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Fig. 5 Microscopic images of contaminants on the glass substrate
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Fig. 6 Residual contaminants on glass substrates after cleaning

at different gas-liquid ratios
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Fig. 7 Removal efficiency of cleaning contaminants on glass
substrates by bubbles with different sizes
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Fig. 8 Schematic diagram of cleaning process and mechanism

300 60 Fl90.s, 1 AN RFSEE KT, W VRGBS LI sk i i (&1 9 S N [R) s R [a] Fn
PR B R ME T M RBRR, G5 R R, FHE VAT R A3, RBRACRZIG R . Y Ak BT ) [E E A
30 s, THUEEEE N 8 em I RMET, RBRAEN 39.5%, & TIEVRIEE A 10 ecm 19 2 B % (19.1%);
I 2 AL FH B[] 2 60 s B, VEVREE B0 8 em 451 RBRACREIE S & 71.0%, MG VERE R0 10 om 4%
T EBRBCR WA REETE, WA M2 2.8%; AL BRAF N ZE 90 s BF, WHVEFE B 10 om £ 44
T AL T 89.0%, S T 8 om BE B S5 1F T Y 81.4%. 43 H R, BEES 10 em 40 B <53
A R o, YERSE R B, AL B A B e R A O & BRUE LRI VEARCR . LUl e, 4k
S5 14 T Ak B [ S B 5 K R b R T DR AICR AT VR AE R R B R R, B AR At



380 ok L B ¥ W 5%

&1 TEREMESELTERBERLE 100 -
SRR EE 0r .
Table | Residual contaminants on glass substrates after 8o / .
cleaning at different times and distances 70 -
S & L
TR RS /om I T /s 5Lk B g w 9
& 501
8 30 0.060 5 } i,
o 40 F { —o— JEIEEEESS cm
8 60 0.029 0 0l —m— WEWEEEE 10 cm
8 90 0.018 6 20 L
10 30 0.0809 10 L { )
10 60 0.0318 30 Q %0
’ Tk a)/s
10 90 0.0110

9 T REAEMEREELFBRER ESEMIERE
Fig. 9 Removal efficiency of cleaning contaminants on glass
substrates at different times and distances

NSRS E BT, A — TG VR B, T LATE TS DE A B b 0 36 5 3 179 38 R B S AN ]
T3 A, BRI TICE B AR BRI VR AR A A S o R SR H ST R K U I B0 1) % e £ B
VEAEE . VWEUEME R 00, B8 B F AT KT 1A BCE 5 s UE A EE 90°,  BVAE I 1 UK IR 7 1) K
o PRI A 03, WG R 10 em. JE PEREE R 60's AL, 435I FE W UE A BE R 00, 22.5°,
45.0°, 67.5°F1 90.0°HF AT S50 . TH VR G B R V5 A Y5 B it 3¢ 2 fos, RBRFWIE 10 Fros o
SR BN, ANERKBUEE S TAIETE, MIEYE A I E N 450, HRARAG T AR S UERCR . LD
KB VRO XT HE B O B, 2R AR R 09 900 IR AR R B 5.0%; 1 L E 1 R 459,
EBRACRIE R 35.0%. B, R Fis ge P AR IRIA bR, WK 8RS He R A B

%2 TEAEFLARHBERLESEYNEAESE N0
Table 2 Residual contaminants on glass substrates before and 80 i/i\i
after cleaning at different angles 0T %/ \}
60
Hik VIS ARREE LY SWFVRF T ) S 50 - Kk
N o —m— = AR
FIE/C) G G % = AU
& 40f
0 0.098 6 0.034 4 # o0l i\
22.5 0.085 1 0.026 5 20 i/ ]
10 F \
45.0 0.065 0 0.0234 / ¢
oF @
67.5 0.080 1 0.026 9 0 20 40 60 80 100
THUEMEA°)
90.0 0.095'5 0.031 8

10 TREIAEBARBERLISRMBERE

Fig. 10 Removal efficiency of cleaning contaminants on glass

substrates at different angles
3 45

1) P AR A A B AOK R I, AT AR BRI RS A9 . 4 Ll E AE 0.05~0.4 NI 19 1,
IV D vy 3 A% AL R T 450 Ak B0 49 A2 T 0 745 536 A - 34 R SH R 80~1 200 pm,

2) BCE G VEEE N 10 em, 745 7K i R ERY 5 [ R R, TRV VR R] S 60 s MU Bl
2.5 Lomin ' BYRAET SR T BOK BRI N L Uk 2 Fh 7 A5 B W) B R BRI R B 10%, HIE
VRO Bl A R ST 3 R o . AR L 0.3, BRI RST 298 800 um B, 1 DERIUCR &
U, ISR KR RIAE] 68.3%.



AR AT SR XHE B [ AR T il i SB0RE TS5 Qe 20 381

3) S Ab PRI ] B 30 s I, T VR RS UERE 8 om, THUEBCR A 024 Ak B ] B AT R

(4990 s I, fT I YRR O 8 em AR Y S B D o L, ARIVE R R, A& N OEIE TEACR B

ﬁ%o

&

(1]
(2]
(3]

(4]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

J38h, HACIERCE AL S KT 1) 5 4500 f I, I VEBOR B o
% X

B A IYTEUE L 2 25 R E0F5E (D). K% JOEH TR, 2006.

K, B, XA, S AR I Y Ve AR R B R A AL R TT R ()], TS TR IS, 2011, 27(6): 23-27.

AR, R, TR, A5 AR SR A A B b B Y N FFSE 0], B eI 2L, 2011, 27(10): 29-33.
CHAHINE G L, KAPAHI A, CHOI J, et al. Modeling of surface cleaning by cavitation bubble dynamics and collapse[J].
Ultrasonics Sonochemistry, 2016, 29: 528-549.

B, AR, SR K ORI T R — S HUK B SR i U], A 5% 5 R, 2017, 29(3): 30-
37.

TUZIUTI T. Influence of sonication conditions on the-efficiency of ultrasonic cleaning with flowing micrometer-sized air
bubbles[J]. Ultrasonics Sonochemistry, 2016, 29: 604-611.

YAMASHITA T, ANDO K. Low-intensity ultrasound induced cavitation and streaming in oxygen-supersaturated water: Role
of cavitation bubbles as physical cleaning agents[J]. Ultrasonics Sonochemistry, 2019, 52: 268-279.

REUTER F, METTIN R. Mechanisms of single bubble cleaning[J]. Ultrasonics Sonochemistry, 2016, 29: 550-562.
MAEKAWA S, MIYAMOTO M, HINOMOTO N, et al. Degreasing of solid surfaces by microbubble cleaning[J]. Japanese
Journal of Applied Physics, 2007, 46(3): 1236-1243.

AGARWAL A, NG W], LIU Y. Principle and applications of microbubble and nanobubble technology for water treatment[J].
Chemosphere: Environmental Toxicology and Risk Assessment, 2011, 84(9): 1175-1180.

TSUGE H: Fundamentals of microbubbles and nanobubbles[J]. Bulletin of the Society of Sea Water Science, 2010, 64(1): 4-

PRAE, BOETE, FIg, 55, SR B A A SR A NST KA AR (1], Wi LKA (T2RR), 2017, 51(10): 2070-2076.
LEE C H, CHOI H, JERNG D, et al. Experimental investigation of microbubble generation in the venturi nozzle[J].
International Journal of Heat and Mass Transfer, 2019, 136: 1127-1138.

Xu X, Ge X, QIAN Y D, et al. Effect of nozzle diameter on bubble generation with gas self-suction through swirling flow[J].
Chemical Engineering Research and Design, 2018, 138: 13-20.

VAZIRIZADEH A, BOUCHARD J, CHEN Y. Effect of particles on bubble size distribution and gas hold-up in column


http://dx.doi.org/10.3969/j.issn.1671-8909.2011.06.007
http://dx.doi.org/10.3969/j.issn.1671-8909.2011.10.008
http://dx.doi.org/10.1016/j.ultsonch.2015.04.026
http://dx.doi.org/10.1016/j.ultsonch.2015.09.011
http://dx.doi.org/10.1016/j.ultsonch.2018.11.025
http://dx.doi.org/10.1016/j.ultsonch.2015.06.017
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.03.040
http://dx.doi.org/10.1016/j.cherd.2018.04.027
http://dx.doi.org/10.3969/j.issn.1671-8909.2011.06.007
http://dx.doi.org/10.3969/j.issn.1671-8909.2011.10.008
http://dx.doi.org/10.1016/j.ultsonch.2015.04.026
http://dx.doi.org/10.1016/j.ultsonch.2015.09.011
http://dx.doi.org/10.1016/j.ultsonch.2018.11.025
http://dx.doi.org/10.1016/j.ultsonch.2015.06.017
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.3785/j.issn.1008-973X.2017.10.023
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.03.040
http://dx.doi.org/10.1016/j.cherd.2018.04.027

382 ok L B ¥ W 5%

flotation[J]. International Journal of Mineral Processing, 2016, 157: 163-173.

(161 XISHE, Wi, BRIEEZE, 5. TR e A2 RN TR WS T RE[T]. A1 1E T, 2014, 43(10): 1206-1213.

(7] BLUEE, TR, BRI, “EXTBE A e S U S R A S [0]. VOS24, 2007, 19(6): 102-104.

[18] FOLDYNA J, SITEK L, SVEHLA B, et al. Utilization of ultrasound to enhance high-speed water jet effects[J]. Ultrasonics
Sonochemistry, 2004, 11(3/4): 131-137.

[19] XA, TR, ZEREfh. L E BRI BARBITEBUIR B A SR #a )], R4, 2017, 33(2): 1-9.
(L 8 30, ARmets, IKA @)
Effect of bubble size on cleaning of oil and particles on solid surface
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Abstract In order to clarify the application of bubble cleaning technology in tank bottom sludge cleaning, the
effect of bubble size on the cleaning performance of solid surfaces was investigated. A visualized experimental
device for cleaning oil and particles on glass surfaces was set up. A bubble generator was designed to produce
bubbles with an average diameter changing from 80 to 1 200 um by adjusting the gas-liquid ratio. The effects of
bubble size and cleaning parameters such as time, distance and angle on the cleaning effect were studied. The
results showed that the removal efficiency increased with the increase of the bubble size at a liquid flow rate of
2.5 L-min"". The best cleaning effect occurred for the bubbles with average diameter of 800 pum, which could
improve the removal efficiency of 4.5% by water washing to 68.3%. Furthermore, the removal efficiency was
higher when the angle between the substrate and the water flow was 45° than that placed horizontally and
vertically. The above results showed that the scouring effect of water jet and vortex caused by the collosion and
breakup of bubbles were the main cleaning mechanisms for the surfaces. The research results provide theoretical
and practical references for the efficient treatment of oily sludge pollution, and open up a new solution path for
tank bottom sludge cleaning.

Keywords _bubble; bubble generator; solid surface; tank bottom oily sludge cleaning
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