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Abstract : In this study, three parameters (Pressure (X;), Airflow rate (X,), Operation time (X3)) were
experimentally designed and the predicted model and optimal conditions were established by using the
terminal rise velocity of the microbubbles as the response value. The polynomial regression analysis
showed that the optimum value for the terminal rise velocity at the Pressure (X;) of 4.5 bar, Airflow rate
(X,) of 3.3 L/min and Operation time (X3) of 2.2 min was 5.14 cm/min (85.7 um/sec). Also, the highest
microbubble diameter size distribution in the range of 2 to 5um and 25 to 50um was confirmed by
using a laser particle counting apparatus.
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Fig. 1. Picture of a microbubble generator experimental apparatus.

Table 1. The main part and specifications of Microbubble genearater

No Part Specifications

1 Liquid—Air Mixing pump 380V x0.75kw

2 3rd stage cavitation impact plate Three—stage collision plate slit

3 2-phase Vortex nozzle Two-stage spin—hole turning shear
4 Pressure 0~10bar(A Type)

5 Air flowmeter 1-5LPM(L/min)

6 Controller 380V, 4-wire, manual operation
7 Electronic flow meter 0~60LPM (L/min),

8 Electronic power meter 0~40A, 380V

9 Tank 100L

Fig. 2. (a) Schematic diagram of rise velocity measurement (a) Before micro bubbles generation (b)
Stop device after micro bubbles formation (¢) Measurement of micro bubbles rising velocity
(d) Increase of micro bubbles rising velocity (¢) Complete disappear of micro bubbles.
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Table 2. The main part and specifications of Microbubble genearator

Operation variables

Range levels

Pressure (X;)
Airflow rate (X)
Operation time (X3)

3~4.5bar
2~4 LPM (L/min)
0.5~3 min
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Fig. 3. Comparison between predicted and
observed TRV (R*=93.3%, Adjusted
R?=92.3%, Predict R?=90.4%)
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20.64 + 1.98 Pressure (bar) — 1.45 Airflow rate (LPM)
- 9.302 Operation time (min) = 0.320 Pressure (bar) X Pressure (bar)

+ 0.712 Airflow rate (LPM)X Airflow rate (LPM)

+ 1.482 Operation time (min) X Operation time (min) ®)
- 0.740 Pressure (bar) X Airflow rate (LPM)

+ 0.508 Pressure (bar) X Operation time (min)

- 0.087 Airflow rate (LPM)X Operation time (min)
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Table 3. The results of terminal rise velocity by operation conditions (Table 2) of
microbubble genearator

Pressure (bar)  Airflow rate (LPM) Operation time (min) TRV (cm/min)?

No
X7 X X3 Y
1 4.5 2 0.5 13.7
2 4.5 2 1 10.5
3 4.5 2 1.5 9.0
4 4.5 2 2 8.4
5 4.5 2 2.5 7.9
6 4.5 2 3 7.0
7 4.5 3 0.5 11.3
8 4.5 3 1 9.3
9 4.5 3 1.5 7.7
10 4.5 3 2 6.7
11 4.5 3 2.5 6.6
12 4.5 3 3 6.3
13 4.5 4 0.5 12.6
14 4.5 4 1 7.5
15 4.5 4 1.5 7.0
16 4.5 4 2 6.8
17 4.5 4 2.5 6.7
18 4.5 4 3 6.4
19 4 2 0.5 15.0
20 4 2 1 11.3
21 4 2 1.5 9.8
22 4 2 2 9.0
23 4 2 2.5 8.2
24 4 2 3 7.9
25 4 3 0.5 13.1
26 4 3 1 9.8
27 4 3 1.5 8.4
28 4 3 2 7.9
29 4 3 2.5 7.5
30 4 3 3 7.3
31 4 4 0.5 15.8
32 4 4 1 10.2
33 4 4 1.5 9.3
34 4 4 2 8.8
35 4 4 2.5 8.1
36 4 4 3 7.7
37 3.5 2 0.5 14.3
38 3.5 2 1 11.3
39 3.5 2 1.5 10.2
40 3.5 2 2 9.1
41 3.5 2 2.5 8.5
42 3.5 2 3 8.1
43 3.5 3 0.5 14.3
44 3.5 3 1 10.5
45 3.5 3 1.5 9.5

a hz—h1=31.5cm

- 1398 -



Mg ol§d tlo|a2 MZe] FWYSAE BN 73 U LAz Ag)

2l

Vol. 35, No. 4 (2018) oF4A 39

Pressure (bar) Airflow rate (LPM) Operation time (min) TRV (cm/min)

No X, X, X; Y
46 3.5 3 2 8.8
47 3.5 3 2.5 8.3
48 3.5 3 3 7.9
49 3.5 4 0.5 31.5
50 3.5 4 1 10.9
51 3.5 4 1.5 10.2
52 3.5 4 2 9.3
53 3.5 4 2.5 8.5
54 3.5 4 3 8.1
55 3 2 0.5 15.8
56 3 2 1 12.1
57 3 2 1.5 10.9
58 3 2 2 9.8
59 3 2 2.5 9.0
60 3 2 3 8.5
61 3 3 0.5 16.6
62 3 3 1 10.9
63 3 3 1.5 10.2
64 3 3 2 9.8
65 3 3 2.5 8.8
66 3 3 3 8.3
67 3 4 0.5 31,5
68 3 4 1 11.7
69 3 4 1.5 11.3
70 3 4 2 10.2
71 3 4 2.5 9.3
72 3 4 3 8.8

Table 4. Estimated regression coefficients and corresponding t and P values for Eq. (5)

Coefficient Coef SE Coef T-value P-value
Constant 8.415 0.213 39.60 0.000"""
Pressure (bar) -1.317 0117 -11.25  0.000™""
Airflow rate (LPM) -0.105 0.107 -0.98 0.329

Operation time (min) -3.092  0.128 -2420  0.000"""
Pressure (bar)*Pressure (bar) -0.180 0.196 -0.92 0.363

Airflow rate (LPM)*Airflow rate (LPM) 0.712 0.185 3.84 0.000™""
Operation time (min)*Operation time (min)  2.316 0.219 10.59 0.000™""
Pressure (bar)*Airflow rate (LPM) -0.555 0.143 -3.87 0.000""
Pressure (bar)*Operation time (min) 0.476 0.171 2.78 0.007™""
Airflow rate (LPM)*Operation time (min) -0.109 0.156 -0.70 0.489

R?=93.3%, Adjusted R?=92.3%, Predict R?=90.4%

* T-value: (+) Positive effect. (=) Negative effect (factor effect). - P-value: *significant at 1%.
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Source DF*  Adj SS°  Adj MS®  F-value P-value®

Model 9 473914 52657  96.01  0.000""
Linear 3 391.131  130.377 23772 0.000"""
Pressure (bar) 1 69.388  69.388 126.52  0.000"""
Airflow rate (LPM) 1 0.532 0.532 0.97 0.329
Operation time (min) 1 321211 321.211  585.68  0.000""

Square 370069 23356 4259  0.000""
Pressure (bar)*Pressure (bar) 1 0.461 0.461 0.84 0.363
Airflow rate (LPM)*Airflow rate (LPM) 1 8.108 8.108 14.78 0.000"""
Operation time (min)*Operation time (min) 1 61.500  61.500 112.14  0.000™""
Interaction 3 12714 4.238 7.73 0.000""
Pressure (bar)*Airflow rate (LPM) 1 8.221 8.221 1499  0.000™"
Pressure (bar)*Operation time (min) 1 4.227 4.227 7.71 0.007°*"
Airflow rate (LPM)*Operation time (min) 1 0.266 0.266 0.49 0.489

Error 62 34,003 0.548

Total 71 507.917

“DF, Degree of freedom; PSS, sum of squares; © MS, mean square. ¢ P-value, ***significant at 1% ( p-value).
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Fig. 4. 2D Contour plot of response Y (Terminal rise velocity, cm/min) showing interaction (a)
between Pressure (bar)(Xj) and Airflow rate (LPM)(X;) at fixed 1.75min of Operation
time (min)(X3). (b) between Airflow rate (LPM) and Operation time (min)(X3) at fixed
3.75bar of Pressure (bar) (Xj), and (c) between Pressure (bar)(Xj) and Operation time

(min)(X3) at fixed 3LPM of Airflow rate (LPM)(X)).
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olHEE 2 WSt UehtA ehlet.

3.3, HMEH 43

gRSZE(Y)S A3 s HAas 2 Hdigt
o] BRAAS ST Wast Ak 2 ATE
uto]a 2 WEOS FARSZLTL (Terminal rise
velocity)7} ¥&45 £2 U] H7\Ze] FHoz
H7] mjFo] A §kgo] W& wE H®A ¥

o7 3ty WELE T4 (Desirability function)
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Aol Fatd TEL Zros HSAA HHZRAS
A& 5 gtk wkgo ik fele]
(individual desirability)= <¥ ®H2F w9l 24
(Dell ofsh Aib=al, g 71&9 A (8)& At

gote] FAUEL (overall desirability)= %2
2 4 Stk

il

0 Yi < Yifmin
R r
di = [}:ILM}';TEM] Yimin <Yi<Yimax (7)
0 Yi = Yi—max
ol omd w3 wd . 1S W,
D = (@ dPd ) > ®

AL (Dek @)l olsll Table 69} o] &3}t %
AoA BEAE Al Table 604 Bz
(Pressure, Xp)©] 4.5bar, &F71F(Airflow rate,
Xpo] 3.3LPM I8 7AAZHOperation time,
X3)0] 227014 XA mfolazHEe] FUA
%I (Terminal rise velocity)= 5.14 c¢m/min

(85 Tun/sec) 02 UERGTH FAUSTE lol2
= % BFEAS FHAst 2S4S 4 U
g 74

t}. Table 69 Adt= S H$7] 93t FAF
welo] A B AA AuR g8E Zem wd

o},

3.4, 71237 &3 4 nF

JE A9 EEE ATEZ BHE 20~30me]
HAo|A uhola2 HES 7Y &8z 44
g 4 Sl A 2E AYgEo] Share 2 A
Alstlek[191 A% 25me  71=Z(eF 0.2
mm/min)= 274 25m<e 71Z (F 2.3 cm/min)
Hoh 1008 o @A Aty Buskg
t}.[20] Table 69 ZA3}H wmio]lZ=ZHES] F
TEE FES Stokes WA T thydste 74]
AbetH oF 40m Bx2 "ok spATE AR 40m

= WA Bg HASE 9fs) 7P deE AR EHE 2718 dW#stke Zo] oyt 1 olf= 7
FoHel 88 m2w F shfolthlig] of @ A AsAsb (25~50 umel A% HEE B
Cofl wet BE oEE USRS Z4E A5 5 adl dele] FPHIE o2 He ATE 5
Table 6. Optimization conditions for response Y(Terminal rise velocity)
Pressure Airflow rate Operation time Predicted TRV Overall
(bar) (LPM) (min) (cm/min) desirability
4.5 3.3 2.2 5.14 1
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o1§%k lolaz HBY FUASEE LY 75 9 eHxA ALt 11

AE7] ofgo] B mpolaz J|ZE HAE 15~25ume 7.9%, 25~50um< 28.7%, 50~75um
27lek= Ao oYt [21] o] B4t npo]a = 2 11.9%, 75~100um 1.9%22 uElsttt. uto]
HES] FooA 27t =2 dfx4<l 7z Z AzHE Jdlde 2~5m= AL 25~50
A& F35k= Zo] F8sith Fig. 5& mAl7|2 un 3E7F 7Y E=Qkeh

=9 Zolg =Asl7l Hdll particle counterd! nfola 2 HEL WIiMilk JH=E Fo= 3t

Laser Trac PC2400D(Chemtraciil, USA)E AF& Qg 4~ Jdovt Yi-H-E(Nano bubbles)e +=o

Sk & ZRlo] E7Fssttt. ST Fig. 69F o] &

o] W2 Z|mFW EO] HAWAA 7|2 At el os S E= dolx] ZIAHE &
7 840 Folethe Aol ARbsto] aiobd 8okl M AdHO Helg 55 ol UieH
WRog fetor PWHEE 7xFo AAUS =5 9 AL &+ Slrh(22] & —_rLoﬂ*% 94
FHO 2 particle counterg Aotz o]Fsh 7] = B9 mtoja2HEo] g5 Albdl H 10
25 S0 AlRE AFHEE £9 Sml = A2 F 2P s % {" = E%&.@J Ell
E AFsto] particle counter®] SHFE FUTH oA EIH=E UHE iete HHE 4ot
T HolAE o ol el FEE wf H2 At Fig. 5(b)ellA Particle counter& 3ol lun
S HAY Alststs s)d/Abe] A " UHEo] S 2-5m 7]E A7E SIS
A2+ 271 wEt ZEskdek o] W 33 & S8t vkAre) SA4e dAEA W
Agkell st A2 AEE I} Fig. 59 2t (Brownian motion tracking analysis method)=}

ZRE mo]32 HES AHEZLE HH 2~5 wie}l mfo]32 FA|HS SHs5k=
me 40%, 5-10m< 5.8%, 10~15m< 2.5%

Fig. 5. Microbubbles size

1,219

[
)
o

I =

A
o
=
=] =
o @
o

2.5 15-25 25-50

Size (pm)

measurement using Laser Trac particle counter.

Z1Z7 (Electrical sensing zone method)& ©

4713

]_9_'81-
o =

Fig. 6. Indirect Nanobubble measurement using Laser point.
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Fig. 7. Dissolved oxygen measurement (a) DO meter in water tank (b)

DO in injection with Air (b) DO in injection with pure oxygen.

& otk wWebA Fig. 6] 2EER wel o
sl LhoHBe G 1A% WEas] 23%
HIE olgdtel 27 Hmel A% B4 HAY

davt Qi

nfo]AZHES] P4E ERIst= T8
% St 7147 =0l gute SalE] o
= Zolty, H2 A7t oreFgt mho]
WYGAE olgsto] =ollAe 4ta A
H7t  SFETH23, 24, A¥zxAL E
4 5bar, 713 3.3LPM H HAI7F 3
A4 §E2AATF(Flmeiron, Co., Ltd)& &%
At Fig. 79] AatoA] AAE FFT O, Hfo]
AzHWEo] Air nfo|aEHE Hr} §&FH 4ta
FEt 468 SUtoke Ao b 27]9
2520 45mg/L DO SEo|H 244E bjo]
AZHE TR Fedste] ZH3 dat §&
Ayl dhREoe] FEER 40mg/L oAt e R
23T AtAet F719] §EMAFEE A
WA s Fol dASHA fAIEE AS
TG ol dits vNZEE BEA di7]
9 7 4t AAe] SEEHA TSIy
= dgoz waHrt23, 24]

u I
ofo =
ol o E N m

O BN 1% o gz 1 oX

=

S ut
1% oy 1o

4. 2 B

2 AFE vo|a2HE TS E(Terminal
rise velocity) & B7lot7] flof mto|a2HE T
B2 9] 37kA] ARG (Pressure, X)), &
7% (Airflow  rate, Xp), 2FA]ZHOperation
time, X3)& A¥ Ao FHAA 23 o4

2 gok oE AARAS e 124, 224
Sgolztel WEAgel WiE fold ASE

Mr lo &Nt K

X
o,
N
_?L
3R
)
Ho
ral
e
¥
)
lo,
El
fol
i)
oo
ofy
a7

W

o

TNFX XXy I gt AT
(X;xX3)& Ztz} F(Positive) T 2(Negative) 2]
Bz ggrde] J3kE FUtH(p<0.001, p<
0.007). EAHEA(ANOVA)IE Sl folakA] &
< AgdS AR Ak SHdS F50t
ot. Desirability function 7]&2 2-83dto] o}
o|ARHES] FTWIFHEY s FEE
st= A3} =7AE FHoHTh
(Pressure, X)©| 4.5bar, 37]%F(Airflow rate,
Xpol 3.3LPM 18|11 2% AIZH(Operation time,
Xyo] 2284 A9 mpo]lamwES] FUAY
S$4E= 514 cm/min (85.7um/sec)S AATH
ZFUAMLAET L 514 cm/ming Stokes WAl
o5 °F 40m 7|EZ HAAFS IS & AW
particle counterg Faf 7|Z HAH3Z7] 2~5me}
25~50im 227F 7 wokth =S U EO)
THEA QL glolA] ZIHE o]§ste] e
A7) SRIsHTE F719F AtAE mlolaRHE
Ao ARt A ST HASE =
A& ZRlsklrh

=

Hmgrel

aAtel 2

B AT FELFH FELF/EEAATA
ATIAHZ : 18CTAP-C143623-01-000000)2]
A7H] Aoz SamgE
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