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Design and Performance of Honeycomb Structure for Nanobubbles Generating
Apparatus
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Abstract

In recent years, nanobubbletechnology has drawn great attention due to their wide applications in
many fields of science and technology, such as water treatment, biomedical engineering, and
nanomaterials. Nanobubble technology is also used for seafood long term storage. The nitrogen
nanobubble water circulation can be used to reduce the oxygen in water and slow the progressions of
oxidation and spoilage. In previous study, a kind of honeycomb structure for high efficiency nanobubble
generation has been investigated. In addition, thesmall-scale honeycomb structure is designed for the
broader applications. Comparing with stainless steel, acrylic resin and titanium have good corrosion
resisting property in various liquids including the sea water. Therefore, acrylic resin and titanium are
considered in this study. In this paper, the honeycomb structure is optimized and improved. Combining
experimental solutions and CFD analyses, the performance of the generator is studied. The strength of
the honeycomb structure is also analyzed by FEM. The relationship between nanobubble generation
efficiency and structure type is discussed.
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S0, [IEOERHEZ D B0, ME AR LERIEICE ARSI MER L TRIBD RN R Z 5,
EDRMBREONTZ. ZOX I ITENTZT ) ST VAR A FFo = AMEEEETH DD, L%
WRSETGEDTF 7 NTNVARKRGETICER T 2iE EOZERNBH S TRMhoTe. £ I TR T,
BORERFORIEESLEZ B L, EHTRENECRIE LT/ ST VERER 2 VT, k1T
FEEIZL D T ANT VAR B RIS T2 & & bIZ, WEHTIC L0 ERE ORR#E A ELET L. £
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Fig. 1 Nitrogen nanobubbles generating device
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Titanium Plate

(a) 1-unit composition (b) Cross section 1-unit (c) Honeycomb structure
honeycomb structure with clearance

Fig.2 Honeycomb structure model

0.5mm

—

6.1mm |

e

10mm

E

é.ﬁmh

Fig. 3 Dimensions of honeycomb cell
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Fig. 4 Visualization principle and measured example for Nano Sight
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Table 1 Details of the experimental device

Item Specification

Pump Submersible pump (80TM23.7)
Output [kW] 3.7, (60Hz)

Flow rate [¢/min] 400

Container [mm] 1580%1100x600

Water and amount [kg] Tap water, 1000

Gas Nitrogen

Flow rate [¢/min] 5.0

Pressure [MPal 0.30

Table 2 Experimental conditions MD~@

Experimental Nu::lllli)z of Clearance ?l)j;)slsiz Flow rate Power

conditions Nows Ci [mm] o [MPal [0/min] Py [kW]
@®* 12 0 0.26 650 3.7
@ 12 0 0.11 300 2.0
© 15 0 0.30 550 3.7
@ 12 2 0.16 470™ 3.7

* Standard condition ** Calculated from the result of M~®

R 2 ITRTHREO~DIL, T/ NI NVERDRICEKIETRAERE LT, R7HA(P), ~"=h b=
v N (Nunid, BELON=D b=y NEOTEXEONTIER LTRE L. /2 N7 VAERERIT, /N
TNV X OV FEE S & DO ORFZA(L CRMET 5. 2 2 TlE, B 10nm~1000nm (Nano sight O]
EATRERIPH) DTN ZETF ) NTNE LTT I ANTNVEELZRE Lz, £72, ERICB T 2 BEEzZ,
N VEEE 2% 108#/me , DO1.0mg/l &% E L=, UL, FEERICAMNEZ W E e o — A 5
O T, DOL.0mg/l AT (T A b TF /XTI VEE 2x 108H/me LI EICHY) ThhiE, -/ 37
JALBRZAT o TORWEEIZHS, THRICHONIZRWERDEONTZTEDTHD.

R THNOEFIZL > TRES = A=y MAODENNELL, T/ T NERE~DEENE
2ohb. 22T, BS5@ICH TN EEZIZGEDT 7 7 VERE, B 5(b)C DO OZFLEI DR 2
tz5R 2 DERMED, OIZHOWTRT. RTHIOEBIC LD T/ NTVEERS X ODO 1T EEEIZ K E <
KiE e inote, ESCADEORBIIF ) T NVEREN~DOEERRENVWES 2 5.

N T DBV OENS Lo TIENEL LG AWIE NI BRET DB X, T/ NTVAREICEEE &
FEFoEenEILND. £ T, 6(@) = b=y NEEEZIZGEDT ) NTIVEE, 6(b)!Z
DO OFNENOERZEER 2 DFMHD, @IZOWTHRT. b XY, "=bhiha=y M N 12 & 15
2= FOFHETIE, T/ AT AVERRB L ODO EHA~OEE T IZERENE TS AR,

N=Jpbha=y NORYE, AL THES 5 WP OERICBER LT, "=" L7 L — MiOoT & F
DORAENEEESND. TZ TR 2CNIFT I I, 2K N=0 27 L — MMEDOIEIZ 2mm 0D A~_2—H—
AR L CTEE OB LEREITo7. TEEORAEICL ST, MEOH KL DIENEAL,
JE DAL AKTIG ), VEEDEWNEE SND 20, TOEREN~OFBEEHRTDLIZELAMETS.
B7@icTEEomBIclsr ) ) "7 EE, B 7(b)ic DO OREIZE 2T 2 D&MD, @IZHOWTRT.
60 nHTRDE, TEEORVWEEICH L TTEE C=2mm O & T TITEREE T 30%I23 72 (F
7(@). TNH X0, FIOARTAERDRIILTT2=y MEOTEEOFETRE V.
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PLEOEBRERZRIET S L, AW ERS 2T A CERE L T 2500 7 3.7kW, N=h b=
v METE F Oomm, 12 LD AN=D b=y MIZBWT, 7/ T IVEE L RfFiEFEE DO @ AEE %
FERTEAHZENHLMN o T-.

a0 A A oo e e T
.25 Puraibly N 1._;‘ P,= 2.0kW |
= iangal (p,=0.26MPa, Table2 1)} pe (p,= 0.11MPa, Table2 @)

E 2.0 freremmarrrseri e e e e st a _T
= | &
%15 | .E.g
£ | Q. P,= 3.TkW
x 10| 3 (p,= 0.26MPa, Table2 @)
Z 05 | P,= 2.0kW 2| Target
5 (p,=0.11MPa, Table2 @) L |
% 10 20 30 40 50 60 % 10 20 30 40 50 60
Time [minl Time [minl
(a) Nanobubbles number density (b) DO

Fig. 5 Time variation of nanobubbles number density and DO when Pw = 3.7kW and 2.0kW
(See Table2 @D, @)

| 10
w25 Nm=15 9
5 (P,=0.30MPa, Table2 3)) , 8 Ny = 12
320 : : Target | g ; (p,=0.26MPa, Table2 @)
1; {
&™ Es Ny = 15
= 10 Q4 (,=0.30MPa, Table2 3)
= N, =12 3
= (P,=0.26MPa, Table2 @) = gy
O b e e e )
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Time [min] 0 10 20 . ea?mml 40 50 60
(@) Nanobubbles number density (b) DO

Fig. 6 Time variation of nanobubbles number density and DO when Nunit= 15 and 12
(See Table2 @, Q)
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C= 0Omm
,=0.26MPa , Table2 @)

C=2mm

N[ % 10®particle/mg]

1.0] 2 ; (p,=0.16MPa , Table2 @)
0.5 f Target
0 : (p,=0.16MPa , Table2 @) T
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(a) Nanobubbles number density (b) DO

Fig. 7 Time variation of nanobubbles number density and DO when C;= 0mm and 2mm
(See Table2 @, @)
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31 —SNZHLEEDRAEOBIERE NS (CFD) #iTHERLEDOLR
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AERER DRI E 28 L 72 50—~ = BWE IR & R ORI M 2 A S 2 Al L SEBR 23 T
iz, B 8IR TG %= AEKIY, JEE0.3mm OT7/LIRT 1L 5mm, &S 5mm D 1
FIINSIR o= LEAFEEZRYEL, LT 2 BICHAGDETMEIEL 2o T D, O BT, Xds
HOER Z AT H7-DIZ, 8 L [Al U~THEDT G =l DT K Z RN S T2BE O O RN 3,
ANSYS Fluent 12.0 % AV 7= CFD fi##TIZ X » CiTbiuiz. JduUZEMMA R E L, &t T v (ke ET L)
DEHSNTWD. £/, BEREME, WMANERZRESRER, M EREZEDER, Mm% R i
Lanz. BIWCHEZONTEASM 27T, MAOERMIAFEERICL > TELONETHS. G
PEREMERCIE, WAL, W ORISR T DEITHE AR ET S 72 O, ELTTEEASE TR S A HIE
Ths.

Path e | =1

Dutlet ’

7" Symmetric condition = A >

Fig. 8 Computational conduit (h=10mm)

Table 3 Computational conditions in Fig. 8

Item Specification
Inlet flow rate [¢/min] 1.2
Outlet absolute pressure [MPal 0.10
Turbulent intensity [%] 10
Turbulent viscosity ratio 10

ZHETO CFD fEHTIZ K Db R@ & AR OMEHNTHER O Z g L CB 9 (2”3, AR TIE, ANSYS
Fluent 16.2 Z H\NClE— D ~E & Bi 5T CFD ftir 217 > 72. B9 TIIE 15340 & & AWns ) 4540 % b
WL TORLTEY, B0/ VIEm»S DR Z R~ EIK T 22 T, AlZETELEISOEFHTH
5. K10 OB DS LEHSIE FINA=0 58 E2R LTS, fitilIitk Path I2B10 5 E B LOEA
WS chn. Z 2Tk Path X, B 8ITRT L= aELE 12 T6 L TERGDODESLZLICK
STTEERBEOPMIHEES N TS, EAWIEL, KELEABMOTAEEOE TCHEHL WS, &
AWTONT O E ORBIUIZ A D T —AREEEANDZH TS 29, L-T, B9 ¥ AKIL /I, Path L
DFENLEIZBIT DEAMIENIORE SEAD T —RBTRL TN D.

UN®  (U)\® (AU [(0U, QU,\® (9U, aU,N* [(3U, aU,\’
1=|2 - —Z x4y = e A
[{(69() +(6y> +<az> * 6y+6x +(az+6x>+ 6z+6y
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AW TR DTN (B 9(b)) 1F, BEHO AL ORER (B 9(a)) & DiRAED 5% T—H LT
W5, BT ENE, Kl DL ERTS (FRICBET ) ICONTENIETL, EAWEIZESR LK
L RDEFIBALND. ZOX D REAND, [IANE#EN D EFT 25 (FRICBEIT ) (2o Tk
REF LT <720, FRICHE < E] LIKIEIZRWE ARSI M8 2 L TRIBDODHENEZ 5. 20
LD 72 MER Y IKENT, NTLOMMERETR B B,

—_ + Absolute pressure * Shear stress + Absolute pressure * Shear stress
& 121 G : i i 4 5121
25 120 [N T =120 =
B 119 [ et S 13& 2119 &

__________ T H = W
@ 118 i O @ @118
K T e S e e 112 £ E 17 g
o 1 - 1 O S | M ......... NN w 2 445
2 § i & by E -B &
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z/h z/h
(a) Previous analitical results (b) Present analitical results

Fig. 9 Absolute pressure and shear stress distribution in honeycomb cells
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INZH BB DOSHEZOWTE, B 31T LI ERFFOE L AR E L. fEITSRIEAR 4 IR AN,
WHABERITENERICRE LZ. MEERL, 15T, 5 HETMTONTIFIAN= I LTBRICH - 72
BEBER & L, 3HIEHET MOV TITEMEER & Uiz, ik Path 1%, W OEAREEZHIRET 57201

N LT L= &2 12TH L TCERAEDLDEDLZ LICL > TTEAMKICKITD 2BHEOHR.LE L. B 11

ZHHETNE BFEMET VD 4h=0.25 1Z8\F DA AT . b FIET /L CIIMIESE R AHE TR
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p,=0.45 MPa G

(a) 1-row model (b) 5-row model
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(c) Periodic model (d) Analytical path 7Jh 0-1
Fig. 10 Three models considered (Continued)

Table 4 Computational conditions in Fig. 2 and Fig. 3

Item Specification
Inlet absolute pressure [MPal 0.45
Outlet absolute pressure [MPal 0.10
Turbulent intensity [%] 10
Turbulent viscosity ratio 10
{m!s} (m/e)
T 80
outlet outlet
5 40 5 5
213
(a) 5-row model (b) Periodic model

Fig. 11 Velocity distributions of 5-row model and periodic model

= TF
o 0.39 :
£ - T °
o & | Symmetrical model B 5t
: w
0 . 4
¢ .|
w3
s
® 2,
£ Snat
w1t
:F it Symmetnl:ai model! 5-row model
o 0.2 0.4 0.6 0.8 1 0 l] 2 'EI 4 0.6 0.8 1
z/h z/h
(a) Absolute pressure distribution (b) Shear stress distribution

Fig. 12 Analytical results of three type models
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Fig. 13 Analysis model four places
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Fig. 14 Analysis results of absolute pressure
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Shear stress [Pa]
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Fig. 15 Analysis results of Shear stress
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Fig. 16 Analysis results of velocity
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Fig. 17 Shear stress when C=0mm and C=1mm
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Table 5 Mechanical property
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Modulus of . . . ..
. .. Posisson’s Tensile stress | Fatigue limit
Wall material elasticity r [MPal [MPal
E [GPa] ratio a o, a
Titanium 96 0.36 270 135
Acrylic 3.2 0.4 65 28
(MPa)
. 0.451
0.380
0.306

.. 0.237

0.165

0.094

Fig. 19 Absolute pressure distribution

Fixed to plate

Fig. 20 FEM analysis models (Minimum mesh size e = 0.0625mm)
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P F7PRIE 185MPa Th 572, ReET 24 L.

wiz, B 22 \ZoRTEo0E, T2 UARIEREE S 0.5mm (BT D RAKEISIE, FX U ERRED
oMe*=5TMPa T 5. JJ7[Ri% 28MPa TH 572, LEKIT 49 L5,

I EXY, 77 UVEIEREEE 0.5bmm, 2mm B X OF ¥ U REE 0.5mm T ZIUCEBIT AR KT, W
Ty RN NI TR T D Z R EER 6T 601D, X LVERMEDT 7 UV BIEDOSA T
bt B E BT D5 BTz,
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Principal stress
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FEM results of titanium wall thickness 0.5mm

Fig. 21

Principal stress
(MPa)
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4.5438
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Fig. 22 FEM results of acrylic wall thickness 0.5mm

Table 6 Analysis results of structure

Maximum

Wall material

Partition wall
thickness
[mm]

principal
stress
oM [MPal

Fatigue
limit
o, [MPal]

Safety factor

Max
o, /o;

Titanium

0.5

5.6

135

24.1

Acrylic

0.5

5.7

2

1.9

28

4.9

14.7

5 #&

INE T DGR AIAENTZT ) NTNVEREEZRIEL, ER T AZRASELLAKEANWTT /AT
WVEREREIT 7. P T OWMREBI O & =7 2EEEED FEM MREMNT 247\, LTFICE LR
ThREREELDD.
(1) F 7 RTNVERERICBWNT, R 7 HAP, ZERE L L4 (3.7kW, 12 2= I, 9% F Omm)
DHY (6% T) SHDE, N=Bbha=y FADICBITARESCENMET 5720, HAIER
ffl 60 43 T/ NTNVAREEIL 50% L, HIET 35 (B5). T7kbb, R/ ORI RE V.

(2 N=hra=y MIEEHED 12 2=y MNpb 15 2=y MBI 5E, BIEERRH 60 45T/
NI NVEREBEED EFIT A%RETH Y RE 2B I ootz (B6). T7hbb, 2=y MK
% 25%HEIN & H 7= EBR O TR~ E

A LE:

i
5
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@) Nn=Hra=y MNEICTEEEZHT D EEAWISOMHENSTE KT L (17, E18), 7/ 7
VRGBT V4 IR T T2 (B7). 372b5, EEORE, Mk XOEHER CHEES LT
T FEDORBIIREZ .

(4) AW CTHWZIEE OFEMITIZS W T, 5HIET v E 3FIEAMET LTI, MireT Lok
IR BE RGO BENBN 2, T ET VORI EIC oW TRETT 2 ICh 72> T, 5510k
DOETIIETE, SHIEMET VERHWD Z & THYIRENTZ21TH Z ENARETH D.

(5) Fl—HEED =7 A ENVNT Bt L TR CENMEFTREITIEE T 22, JEH)OMHEIX B o T
WCHTTRT 25 (B14). LaL, HAKDSS (B15) Ciil (B16) 1LixEF—8T 5.

(6) IRIRMEATIC X WA ST AMIS T LA, T NI IVAERRFERIC X 5 7 VAR 2 B
T5. Blzid = b=y NEIZTEEERT D E, TAWNL & IR T3 2 MRS 0315 5
o (B17, B18), F/ NI NVERREN IR T T 2 ERER SO (7).

(7) FEM #EiEfiric v, JEHHRFHTGLFZ o=t ATIILER 24, 77 VIRE =0 LTI
BERF LI THDHI L LY, "= MEEEROTRE EomnZ etz Pflc T 7.

w

iEE

Z DWFFEDRERII TR 26 FEFEREF PE A OIS A AR = A SRR R ITBRIRS N TER L 72 b D TH
L. BRDZ 7 A4 U NT NG L EEROFANZ BN TR ORELHTH Y, £ Z THRIRSNTZHDTH
5. BT —~ L HEEEOIERIZE N T, N TERFEOEFAESE -7 (3-)-Th 5 B P ER BHIRICE
HANCRIERIC o7z, FTo, AWIEOFBRAER & MEITIC OV TIEZ KA 5 ZTBE 2 - IoARE O
BEML L LHITLNLEHHEF LHITDH. 61T, KEEOEHEANTHD (W) TUNEXRESETE L #—
DEARERITIE, FHBROHMMATIEZH 7. L UE#F LHIT 5.
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