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Elucidation of Flow Characteristics in Honeycomb Structure
for Nanobubble Generating Apparatus
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Abstract

In this study, nanobubble generator using a honeycomb structure is investigated

towards producing a large amount of water including large nanobubble density. Our previous study
showed that the pressure reduction and shear stress are involved in the honeycomb cell flow. In this
study, the nanobubble generating performance is studied experimentally for honeycomb structures
by varying the cell size and the flow velocity. Then, the small-scale honeycomb cell structure is
studied for the broader industrial applications. Computational Fluid Dynamics analysis is also
performed to simulate the experiment to find out the efficient nanobubble generation. The results
show that the maximum shear stress is the main controlling factor of the nanobubble generation for

small and large apparatuses.
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Fig. 1 Large nanobubbles generating apparatus.
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Fig. 2 Small nanobubbles generating apparatus.
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Fig. 3 Tllustration of honeycomb structure to

generate nanobubbles.
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Fig.5 Visualization principle for nanobubbles.

Table 1 Details of nanobubbles generating apparatus using honeycomb cell.

Item Large apparatus Small apparatus
Pump Submersible pump (80TM23.7) Submersible pump
(50TMLS2.4S)
Output [kW] 3.7 (60Hz) 0.4 (60Hz)
Flow rate [L/min] 400 270
Cell size [mm] 6.1 3.9
Cell height [mm] 10 4
Cell number* 3510 1840
Water amount [L] Tap water, 1000 Tap water, 100
Gas Nitrogen Nitrogen
Gas purity [%] 99.9 99.9
Flow rate [L/min] 5.0 1.0
Pressure [MPa] 0.30 0.20

*Upper cell + Lower cell
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Fig. 7 Variation of nanobubbles number density
during =0 ~ 60min when P, = 3.7kW and
2.0kW (See Table 2 D, @).
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Fig. 8 Variation of nanobubbles number density
during = 0 ~ 60min when N . =15 and 12
(See Table 2 D, @).

Table 2 Experimental conditions of large apparatus.

Experiment Inlet absolute Temperature
Number of  Clearance Flow rate Power
al . Pressure . [°C]
. units Nunie Ci [mm] [L/min] Py [kW]
conditions pin[MPa]
" 12 0 0.45 650 3.7 17.2
® 12 0 0.11 300 2.0 17.2
©) 15 0 0.30 550 3.7 17.3
@ 12 2 0.16 470™* 3.7 19.3

* Standard condition

** Calculated from the result of D~@
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Fig. 9 Variation of nanobubbles number density
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Table 3 Experimental conditions of large and small apparatus.

Experimental conditions Large apparatus Small apparatus
Power P, [kW] 3.7 0.4
Wall Thickness [mm] 0.5 1
Inlet absolute pressure p;,[MPa] 0.45 0.16
Flow rate O [L/min] 650 103
Water Tap water Tap water
Gas Nitrogen Nitrogen
Gas flow rate Q445 [L/min] 5.0 1.0
Gas pressure [MPa] 0.30 0.20
Void fraction (= QgQas)[-] 0.0091 0.0097
Time for experiment ¢ [min] 0~30 0~30
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Table 4  Analysis conditions of large and small apparatus.

Item

Inlet absolute pressure p;, [MPa]
Outlet absolute pressure [MPa]
Water density [kg/m3]

Water viscosity [kgf - s/m?]

Large apparatus Small apparatus
0.45 0.16
0.10 0.10
998.2 998.2
0.001003 0.001003
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NSl =4 3% 108 particle/mL & 72 0 | /NUEEE O
ZODERLTNWDZ ENRboD,

Table 6 X V. W¥EEOZFNENOEREML:
T BIRTRE R & L35 & /NBRUEEE TR
WEEIMETRIZE BITNEI N H 2 0b b
T EARIE T ?,',1,?( smau/T xoxiﬁ zarge':~
131252 ENbhd,

Shear stress [Pa)

(e) Path 5 (f) Path 6

Fig. 15 Absolute pressure and shear stress distribution along the path.
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Table 5 Comparison of apparatus ability experimentally obtained.

2R B O AR AT 6 SR 2> & W& L D PERELS

DUV T LLEHRE 2

S =

1795, Table 7

AT TR E

BRAER LRI R A T, LA LA 7 1Y
720 DF ) NTIVEEpy X, Table 7 HIZRT
30 3D T N T NVEEEEN, & K B OFE BRI

SEVE)E

pd =

Table 7 X V. B DREHZ LD L,

Item Large apparatus Small apparatus
Output Pu[kW] 3.7 (60Hz) 0.4 (60Hz)
. Flow rate QO [L/min] 550 103
Experimental
. Water amount VL] 1000 100
condition . -
Experiment ¢ [min] 30 30
time
Experimental Nanobubble number density N Lliarg €=1.7x108 Nimall =4 3108
results after 30min [particle/mL] [particle/mL]
Table 6 Comparison of apparatus ability analytically obtained.
Item Large apparatus Small apparatus
Analysis Inlet absolute Din 0.45 0.16
condition pressure [MPa]
Average velocity vﬁ{ﬁ; ¢ =0.71[m/s] U?,‘,%Sl ;= 0.40[m/s]
Analysis Pressure drop Ap ?(;;‘?ge =0.03[MPa] Ap %16, =0.01[MPa]
results
Shear stress T oy large = 24[Pal T 328 omau=30[Pa]
Table 7 Comparison of honeycomb cell ability experimental obtained.
Item Large model Small model
Cell width w [mm] 6.1 3.9
Cell height h [mm] 10 4
Number of Neell 3510 1840
Experimental cells
condition Flowrate | O[L/min] 550 103
Water amount | V' [L] 1000 100
Experiment time | ¢ [min] 30 30
Number of cycle | Neyere 33 31
Nanobubbl ber densit
Experimental anobubble number en51. Y large o | pgmHt=17.61x10°
per cell per cycle After 30min | pg = —3.13x10 )
results . [particle/mL]
[particle/mL]
42 WEEDONZHLEILOESMHELEE Neete= (O H/V

Na /(Ncel] * Ncycle)

“)

®)

1 k&

1 YA 7 VB0 OARRRE T KA E Tl
pLT9¢ = 3.13x10%particle/mL , )\ i %E & T (3
psmall =7 61x10%particle/mL & 72 o 7z, /N2
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Table 8 Comparison of cell ability analytically obtained.

Item Large cell Small cell
Analysis | Inlet absolute Din 0.45 0.45
condition | pressure [MPa]
Average velocity Vintge =0.71[m/s] v2A% 1 =0.95[m/s]
Analysis
resuls Pressure drop Ap fve =0.03[MPa] | Ap ey =0.07[MPa]
Shear stress T oy large=24[Pal | T DA cnau=>56[Pal
P Ap Gmant/ AP Parge=23 Th D Z LMD,
I LinL., ShooENERp 35, =
e 0.03MPa <°4p %16, =0.01MPa |, N> F =V

19.6

9.6

0.05

Fig. 16  Shear stress distribution of large
apparatus.

— 1mm

Fig. 17 Velocity distribution of large apparatus.

R L Cpgmatt plitI =24 Th %
ZENbND,

WIZ, W AW OEWE
BT o702, AOED pneZE L, T7bb
KA« /RIS E O [+ #8255 % [ — 12 U CHgdT
177z, Table8 LV | [Fl— AQJEITTO/N
Bl O AW ST 1, RREEIZH LT
T % e =23 L7%%, £, JE
ST ap i R 8 Exap 045, =0.03MPa,
INREERE T Ap %45, =0.07MPa TH D |

small

LW T ) XTI A 7 a T 0
EREBEDENOESHO 110 BETHY . ZD
F I RTNVEROEZBEI N NS NEBSZOND
[24], Table 6 |Z/x 7 RAUEEE & /NREEE OMEEE
g b DB LD SAWNIG I T ) NT
VERBRINICRKRESEFEL WD ZER LD
PAREI R STz,

WIT, T R AR DI AENEIZ OV TR
RULEE 2 G B LR 5, Fig. 16 (2 AMNG T
Doy F—ERT, FARIS I, BEmE D
0.1mm BfEdu7= Path3 1230 5 AT IR RAE A
KN TNWDZ ERbD, Fig. 17 1R TiRIED
UG, i S Rt AWIS IR
HAMAHETREL D EREND, &l
WNEL RDIFERIBITIRIRER T L D12k
N5, ZD7d, REWEAWISHORAET S
AERT, KOS REMEES L, T/ NT %
HELRT Lo TWNDZ EIREEND,

5. KE - /NBREERUVEFEOEEDLLE
INFETIARINTZBEGFEOF ) "7 VA
BREEE & T ST VERBE T 570
(2, Table 9 [T KA - /NREEE D FER S & FEBR
FEH A BEEOD NanoGALF #:{&(IDEC #h) & bt
L C/Rd, NanoGALF %E{E (3 IR [25] %
THRESNTVWDN, 22 Tiin=h 2B RE
& [AIEIZ Nano Sight & VT F 2 N T VEE %
FHL TS, R OEEDRe)E R E T
%, OB FOREEITTE AR E W T
TNEAERLTEY , RROLERE L ITAERTIE
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Table 9 Comparison of experimental results.

This study Comparison
Item Large Small
‘ ) NanoGALF
apparatus apparatus
pp pp (IDEC)
(NANOX) (NANOX)
Flow rate QO [L/min] 550 103 16
Experimental Inlet absolute pPin[MPa] 0.45 0.16 0.3
conditions pressure
Experiment time t [min] 30 30 30
Experimental Nanobubbl b
anobubble number :
results Na [particle/mL] 1.7x108 4.3x10° 1.42%10%
density
(After 30 min)

WEIR D, F 7 NTNVEE 30 0tk) ZHd
B & RAAEE LRI b b TN = T KT
1L NanoGALF %5 & RIZLL oS T v
BEAAETDHIEERLNITE T,

6. # &
NET DA E T 2 N T VAR
BREEEHER LT, EFHTABAKICBIT ST/
R NVERFERZAT 5712, B T - 72 KA
BTN 2 T, AR TR A ~TED R % /MY
FEEOXRE LT, WEEE IR - WA O
RN DEE LT, TORE, AR AWS
OFREMFTERFET D & &bz, HAWIS IR
F 7 NTNERIZES L TWD Z &R L
7o SN fimaEELODEUTOL I
Do
(1) BASTHEO R 2 KA EEE O T/
PRI NVARRERICE VT, FEBREIAA 30 4y
BT ) RTNVERIZERT B & NV
B J7 7S BRI 5 RER 2N,

(2 1ELOERENEZ, 1BV IERSEY
DF ) RTIVERE (30 45%) TERT L. /N
TLERE D LT RKAEE D' LD 2445 T
HD,

(3) WRIBIRHTDFER . ~N=T KB ANIREEH O
RS, BEDWTE T, o=
J DAETICEN D, BESEAF 0.1lmm (2
BT, KAEERE (20 L C/NEEB OBk

BAWIGEINE 23ETH B,

(4) AEEROENEEIMOARIERE DTS
OETHD 1/10 FRETH Y, 7/ T NAE
FRITIFES L0 AW IR K& < B
HLTWaEEZLND,

E i

ARFGED KBRS IE, B ) HAR B 5 B AL =2

EHEE (FR 26 4, 20140910) OFEBHZE T

ENTELDOTH D, FFFEOHEREICE LTI

¥ X —EARRERICIIEAY O ZfRE

LT EY T, B CGELS R L LTS,
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