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4 HP, 80 LPM & Z0|A|7| 2= B2 & GAT &2 F28 A HA g o] 8ot TA| Y ofitE o7 1 X5 F8Yo]
2 EHE Y 229 E 27} e HAS AASUT 2AA7|E AP H7] F 5715 2~3 LPM O & 7| Q&3] AHEH
L= 7IME 3715 dd8 3-8 o]-8sto] wio] 2 & 3719 ulA|7] Z(fine-bubble)E A9 ¥t BAHH 7|2 E A FE
03 3)A 22 EREHA BF A7 F7]= 164.5 nm, 6.81 x 107 particles mL™'9] Z1]A| 7] & (ultrafine bubble)S AJAFsk
ek AR Z2RA7| 5 R Al A= 4 150 bar, EESTF30LPM 02 £ 8 F22 HH) 2 £ IYAIH
BAroto] AASIGh EAAHLS Al At $ &2 LRt Hof AR EX1S 1S0 8502-39] W 2 SHS A&
st@lom, Holx Z2ko &2 #11 &S A ettt £ HolZe ST 2 X E o] ImagelE A-8-5to] £X19] 77
oF A&} Aol et A ALS APYstAtt AF 23t e Bd mo] S B2 AR Mg Al At 52 747 3,063
+ 218 particles mL™, 20 + 5 particles mL™, Z%-2 580 + 82 mg, 13 + 4 mg O & Uelgth 232 E 1252 HHA 9] Y=t
N QA Ak T2 7h7F 8,105 + 1,738 particles mL™, 39 + 6 particles mL™0] 9 0., Z82 1,448 + 190 mg, 118 + 32 mg
O 2 et

FH0] : 23, 20|A 7], Image], B2 A2, L&A

Abstract : A road structure washing vehicle equipped with a 4 HP, 80 LPM ultrafine bubble generator was used to clean a tunnel
wall and the surface of the surrounding structure, consisting of concrete and tiles, in a heavy traffic area around an apartment
complex in the city. Ultrafine bubbles were generated by supplying air at 2 to 3 LPM and using a specially designed nozzle,
whereas fine bubbles made by an impeller in a gas-liquid mixing self-priming pump were produced with an average diameter of
165.4 nm and 6.81 x 107 particles mL™". Using a high pressure washer gun that can perform high-pressure cleaning at 150 bar and
30 LPM, ultrafine bubbles were used to wash dust adsorbed on the surface of the road structures. The experimental analysis was
divided into before and after washing. The samples were analyzed by applying ISO 8502-3 to measure surface contamination of
dust adsorbed on the surface. Using the transparent tape attached to the surface, the removal rate was calculated by measuring the
weight of the dust, and the number of particles was calculated using the gravimetric method and the software, ImagelJ. The results
of the experiment showed that the number of dust particles adsorbed on the tile wall surface before and after washing were 3,063
+ 218 particles mL"'and 20+ 5 particles mL", respectively, with weights of 580 + 82 mg and 13 + 4 mg. Particles on the surface
of the concrete structure before and after washing were 8,105 + 1,738 particles mL™' and 39 + 6 particles mL™', respectively, with
weights of 1,448 + 190 mg and 118 + 32 mg.
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o) nAAR 9 HAte g T & FHo| AFslL Q= AF
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oy} A|skateet o] 2 AeFegyo] Wil HAYAHE0]
AT 5 Y= WAAE EASkE =2 28 EHO] F&
sto] ol=t] ol wAWA} HAFAZR Y A4 ATS
Skal QAEH11].
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Figure 1. The surface area of roadway underpass structure for dust cleaning between (a) tile wall; (b) concrete pad foundation; (c) pressurized

water jet cleaning.
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Figure 3. A schematic diagram of roadway structure washing vehicle.
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Table 1. A schematic diagram of roadway structure surface dust I1SO 8502-3 [23]9] ¥ WA &7 #HE Fxoto]
washing vehicle ZOA7)E MF A B ARE W 23 24 71E SP3200
# Unit name Description (TQC, Netherlands)9] &% €] Z(SP3209)E ¥9] XA 20 x
01 Cargo truck 1 ton 2.5 cm@] YTt o= FAsto] 52 oA MEH 5T
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UFBW" storage tank 300L Al £02 33] E2A REFSIIh A Sof|l 5L e
04 Power generator 3 KVA/220 V/ Gasoline 2 HE9E sl
High pressure washer 150 bar /30 LPM / 18 HP
06 UFBG 80 LPM /2.2 kW / 4 HP 2.5 B 2 =4
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Figure 4. Pictorial references corresponding to dust quantity rating
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diffraction, LD), 52 Attt (dynamic light scattering, DLS)3}
U JAF 2 EXH(nanoparticle tracking analysis, NTA)°
2 £40] 7hssttt. o] #ARHES FolARTH Atbg 74
o} ol wet Pt 2712 HEsHs WA oE ARA}
ERel W41y Mg ato] Aol Heke 2% (brownian
motion)S Z43H= A Hho]th21]. Ui YA} 22 By
(NTA)S i QJake] Beke 25 Az 2ast0] Aeg e
o ARE ZHSE YHow AT 54 At S5t
= A7 dapt Aek)
Table 2. Classification by dust size (Class B)
3;;?72 Equation (1) Class Description of dust particles
0 Particles not visible under x 10 magnification
NTA SAHHS 2 g8slo] Zu|A|7| 2 1 Particles visible under x 10 magnification but not with
o] A7 7|9} WEES =As1 T, ZuA7]E B47] Nanosight normal or corrected Vlsl(i)r:l élilsrlrllaelgr;)artlcles less than 50 um
2 | Particles just visible with normal or corrected vision (usually
> particles between 50 pm and 100 um in diameter)
3 Particles clearly visible with normal or corrected vision
(particles up to 0.5 mm in diameter
4 Particles between 0.5 mm and 2.5 mm in diameter
Particles larger than 2.5 mm in diameter

22 B

rTE5F .
o] %4 Ho|4E o] §ste] LAt

A, B Aol
NS300 (Malvern, UK)S A-&-5}o] UFBGOA] AAE Zu|A|7]
Aottt S4HYE 10 ~2,000 nmo]™, 532 nm T+
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Figure 5. Flowchart of developed plug-in to analyze number of particles.
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Figure 6. Distribution of ultrafine bubble concentrations and size in water.
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Figure 7. Results of realtime PM;, and temperature by PM,
measurement.
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Figure 8. The tile wall surface (a, b) and dust particle collection
sampling tapes (c, d) before and after the ultrafine bubble
water jet cleaning.

Ak, zojA|7|Zo| A EASH= 2tz §A(radical formation)
o oJgt Al BT HojXohal AR ECTHI18].

3.3.2. M= 2XM

SRASAE RYER B Hui mEs s 7z 2
A E o] FFEIH PM,°] Z3EH EX19 AALEL
Table 37 e 27t EEHYT 47 4K HLuR 11,
12, 13, 140] B2Hel B30] Fs0k FAE 77} 2,565~ 3,647
particles mL™', 440 ~ 850 mgQ1, A& Fo= YA 14~29
particles mL", ¥ 0~20 mgO & A7 &0| Z+z+ 99.37%, 97.97%
2 A=

ole} g, E3E HE HHAA EHdE X Mee
5,708 ~ 9,531 particles mL", & 1,190 ~ 1,650 mgO.& E}YH
HET 28] o]4}e] RISt S UERTh Al Foll=
20~ 52 particles mL™", 90~ 150 mgS UERGTE 7l4=o) tigt
AALEL Sl det AAE B2 22 99.57%, 91.92%E
29Tk B2 §2 glolzo] olu]x] mel YRS Imagelo] A
BWMOF ‘invert’ To] 8-bit (0-255)F WAL, LA =
AYE 7 AlF A o]u]x] 47§19t 8-bit colorZ ¥HIFolo] HA
319ick. ol Ehuvo] Fahel TR D7, Figure 99} 2
o] 37 E #Hof| 230 2 Uk & Hof 97| fjEo] =
9 invert A 27} 7]-50] AYPE|A] ekt ‘threshold” 75
8-bitz HLHE ofm|x|ofA FHl(B&W) RER A5, &
A3aa e I B4, MRS Aguon PR,
ok, 8-bit ©]u]Z|2} color 8-bit ©|m]|X[of TSt threshold #| &=
oz th2 A H8E ek s-bit o[5] oAl Haglo] 45~ 64
ALo]Ral, ZAYEE 58~ N2 A5 XA E A color 8-bitZ
Heke oju| |7k AAghol A UEtg=d, 4 Ao 2
7} =242 oju|x] AXEZ color 8-bitS 283t & threshold
o Haghe 0-90% AFdor B2 44 A4 M



Z A7) 3 water jet O] 87 T& ALE B AA 58 87t 45

Table 3. Comparison of dust distribution adsorbed on tile and concrete surfaces before and after cleaning

Surface | Site | Condition | Cleanin Count Class* Removal rate by Dry weight (mg)** Removal rate by
g (pa.mL™") | A B count (%) W, W, W, weight (%)

before - 3,311 4 5

Tile 1-1 99.39 1,110 | 1,690 | 1,130 96.55
after 5 repeat 20 1 1
before - 3,647 5 3

Tile 1-2 99.28 1,110 | 1,560 | 1,111 99.99
after 5 repeat 26 1 0
) before - 2,565 5 3

Tile 1-3 99.29 1,110 | 1,960 | 1,130 97.64
after 5 repeat 18 1 1
) before - 2,729 4 4

Tile 1-4 99.48 1,110 | 1,550 | 1,120 97.72
after 5 repeat 14 1 0
before - 9,231 5 5

Concrete | 2-1 99.78 1,110 | 2,580 | 1,250 90.47
after 5 repeat 20 1 1
before - 7,951 5 4

Concrete | 2-2 99.39 1,110 | 2,760 | 1,260 90.90
after 5 repeat 48 1 2
before - 9,531 5 5

Concrete | 2-3 99.45 1,110 | 2,300 | 1,200 92.43
after 5 repeat 52 1 1
before - 5,708 5 4

Concrete | 2-4 99.35 1,110 | 2,590 | 1,200 93.91
after 5 repeat 37 1 1

* Each class A and B is classified by referring to Figure 3 and Table 2.
** W, : The tape weight (220 + 3 mg), W, : The tape weight with dust particles before cleaning, ¥, : The tape weight with dust particles after
cleaning.

Figure 9. The concrete pad surface (a, b) and dust particle collection
sampling tapes (c, d) before and after the ultrafine bubble
water jet cleaning.
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