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Abstract

A novel negative-pressure external spray device is proposed to address the problems of high dust
concentration and limited dust reduction performance of conventional spray systems in fully mech-
anized excavation faces. The device achieves collaborative dust control by arranging negative-pres-
sure air suction pipes around the cutting arm and connecting an external fan. A theoretical analysis
and numerical simulation approach is adopted to establish air-dust and air-droplet coupling mod-
els, and simulation studies are carried out using relevant software. The results show that when the
spray pressure is 4 MPa, the droplet size, velocity and concentration distribution are optimal, lead-
ing to the best dust reduction performance. On this basis, when the negative-pressure air volume is
50 m3/min, the dust concentration is significantly reduced, and the wrapping and agglomeration
effects of the spray field at the cutting head are optimal. This study determines the optimal operat-
ing parameters of the device, providing a theoretical basis and technical reference for improving
the dust removal efficiency of fully mechanized excavation faces.
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Figure 1. Simulated tunnel CAD model
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Figure 2. Schematic diagram of the geometric model of the tunneling face and the location of the nozzles
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Figure 3. Mesh model of the tunneling face
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Table 1. Boundary condition settings
® 1R FMHRE

Name Type Parameters Name Type Parameters
Solver Type Pressure-Based Model k-¢
General Time Transient Models k-eModel Realizable
Gravity Y =—9.8 m/s? Near-Wall Treatment Standard Wall Functions
Material Coal-hv Material Water-liquid
Total Flow Rate  0.0003 kg/s Injector Inner Diameter 0.0022 m
Dust Particle Min Diameter 1.0e—6 m Spray Upstream Pressure 4 Mpa
Max Diameter  8.43e—5m Flow Rate 0.0857 kg/s
Mean Diameter 1.21e—5m Half Angle 43.8°
inlet-fengtong 16.58 m/s  Solution Methods scheme SIMPLEC
Boundary Conditions  inlet-fengjil —8.2 m/s 0.002
Calculation Time step
inlet-fengji2 14.71 m/s 0.1
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Table 2. Nozzle parameter settings under different pressures
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%% Ik J1/(MPa) FAEA/() B R FE/(m) TIE/(kg/s) 5 55F 2% P 42/(m)
1 463 1.1 0.0467 0.0022
2 457 25 0.0628 0.0022
3 44.9 2.9 0.075 0.0022
4 43.8 3.4 0.0857 0.0022
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Figure 4. Droplet size distribution at spray pressures of 1~4 MPa
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Figure 5. Droplet velocity distribution at spray pressures of 1~4 MPa
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Figure 6. Spray concentration distribution cloud maps at the Y-Z cross sections with X = 1.45 mand X = 0.5 m
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Figure 7. Shows the suction effect of the negative pressure duct at the Y-Z
section with X = 1.45 m

Fl7.X=145m B Y-Z EEAEEERXHER

5.2. BEIGRERETHAE

8 o 1 ANIRI A e R A AR SR AR ThDR A2 B2 A 73 A1 o AR 1] 8 I, Bl B XU (R HE OK,
TAETH EFAOR AR EE AR/, X B /INTRDR AR TER T Bus i, TR B AR >, A
W IREEAS B RS . P AR IX — ORI SR R 2 B B R RCER G 0, 7R A TE Ry AR I A T BG 5i. E
BAE M EEEERREL T, SE ARl —RI0E3, KR R 2 51 7730 22 TAF e
ok A2 B RSN S P HEH AR, 3858/ NRERY 242 K e 56 42 b RIRLIZ 5 Wﬁx&ﬁﬁﬁ:ﬂ)\ﬂ
23, ¥R T BT LR DT, Xk A A B N SR s, o AR TR 5= AR 1 16 T AR
Ko AT AN A A B AT 3 A4 R 78 1) TC R 32 B0 Rk 2 AT DA B 83 — e, A
45 AR B A0S 77 PR AR FERDS, ARG SGE 7 TR IREE . 45 R HBEE 715 XEH K,
YNV IR B R R, 24 7UE XN 50 m¥/min A1 60 m¥/min B, AR BRIk 5 214 ok,
DAL AR R i AR TR ARk LB AR Aok, W12Pi%4% 50 m¥/min A1 60 m*/min 47 X

5.3. BREIZEURE

BUERINSE R 9 frzs, 8 X =145 m (AEFIEHIT). X = 0.5 m (BESLAN)R Y-Z 3w %
TR oA 2 BSR4 M R R] 6 X I 68 B9 P AR AL
B B R I K, W AR ) R L R, HAELMHE BRIk R AR ET, B

DOI: 10.12677/me.2026.143076 780 Bl TR


https://doi.org/10.12677/me.2026.143076

T 4

B R EERT, FEaE. RAE10~40 m¥/min)if, F535EEZ TAEMRE W, A8 5L
B KA (50~60 m*/min)if, SURAEFIEE, S RAGHEEILRE, A THAOR 5T, HYXE
IER(60 m/min)itf, E7 A LRI, FEE IO R T . ZRE K, 50 m¥/min NEALRE,
AR T HETHRERRCR .

DPM Concentration
FLUENT PT for Coal Hy,~~

(\ﬁ(f*

3750005 |

DPMConcentraon -~ -
UENT PT for Coal Hy,~ o™
5000005 >

3.750e-05 |

!

i

2500005 2500005
2

1250005 1.250e-05

0.0000+00
kg m*-3)

0.0000+00

TV R | ko mAd)

(a) HEREAN10 m3/min (b) $EREA20 m3/min

DPM Concentration
FLUENT PT for Coal Hy,
5.0000-05

DPM Concentration -~
FLUENT PT for Coal Hy

3.7500-05 2750605

L«
2500605 2.5000-05

1.250e-05 1.2500-05

0.000e+00 0.000+00
[kg m*-3] Py

(¢) HUEXE N30 m3/min (d) FEREAR40 m3/min
e PR,
g 2y

> 2750005 |
3750005 | -

2500605 2500e-05

{50506 1.250-05

rsomeen [ At | O i (cAmwmsnmsan |
(e) HENAEIN50 m3/min (f) FEREN60 m3/min

Figure 8. Overall dust concentration distribution at the tunneling face
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