key words: road tunnels; negative ion purification; ventilation; fire; smoke

N B B% A Al T IR M BR L 4R S0 am 2k
BROMEF o MR 505 12 ATl & R G T A R,
BUE 2024 i, thE A PR RRE L 28 724 40 B
32 596.6km'" . FfE TE &b T Hy 2 A FE i A2 1 o [
AR SR, 2 B T p KOS B E A
EE I, SR, PRRERE G 2 4 | A E IR
TET I P 0 0k A, e A S A 1) AL IR R G 1 TR
SR KA L 2 R T P 2 5 R A i s,
B E W R EE AR Y SERRRETE H A K
Fr L IEFEE R, BB s T AR B, 5 ERE
S EARTR . T RERHER S AR B E T ED
1, FRER AR AEFRE AY %0 38 X5 25 b BOR, X
BRI 128 A | SCPn] R e B BB

B i1z E o — B R L e KK . T
R AU, BT R TR 2E 1A AR BT, B
T8 N RN D3 1 22 42 3] ™ 2 b, AR A 2o
BN ESI P REEGT . HAT, A EEE R
FH B85 5 WL B MR 25 s g i T 7E 4L
A VEFR, BT LA BRI 25 158, B 1k K055 1 %
T F A AE T R A 3 X o ok I 5 Y
SR T SR I XD, BV 11 06 2% 480 37 i Y
JINGEE XL E e e A XL T B i K A
THUAR I A o PR A XU ok PR A S5 Rl o Il
T IRGH 8 K /INA 37 B RRIE B | KRN | ST R
1 R SRR R 2 o A, 9w XU 7 B KR
U AR, 2L T A it
00 3 1o TP R E BT 5, SO A XU TR
TSR AT 55800 B, AU AT 2 I o 1 T s
TR . TOUM Fue K S P B A B AR SR, 18
N4 ST R KR IO R S AR A AR AR . B0
U0 SR PR AR 7 T 1 DG g B 12 7 2 17 3
IR A e AR P 07 FE T A 6 2 9 0 AV <
AR, A AN R ] XU L HEAR 11 )R R HE AR
SR R AE P I A A AR R K B, R T
JE AR 2 A HERRAR 2T K I AR S s

1, SR FH A 1) 388 XU i b5 T8 KR AR S5 AEAETE 2 A8 2
FIBRT, AR T HRST A A A B IR T AR A

S i 2 AR e B Y B R ey ) B S
T, 52 S0 i di NS0k 0 A BAE T, 8o
ok ik, IR B BRBLFs b =S T EHB . &
e B 1) 108 0T DL 28 SR R A R B UAR R
B AR AR R, A ) T ik 0 B3
BRa A AR AT, B, TR
o gw N HBENRE . FKhiE L IVAE . BB,
T E: 3 BT LA AT 5 AI 2 P £%) 400 R 4 A P
GRABARCZYK!" 7F 50m” {125 & J5/\ 28 P fif i
U0 FL R FL B AR, JF RO G R I 0k
2h RS B A] H B 2 h 5 R e BE AR T 2
B, MAYYA S0 A5 — A~ il (g B a) i 5t
T AR A B AR R B ORI B L ORE R
JNFIE KU D ZR, I T RERiIR = N Ao
M H B A R PR AR IR A PRS2 TR E KK
I, B B —FIR A =), B s T #A
VS SR e 77 A A P CUN AR B AR L K%
K., CO. CO,. ffedy. @iy . JAY) . B A
(25 <. 2P /I Y T A R ) A Y e
A AU A SE RN P EIET A A HR
PR, T AR A B R R A A . X S At
B2 Ty B NI, X 0 22 495 3t R, 51
W PR R A i e iR bR 2 R i £
T HE AR BB R B AV e FUkr Ry 20 ok, Sk SIE 3 %
18 PARREFE 2 AL DL S o3 il K IR SR 18T
R

A A BAAR 8 35 T R 2 50 HE Y S B F R A
WERIEA = T AN MR T L R B 2 s . R
T RGN B AL RS o0 i B DY A 2R i i R E
KCIARS B AT AT, ASAIF ST 0030 A A S AR T A
05 % A 0 22 22 A NP RR AT B BB ik e Al
A T RS, 105 CARBE B T O 7 2 Tk
7 R T PN A0 W R AN R 4 e AR A ok
BRI 1 B T i 2 S R RICR



555 WAy HR, A ORI AR RERETE KURIHIZ MRS AT 89

1 it

AT 2 BN B % T H S T IR
T T 82 T 00 B0 3 T4k 1] 0 B%
S, T T T A 00 M T2 P 25 b
BRI A B A AR I Wk

1.1 & TRIRIEE

DIRER A BRI SCRRIE 2 GOT1T LR 2

HR L S IRAAT A

B T AR LR R, R AR S AR MR TG
TN EEIE, Z R 1E 4K 2 910m, 411Gk E
SR WL X2, R v A 7,15 m, 2R IE VT
g 7.5m. BT A o B T LA 1 TR o R
W), BRI G RE TE I R 4, (HZ R E N R H 25
it T ZE40ATR, BRE KRR, 2R 22, (LI,
AR B8 DA I P 85 A5 0 B 3 S B iz 7 U0, R 9% f
BTk R G0 k) % A2 7 ) A3 0 A Y

A

WA Bia, %A
P T B
1Bk
A {il
A i e
N =) e o
Q 2 gk g 8
o0 )
&i+ ___ _____ ,._-—-v-""""--ﬁ___‘___ ___
=1 ey L B e
i 2 WL KA
bd HLAEIA S _/ L A A1 B )
55,7575, 375 , 375 ,100.,100_55,
X 1210 .

BT BRI SCREIE T 1A] (A% cm)

2) METHALR G AT T RS
H1 22X FcAi B A S i A 4, i b 4
HOEIRHE B A BR A ) A7, 150 ZY-S220C,
TAEDA R 8 W, B Las AN I&l 2 s,
PR i IR P S P S, TE R R A B
HLOE 22 o ) PSR S L e i 7 A i L 2, i T
KR B HL T, RO L A 2 2 s P I SR
TAREE, AR A o AR T O, 1
T A AR 73 1 2 RE A P A BE 3 m e BEAL,
Y\ 2L AN R Sm.

(PR R ] DU WS SRS A

3) WS bR AR T 00 A I 507 T B o, R
BIREIE T2 1 500m Ab. Ay dkE Gk A A 0
B Rg ], WA FREE R B TE o AT L
MR FR LR IT S 008 T b 2% 280 min Y FI15E 4]
BT AL 2 5 1Y 280 min [ 18 P I A5 40 14 171 25
e B FUBURE v FE AR A o A FH 28 A7 B AR T AY
)k R 3 P A 6 TR B, RS E R 10 A /em’
Fb Tmin 0% 1 B . BURYI MR B2 0 4% PM2.5
FPMI10 He 35 R FH 48 =X 2t e 4L, 3000 45
BEH 1pg/m’,

1.2 ARIRIKWEiIZIT

1) 556 B A R B X Bk P A
PR, 21K 160m. I BETE A WU, fE i
R 7.5m, EIEV L 7.9m, BRI N EREE
TSR, Fh 7 A (A0 AR T, 79000 B% 17 3 m 3 JEE Y 1Bl
PITREE T Bkl BT POl I TR R - I T, 7 A
LED fTHXFR A & . 0 hkaE s an &l 3 i, bx



90 LR TR 224 (A RBRA R

5 45 4

S TR T W T 2m 020 G RBP4
o KIRBAE A RTRPE T IR, i e
JLT-HIE TR

T i
7.9 m

Bl 3 R hE E A s )

TR 1 KA B AR R E ) 1m x 1m x 0.1m
AR I 5T T PR A AR R, IR BT Rk e —
FrpE] S5k R, A SR AR T
PR AN R A ORI . A4S TEAE 100
SEIHN 15k BN o BRI IR ST AR R 72
SR TR AR, IR G IR S I E 4 s

K4 KIRIREER S

2) ME T HAE RGNS R AR T o0
T R GERRE 151 2 J 7 B 7R 1 a i o

- fi.;lmz,hs_é.l....-......_. e ...;9.60 T LI__iWZ‘S'O‘L 1250

() OB THRPED AL (AL mm)

BB 15 Ab 28 43 91 28 25 A % A PR A I EE 2.5 m
TRy BEAL, BB AR DN ) 222 (R FE 40 Sm,
K 5 Fis o

(SR SN RE 4 R/ A

FEHAT IR, Jefli FHIE 6(a) TRz <
0B ARSI S 8 £ B Vb 2 2 I s S P 1
BT . DB TR B S T R v e B e —
BRI b, S Y 2m. QnE 6(b) FR,
T 4l 04k, BB REIE AT 60m 4b, 3R
FH R B SARHUAAFEIC S IO T VRS T N AR R
4ikz P (PM2.5/PM10) K IAAS F K 8 i 25m
A, R R E A 2meg IR ARG I A 1) LA A7
& 6(b) it .

AR BT B 5, A6 B ik
ARG T ERR B PN HEAT AR, 1057 R R
J&i 15min BEIE P9 A9 SOR AR BE AR K . 15 min J5, H
KK A KA KR FEFT I XA R BB IR %S . B
J, FE GBS AL AR AL T ARSI B I RS
BF 43 AT KRR o RS 248 & A JCRTT
BT L B 2T Sh UL, WGEHF R A
JEFR R A I TR B AR NN -

AT
RUIIERG

(b) FIURLA R 2 I 1

P 6 a0 b 8 7 B A R i



&5

WAy HR, A ORI AR RERETE KURIHIZ MRS AT 91

2 E LIRS R

21 BENGRBEFREELWL

K 7 R T G 08 ik 2% 280 min P AT
P 7 25 A 2 IS Y 280 min % 18 Hh A7 B ik B AR
fhidf . 0E ik IT R e, BEIE PN I e il T
BT SR, 78 1B 1 A A T 51 Ja B BL i,
Bk PN ) 0 TV B (R RS2 I B, X I PR T A 4R
JRURI 2504 7 357 A 1) I A8 A 2 %o T 3 P9 175
SRR . TR B T AR, BEIE N
BT B R AL T B

| AT R I RNe] [ T AT Ay

TR FUEX104/ (4~ - em™)

7 BRITISCRRE N B8 1k B AR id 7

2.2 FEERBAIREEWL

Kl 8 JB/R T I ml G P 171 25 114+ E 2% 280min
PR S T A OB v B AR A AR . AL 9(a) PR,
TE B T AR AL T I B Be i, B 3 Y Y PM2.5
W (B A T AR AR A B 17 B8 T fh 248 O A
J&, BEIE N PM2.5 Wk BE(E T 4R 1T, RS b T I
TR . i 8(b) FirR, BB Y PM10 ¥
AR b PM2.5 W AR fb— 2, {H PM10 ¥

300

[ ETHERETIRS] [ R T
250
=
2 200 F
=1
150
i
¥ 100 F
v
o
= 50¢
~

0 100 200 300 400 500 600
t/ min
(a) PM2.5¥kEAEAL,

(B R T PM2.5 R JE(E . 458 k1) G R A 19 41
e B (AR AL B, T LAAS 60 T R G
AR R N A ST A

RIS I 2 ) PM2.5 AR I0R vk B B 35
HAADHLBAE T 08 T & AR AR Sk 2 R
BB TR fer FL S EE VR . s R T
HLIE T 5 B IR 2 Al . ok i
[ QN NS C | N K 17 R S N0 ol AL )
faf o fur FRLJS FRAORE ) 22 B 7= A e g, BTN T e
IR HL DR 5 P rp R A g L T LA R
PERIURL 2 8], BT Bef8 O s S, W5 | o
SR R L AR IR TS R AR SO (1] 174 il 43
K569, TR ORI A A SR A . ARt K
(RO, FLTE U R R . RIS, far el
TR B 75 ) 9l A R T A T 25 B M ) SR T IR 5
MU, Hesh, KR e KA B
525 5wty e B T pl o R AR A AR . ARG,
TR T & A A AR R NI BT R MR B TS TR
5e, AR HE T A far H-BE IR AR, X JRAE
T U e FE A LA SRR (A AR AR o BT L

3 KK TR

3.1 BEANGBTFREZWL

B9 FoR T 6 i 1 fb 2 76 G L AT T IR 2
TR R T N R R AR A, M R ik
AL T S IR AS s, BRI PN A B0 T R A
300 ~/em’s Y HE TANMEHL S 2 AEMIBE 2.5m
5 B LB, RS I A5 A 10 min P 19 10 S R B (A
20 000~30 000 ~/em?, H. 17 2 7 B (B AA 5L 2%
18 EFHARa .

300

i REFHARETIRRE] A TR R TERE |
—~ 250} ’

200

150

/ (ug - m~

isg

2 100

PM10%k

50

0 100 200 300 400 500 600
t / min
(b) PMI0¥JEAFL,

B8 BRITIICHEIE PN AR OR A vk B2 AL Al i 7



92 LR TR 224 (A RBRA R

545 4

[N (9%}
(] (==}
T 1

®
[
(4

—
wn S
. T

i
T

B FUSEX10°/ (4> - em™)
S

0 1 2 3 4 5 6 7 8 9 10

t/ min
= CHE TR o FFHME Tk
— A

IO S S 7 R 1

3.2 BEABRYRETL

K10 JBoR T B T A g e T T AR F bR
AN BEIE N 2m i AL B A0 BUR Ak B AR A B

— N W kA AN 0O
— T T T T — T — T

Q \QQ ,lQQ o Q D«QQ ‘JQQ ng ,\QQ%QQ QQQ\QQQ
t/s
(a) KIARGTPM2.5 L

PM2.5%¢J¥x10°/ (ug - m™)

e 10(a) frs, 5%t R4 (P s 1 db 2% ) A
- aE X e [ B SR e AN
BEIE N PM2.5 W EESYIA W R R, Ho, B IR B
AR PM2.5 ¥ FE BRI T BB 90%, Iifi A I
S BB T e Al BT PM2.5 Uk (R AR T [ o
50%. X8 BH I I B £ T AL i 67 5
T LA T 5 FRIRAS T Y BE A S0 L KRS
& 10(b) &R T 17 B8 Ak 85 26 5 1Rl B R I AR
B FREIEN 2m = ALK PMI10 AR LG, 5
X BRZH (P B 85 T fb 2 ) A L, T B8 gk
AR AN IR 008 i fb #R i BE TE Y PM0 R
W T b, & 08 5k AR i PM10
e BT (R R R I 95%, I I i3 188 ik %
A PM10 ¥k B VA T B 75% . it 3R B I
Ja BB T b AR RE A g K R

-~ 70 LI

g 6} [ ) IH\ o\ ®

: ERAN VI
\ I

%5t v b ‘h :

— ) '

~ 4t nyo Y

3 LI

= 3t !

X i

oot o

{é : 'y -

e L o aett gy

S 1 o~ o e,

= 90a0

[

O\ P00 00RO R
t/s
(b) kIRLHPM10H ARk

P Sl S PR
o R AR

P10 A Hh B A AR R 400 e S e A 17 0

3.3 BRHERESRKAR

K11 RS T 08 T A as b T G AR 2t g
A IEACR S . AnEl 11Ca) IR, KR s
5min J& BABEIE R, JA U TOOM & 5B 21 1 %l
Uity RIS, AR SFE SR P AR LR R T B ) R S
WA 11(b) iz, KIEHAEE 8 min J5HUZ 18] T & 4E,
B TE PN 25 AR SR . Al 11 (e) BT, KRR
be 15min Ji KL/, HBRIE N ARk i, 7S
BRI A RE UL B2 ARG e A B O M I 55 T LED T HY
K1, (BRI N e AR . 141 11(d) s TR %%
15 min Ji KT T BEIE P AR AR DL 5 R 18T 0 4
RIS REDLEAR . SR

12 JB7R T T B i A A B 67
BT AR T RABE 15 min J5 KR T i RE E N

AOHHACIRDL o BB T AR AL T IS IR IR, X ik
A A KT 3 il A A SOR B o A EE T 0
ML (S P T s 1Al ), BRI A B9 5 BE 3 o, g
TLIEAE R, IR ZBG I o 18] 12(a) FP I
JRIRE/NT I 12(0) H R TZ IR, 58 1
v Ak T RS I X A 4 RO T i
AR T

B TE IR S HE I, BB e KR LTI e
i R AP . PR AR S R 58k
T, 18 o B T8 T 1o DO SR K9, T Rz 7 e
JEE B THORY S5 3 AR E R B U o ISR NS
YR L 1) A2 TR ORI G A, Xk AT 3 Z Y
WSRO A P, 5 S5O 2 T 0ol 2 2 40, SR B
g T LSRR M RE DL JRE S T e



WAy HR, A ORI AR RERETE KURIHIZ MRS AT 93

i

(b) miJE8 min R FHFHATIRGL

(c¢) A KJE1S mindE ISR

(d) 515 min R RS

BT PG T A RS T R T8 A A AR R L

(a) WITTE T

TP ARG T A LR AR, R v Y JEE B 8 1ol
AR B S AR % B SRR KA HEL iy L AR
(1] 46 56 ) P O - A fef /NS, R i 2R B Il B R
RIAR AT SRR o 3X—ad B Ok 9 O T S B R Iz hr
TG AN KRG SR AL o MR BORD G~ BlE,
Xt TR e 2, FLTUR T G R BB AR K
Befiko PR, BETFIEORAR AT 7E — E FEJE b FRAIR AR
(L R 1 CRE TS, A1 B T 22l A
I, i PR (JE AT 7 FL ) 52 8 R 4 L 45 44
CBETHT , TROHI) f) e e 7 W5 1, i — 25 i ide e <
JEFDUR RS BR . b ad ML BRI T SR BURORL A2 1 K

(b) IHTFRS 508 Tt
K12 TP s T RS T KU 15 min BEGE T 0 ~CIRB

AR, e R AR U2 h oKL B0k
ST A e RE R TR, OB Y S AT st siss 1, DA T A
B TR LRI Y e IR BRRAT BN G2 i LA e
“REULEERICGE " OZE SR . A, ORI B DR TR A
Rt n] BETRIHE 2 WU U= AT E M S AR 3

128 T R BRACR 5 KK T O By
RO IR R R TR T BOR, (R E T HOARAE KRG
il s, BhAS | R AR IAEE T AL L
HORLBR AR SO 5 2k, 1 e i BN ) A ] R AT LA
H, =BT A A S A R 3L R . A
T L ) F) 0 S B AT B DL R R, 2



94 TR TR A2 4 CF AR AR

545 4

BB TAE IR IR BRI T 1 2k i R O AN R 1 25
AR,

4 ZEipFnEE

TR T A R GUAE o B R W T rh R B
FCH: FLREE A AR % Al 32 5 30T 1R] ) 20 00k, )
WeHE, 2 et s U, A T R T
ARAEAEE AR LR AL T IR Sl . EAb, T 1
ZR G0 BB T KR TIRAT R 0 e AR RCR,
AE A 1 5 R IE N AR 2 GO S e WL, HL
AT I R GAEIMIARCR LA T R Bl
0P v

% JE B % T N 108 1 1 A5 18] 20 A 52 FAR KU
AT B A B AL B, TR S BB A U B,
RO BAT I 2 AR SRR . AR IR e
St e BEAE P 2R B T R SIS
TR I, SRR 2= B EAY 5 R 456k
AL, AP IZ R GEXT N 5L B R 58 2 Ak
S .

S Lk

(1] SFaIE, 22258, A0, 5. 2 BRI T8 IR N 2 HAR
WESEHUIR 5 R EE [J]. bR IE ST TARK FE iR, 2024,
6(2): 13-24.

(2] Ei, B e, R, S ST R = R Y 2 B Bk
35 B VRS BT [I]. Wi 1ol Ke223R, 2024,
52(6): 674-682.

(31 s23CUE, 8, FRUE, 5. K 1Lk RE I 2 5 0 20
RS VAN 5 B PE R [J]. 2 B 2024, 69(12)
299-310.

(4] =X, FAKAR, eI, 45, Bk AR 1] S HE i 2 2
X EE A sE [J]. Bk 50, 2025, 25(14):
6 136-6 145.

(5] w®gHate, BAE, Rz, . R KA B R 2 5 K
2 R A e S RE RS (9], BUARBR 1l £ R, 2023,
60(5): 11-19.

(6] EBAAE, XB¥, Fug. o 5858 bk
HAR % RS RS 7). $AC R E
152-166.

(71 U0, g i, 5 . 25 B R O ) 3 JRUxE K AR <
Sy BFZWARTSY (7). #0255 LA 24, 2018, 14(5):
1419-1 423.

iz
AR, 2024, 61(2):

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Fe, AR, 2R, G5 B IHEAT R T 2 BB
A BB ECZ S VERTTE (], 2 e R EOR,
2024,20(12): 120—126.
W I, J7 A, 5K AR DA KU R TE K K TR A
SRR R R [3]. R AR SR AR, 2025, 35(4):
145-151.
B, TR, DA, A N KU I A
B P HER R 2GR B B O SEETE [J]. B SR
%4, 2025, 25(1): 58-66.
HYUN J, LEE S G, HWANG J. Application of corona
discharge-generated air ions for filtration of aerosolized
virus and inactivation of filtered virus[J]. Journal of
Aerosol Science, 2017, 107: 31-40.
YU K P, LEE G W M, LIN S Y, et al. Removal of
bioaerosols by the combination of a photocatalytic filter
and negative air ions[J]. Journal of Aerosol Science,
2008, 39(5): 377-392.
T, U, S, A TR TR A BORTERR B P iy
75 BE RIS []. B i 25 34, 2024, 54(10):
102-107.
TAO S, ZHU Y, CHEN M, et al. PMI1.0 removal
enhancement in cooperated electric-ionic field by nega-
tive air ions carbon fiber electrode[J]. Separation and
Purification Technology, 2025, 355: 129619.
SUN T, ZHENG Q, LUO H, et al. Self-powered
exhaust gas purification by negative ions and photo-
electric catalysis based on triboelectric nanogenerator
[J]. Nano Energy, 2023, 115: 108677.
GRABARCZYK Z. Effectiveness of indoor air clean-
ing with corona ionizers[J]. Journal of Electrostatics,
2001, 51-52: 278-283.
MAYYA Y S, SAPRA B K, KHAN A, et al. Aerosol
removal by unipolar ionization in indoor environments
[J]. Journal of Aerosol Science, 2004, 35(8): 923—941.
ALARIE Y. Toxicity of fire smoke[J]. Critical Reviews
in Toxicology, 2002, 32(4): 259-289.
SRR, PUSL R, TR, 45, T A R VR B AL
ERCRBISE (7], RO TR =4 (B RREMD ,
2025, 45(1): 92-98.
HRESC, 2R AR AR PRI BEIE T 2R A
SN (). RO TR 4 (A AR M), 2024,
44(4): 60-67.

(e T &)


https://doi.org/10.3969/j.issn.1006-4303.2024.06.010
https://doi.org/10.3969/j.issn.0451-0712.2024.12.gl202412046
https://doi.org/10.12404/j.issn.1671-1815.2404442
https://doi.org/10.1016/j.jaerosci.2017.02.004
https://doi.org/10.1016/j.jaerosci.2017.02.004
https://doi.org/10.1016/j.jaerosci.2007.12.005
https://doi.org/10.1016/j.seppur.2024.129619
https://doi.org/10.1016/j.seppur.2024.129619
https://doi.org/10.1016/j.nanoen.2023.108677
https://doi.org/10.1016/j.jaerosci.2004.03.001
https://doi.org/10.3969/j.issn.1672-1098.2025.01.011
https://doi.org/10.3969/j.issn.1672-1098.2025.01.011
https://doi.org/10.3969/j.issn.1672-1098.2025.01.011
https://doi.org/10.3969/j.issn.1672-1098.2025.01.011
https://doi.org/10.3969/j.issn.1672-1098.2024.04.007
https://doi.org/10.3969/j.issn.1672-1098.2024.04.007
https://doi.org/10.3969/j.issn.1672-1098.2024.04.007
https://doi.org/10.3969/j.issn.1672-1098.2024.04.007

	1 试验设计
	1.1 运营工况试验设计
	1.2 火灾工况试验设计

	2 运营工况试验结果分析
	2.1 隧道内负离子浓度变化
	2.2 隧道内颗粒物浓度变化

	3 火灾工况试验结果分析
	3.1 隧道内负离子浓度变化
	3.2 隧道内颗粒物浓度变化
	3.3 隧道内烟气状况

	4 结论和展望
	参考文献

