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F L=V ERICIOBRFMOERELIZIFFELIRD I L ZHEB L TWVD,
—F. TERIZBWTOEBESREOEMITFESCNTH DL I ENERTEDS, 1
ETRIZIZAFLUCDBBRAVIAET, /NS RIEEPRLZIZAVIATLIZDICE
— 7 RENT, BOPRENELTWDEEEZOND, L MNEST T 4 —H
BEO ZF LDy 1.0 BBICEHRIBE TR 5 AV AL BrE S o8 L T
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1) N.Harnby, M.F.Edwards, A.W.Nienow : Mixing in the Process Industries,
F I T 28R 4(1989)

2) AW Pacek, I.P.T.Moore, A.W.Nienow : Video technique for measuring
dynamics of liquid-liquid dispersion during phase Inversion, AIChE Jornal,
40(12), 1940-1949(1994)

3) M.Tidhar, J.C.Merchuk, A.N.Sembira, D.Wolf : characteristics of a
motionless mixer for dispersion of immiscible fluids- I .phase inversion of

liquid-liquid systems, Chemical Engineering Science, 41, 457-462(1986)

10



. EHE—# 2. 6K R
. WERG@K) 6. 770y arPaRrlL—%

. ®HAIE

%

% 8. PC

1.1.1  SEBREE

3. RETE 4. BB

RS

11



__®

1.1
2 ATV UEEE)

12



N/

AN
A

<
AT

%
v

/\

\/

A

N
AYA

N

30
A/

v,

AV

ALY
v/

ARERA v =

X 1.1.3

13



=t

Bz

TE

0 1 2 3 4 5

H#Fﬁ'ﬁ t [s]
X 1.1.4 KW\l 2508 IETE S =R
@%}:H#Wl:

(S EFBIERE Bvol%, EEEEH 5.83s7)

14



0.1

0.08

0.06 |

—— R
e
| —a— TR

7T EBFRIATR =R ¢ [-]

X 1.1.56 KWrmizE

®%ﬁ%m
(D EFRIREE bvol%, #

15

2 3
R[] 7 [s]

73 AR AR 79 =

HEERE 4.17s1)



2
IRFRE ¢ [s]

X 1.1.6 FKWmEIZE G EFR SR 40 2R
@%%H%FWI:

(BB E 5vol%, Z[a#ExEk 5.00s7)

16



0.07

0.06

0.05

T 0.04
®

o 0.03

0.02

0.01

——4.171/s
—a—5.00 1/s
—A&— 5.83 1/s
'H-,‘ BB 5y BT ¢,
? l
2 3 5
BFRE ¢ [s]

%

1.1.7 S ORIEFZAL
(T EAHEE 5vol%)

17




-
o

o ® 5vol%
= 8} = 10vol%
NB TE
O
% 6-
R S

]
y ~,
X af \
i
3 1 (] | | ] [
3 4 5 6 7 8 910
BEOEA s
2 1.1.8 taq & E[FIEREL DR

18




X 1.1.9 ZEBRIEE S

19



\)\(

1.1.10

i
#
B

=

R

20



8.02s 8.76s 8 94s

9.49s 9.54s 9.72s ll.Os

X 1.1.11 FMEFEHHROREREAL

21



AF LY OBRNE ¢ [

gi " 8.94s 9.38s

0 \I / |

8 9 10
BFRE ¢ [s]

¥ 1.1.12 RAF VL UEBESERD
PRl

22

11



F1.1.1 FEBRSEMH

T AH A AT HaIK
73 WA AF L
W=

] 600

Y& [g] '

o7 R R EE

[vol%] 2> 10
A g

[s”]

4.17~6.25

23




F1.1.2 FHEERFAF

omassE 7 Y | 145
[ml]

DI ot MRS N BTy
[ml]

BEM MDY TA s
e [g] '

H[AERE n 333
[S-l] .

24



AR TITERIEI b7 7 7 4 —FHAIFEEZ AV TR —RREHFERICE
W TR O o BOR UL OB AL Z 7RI 2 FIEZME L, w2 =& TR
A4nZ &z SHAED 2 BAREL T DR —IZHMT 5ETO

ERYRIBRER JOMYPER S 25 Lz, FEHIRR I VU TOMAEZH/T,

BROBRLZFHRT 2 Z L2k, B LEEICBWTATF L DREHBER
L. BTHEICBO TN S RBEREPAN VD IADBRRZHER T LN TERL, £
TR & > THRADSEHEOSBIRRENRR D Z Lo 72,

EHNOSBURENREICET DR ESEERM Ll OWTER L, L (IR EER
BORE< 20 LELS RN oTe, FTenBHEREZ B S HIZRD fa~
05%3‘%"&&4\ SWNZ Lo T,

W/O—O0/W DFHFERHZIT OV TEHAIZ ATV, BLSRIIKES BT ) g

FUMZA DAL X ST 5 2 L30Tz,

25



28 BRIEH NES S 7 4 — TR A B R R R
BHERINIC B 1) 5 AR EIS % B 5 S BOEE ORE

26



F1E W-BREPEICR T 5 oBukiE

1.1 XLC®IC
R-IRBABIIEERED 2 Beim#E L, —HFOREZEFEE LTH 2 —FH %K
WL THMESEIBRIETH S, AREIBBESCLLEAICHN LR TY
B0, FBEICBNTE S b RAERAEIC R 2 IR EICEETHD, Lk,
RERMDEIZ L - T, &t & oBHESANEDL S MYERSR 25 &2
TEFANMON TN D, ABRRIFECHEREBICE(LEZ LT, 0K
BB OV TIIE L A S ST RN 12,

A TITEREI €S T 7 0 —FHRIFEZ AT, 2MH58E L TV 54k
OB T 5 E CORBER-EREBENOS BB A FEIL, BAO
TREBZRETT D L &I, KMEPLBHEN O EREICE(L T DY RS
DENIREB AR B,

AT TIE, BEEEEIZRIT 2 EFRETORBOBREL LU, REICEE
NS & 20BN RSBERERE Lz, £z, Fhilik Lo THE

FHPRETATEDO T ERE 21T 7=,
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1.2 EFAHOWREICE T 5 T

121 FEBRFOMEST

FIAERSE CTH - Th, EEAENKI & 72 553 8(0il in Water, LLF O/W) & 38
FEFELM AR & 72 5 3 y(Water in Oil, AT W/O) T, WABRImEENRKRE L
ROLZENEZDND, £Z T, TNENDOHEREICE T HEERCEE
DEFHERET D202, O/W & WO IZHE Sl WTrEERfsEE

DFHZAT 272,

122 RBIGER L0

B 2.1.1 ([ EBREEMIE 2R Uiz, HEREIIIEE 85 mm OB 7 2% M
W, Z ORI A FHRIETE O M A EERRICERE 16, BEEEXT
3BGERE LT, HAPRICIIEE SOmm O 6 FBEE/ S FAVEEZA N, K211
FEBREM R Uz, KMITIZA F k%, WEIZIZATF Lz Avniz, %
To. K EMEOERCEEDEZLZ RE S T5720, KEOEXUIREED 0.142
S/m & 722 X WAL VU U L BTN LTz, ARFESY 21T 50 vol%, 2K &1L 500 ml
Th D,

B 2121 NEZ T 7 4 —FHENCAWERRERA v a2k Lz, BEREK

1L 344 THDH, ZTOA Y V2 IEEBEOERSLEEZ AN, EEMHOEHELERE
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LTEHENRTEDL LI ITER LT,

MEPRECENRB SN TV HHEMEGAEICR VLTV END, BRES
EZ&30mmiZ LT, O/WIZ, BFERIZ 60 mm IZ LT, WO oS diz,
REEHIL 200 pm T—ETH D, £z, PRERBIIERER S 55 mm, EEEE

# 190 rpm THRET L7z, BHANIHFE COHRITo T,

123 RBIUEZR

X2.1.3 IZIFFEBICEIT D O/W & WO OBTEEREEE DL ER Lz, O/W
DATECTIE, FEE OREIZ R 722 < £ 0.12 S/m THREL T3, KClKFERD
HDESTIZEEL 0.142 S/m TH DO T, KEFIHFEAIFEL TVWDEZ ENE
KIEEDENGHW TE D, ZHIZH LT, WO OO TIIREHMIZER
BEECENEG o TREDONVFET O3, EFEHATHD AT L UK
ﬁ@@%%?ét@\ BEREEEILIZLEAL 0S/m /2o TIN5,

o, HBREAZHPLICRE L L&, EEEEL 190 rpm TR 2.14 1Z/R L2
£ O REBERLBESFH S, AHRNC O/W & WO DRIDEZ & >Tnd Z
EMD. 2 DOGHMOFRRETHS EEX, BEREEE L EFEHAOBMREER

212D X HIZEE LT,
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1.3 FEEBEBHICZBT 2 EHRETOMADREBORE
1.3.1 EBREER I UG

EREB L D VR HITTFHRBRE LR TH D, BRER S ITHE)S 55 mm
& L7z, EEEREIT 0, 50, 70,90 rpm 725 10 rpm §-2 250 rppm £ T, FHZFIE
zAT o7, FEREEHITOWVWT 3 pEHRE L TEFREBIZR-72L 5% 10

B L7z, £z, Ny I ERAOTRBOBRNZ1T o2, Ny 70T 4 K

[V

Trvnra—7 47 LTERIREEE LTob D& AV,

132 FMRBIUEZ
1321 ANy 7 ERAWRWSES ORE

FREEHICR T 5 10 WEOBEXISEEOFHE & REFEHROREMR LK 2.1.5
R LT, ey MIAREEHICRIT 5 10 DEOEBEKCHEEDFEHEL LT,
Fio, K216 ICEEEBEHICBITL NI 7 —HBER LI, NESTT
A —EBRITFANEMRE Ch LKA, . RIZ fxéa:onﬂms@%ué\ﬁ%
K7D, BREBEEN TR TNEIZ EERLTND, HEBARTIIHEN L5
(CHHAEAS . TEBICKAAAS 2 FEABEL IR CTHFEL CVWD Z E N ER THIEET
ETeH 215 BLOM 2.1.6 b b ZORTFIH D, HETIIERBEEN

IKFEDHD 0.142 S/'m K DD UEWEZ & > TWAR, Z TR TIZI3ik-
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BREPFEL T\, EFE TH DKM EERETH DB L D
B2 TehrbllEZbND, KEREEE(50~100 rpm) T, FEPI R4 IZH
FEDOFIENE L Mo TWVAH Z LK 2.1.5 DERMLEEDELB¥] D, 100 rppm
UETE EERBIOFRMTETIIRB LB B CTHRE TE 28, K 2.1.5
BLOX2.1.6 5, FEETIE 180 rpm F T, LB TIX 200 ipm £ T W/O TH#k
LTWBZ B, £/, FHETIE 180~210 rpm T, LB TiE 200~220 rpm T
FRMRRE L 2V TRULETIIRAICHEEEL TO/WIZoM LTS, T
1% 180 ipm £ THEK 215 OBEREEEDELD  1ZLALKETHS Z & 00
bo TNULEOBEEE CIIK 216 D bES T 7 4 —RTHEBRRELND X
T, O/WIZHE L TWVD Z L3 5

X 2.1.5 B L O 2.1.6 DFERMNE, HAOSBIBRRIIN 2.1.7 DX 51272 ->T
WHEHESND, EERITMABIZKBEAAVAAT, £ WO IZmE L,
BRI T HIZ DL CTHEPRAEZ IR T O/W (TR T 5, FEXIZAI D W/O I
SRL. BB EFRRICEREEIZE bo THEENSEZ D, O/W 248t 2,
Fo, TERIVEEERER TIIAKENTLE > TWAHRET, EREEKOHEMIZ L

B 7o THFEN AV AL TE T O/W IZHET 5,
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1322 RNy I7AERWEGEORE

Ny T NVERWEHEOEREERKICBIT 5 10 PROBERCEEDOFHE L
REEHOBEREYRK 2.1.8 1R Lz, FBIIREEEZOMMCE beo T,
(AT A D IAT, BB LS8 BR CHRRB TE 22, R b EREHIC
Bbod, WOIZHBL TSI LD, TS EERFR, WO IZHEBLT
W5, TRIZEEEHEOEINIZLE b2Ro> T, BREEENMRLIZTR > TS
TWAZEMND, BREHEEL180 rpm LLE) TIXFHIREDO X 512 W/O & O/W
DD HNTNDREEIZZR > TNDZ EMRHD, Ny TNVERNWDZ &IZE-T,

EEEEHICBVTS WO IZHET 52 L3,
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1.4 MEPEHRROZEB OB
141 ZERFERIOEE

EBREBLR D CICRHFETHRF L AR TH L, BRES SITEELY 55 mm
LT, BEERIIZ 77 a V=R —22AVTH 219 0L 5 IZERE
L. MEHREEZMZ D Z &I &> CTEEEHIRIFIZIEINT 5 X 512l
L7z, BREEEOEMEE L 1.0 pm/s & 0.016 rpm/s & LB ZFTo 72, F

BIIFERTORITo T,

142 FRBIUEE

BJ2.1.10 IZFERIZIIT AEHAIORER Z R Lz, 1.0 rpm/s 13 1 MREIDOEEEE 7
oy R, 0.016 rpmy/s 1% 60 MHEIOFEHEZ 7' m v M T, BEIOHFHEZ =T —
— TR L7z, G, 1.0 rpm/s TiX 240 rpm T, 0.016 rpm/s TiX 215 rpm T
OWIZHBLTZZ ENHERTE 5, O/WIZET AREREEHOEIT, EEELLO
BEIMEEDOEWNC L 2BENRENORELEZND P, 1.0 ipm/s TiX
195~240 rpm T, 0.016 rpm/s TlX 184~214 rpm THREPREEIZ /2> TV B Z & M3k
BTED, 20T Lnb, BREBHOEMEEIZLS T, TRRENEFETD
T EWHoT, Fo, 0016 rpm/s DT T — =5 FREMREEIZB VT HEE

EHOMEMNT 21T, 60 BHOEBHHEIRL ICEVERICEEDEEZ LD Z
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LYo T,
FRPRREDFI & LT, HEINEE 1.0 rpm/s O & & D 214 rpm (281F 5 35 HE D
NEZZ7 4 —EBEX2111IR LT, RS S HREMRECIE O/W & W/O

DL ANEDLSTWD Z LA B,

34



<BB I >

1) A.W Pacek, I.P.T.Moore, A.W.Nienow: Video technique for measuring dynamics of
liquid-liquid dispersion during phase Inversion, AIChE Jornal, 40(12),
1940-1949(1994)

2) M.Tidhar, J.C.Merchuk, A.N.Sembira, D.Wolf: characteristics of a motionless mixer
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ABSTRACT

The liquid-liquid dispersion phenomena, including phase separation and phase inversion, in a stirred
vessel are very complicated and crucial to suspension polymerization, as well as to emulsion
polymerization. Many studies of these phenomena have been reported, but the visualization methods
usually used, such as sampling or single point measurements, are unsatisfactory, and the
understanding of these phenomena has been inadequate. On the other hand, the electrical resistance
tomography technique makes it possible to obtain abundant information on multiphase phenomena in
a stirred vessel in a non-intrusive and cross-sectional way. The electrical resistance tomography
technique was, therefore, applied to a stirred vessel to observe the dispersion of a liquid into another
immiscible liquid system. Firstly, the relation between the oil droplet dispersion process and the
operating conditions of the mixing in a styrene-water system in a stirred vessel was investigated fo
obtain the equation regarding the stable dispersion time. Subsequently, a phase inversion
phenomenon was observed in the styrene-water system in a stirred vessel using electrical resistance
tomography. It was found that the phase inversion phenomenon occurred over a very short time and
that the phenomenon proceeded in such a way that the volumetric fraction of the water phase became
larger in the vicinity of the vessel wall, and then, the water phase entered into the center of the vessel.

Keywords Dispersion State, Phase Inversion, Ligquid-Liquid Systems, Stirred Vessel, Electric
Resistance Tomography

1 INTRODUCTION

The liquid-liquid dispersion phenomena, including phase separation and phase inversion, in a stirred
vessel are very complicated and are very crucial to suspension polymerization, as well as to emulsion
polymerization. Many studies of these phenomena have been reported (Tidhar et al., 1986; Pacek et
al., 1994; Liu et al.,, 2005; Hu et al., 2005) but the visualization methods usually used, such as
sampling or single point measurements, were unsatisfactory, and the understanding of these
phenomena has been inadequate. On the other hand, the electrical resistance tomography technique
makes it possible to obtain abundant information on multiphase phenomena in a stirred vessel in a
non-intrusive and cross-sectional way (Mann and Wang, 1997; Holden et al., 1998; Kaminoyama et al.,
2005). Electrical resistance tomography was, therefore, applied to a stirred vessel to observe the
dispersion of a liquid into another immiscible liquid system. Firstly, the relation between the oil droplet
dispersion process and the operating conditions of the mixing in a styrene-water system in a stirred
vessel was investigated. Subsequently, a phase inversion phenomenon was observed in the styrene-
water system in a stirred vessel using electrical resistance tomography.

2 MEASUREMENT PRINCIPLE

Figure 1 shows the schematic diagram of the cross section for the measurements in a stirred vessel.
Sixteen electrodes were set at equal intervals along the inner vessel wall. Firstly, the voltage was
measured between the electrodes in the horizontal cross section. The adjacent method was adopted,
i.e., sending a constant electrical current through a pair of adjacent electrodes, for the voltage
measurement. The measurement number repeated was, therefore, 104, from the equation, n. (ne—
3)/2, where n, is the number of electrodes, i.e., 16 in this study. The backprojection method, which
uses a sensitivity matrix, S(e, n) (Kaminoyama et al., 2005), was adopted. The percentage change in
resistivity distribution in the section, P(e), corresponding to the dispersion state of the oil phase was
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graphically reconstructed, with S(e, n) mentioned above and the boundary conditions based on the
voltages measured, V(n)meas. After that, the resistivity at each element in the horizontal cross section
was calculated based on the result of P(e). The obtained resistivities were converted into the fractions
of the dispersed oil phase based on the calibration curve prepared beforehand.
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Figure 1: Schematic diagram of cross section for measurement

3 OIL DROPLET DISPERSION PROCESS

3.1 Experimental Apparatus and Operating Conditions

Figure 2 shows a schematic diagram of experimental apparatus. A glass vessel with a flat bottom, with
a diameter of 85 mm and a total volume of 600 ml, was used. It was fitted with a stainless steel, 6-
blade, paddle impeller, 50 mm in diameter, installed in the center of the liquid height; 4 baffle plates;
and 3 stages of stainless steel electrodes, from the vessel bottom to the liguid surface. Each stage
comprised 16 electrodes at equal intervals along the inner vessel wall in order to obtain a horizontal
tomography image. Table 1 shows the experimental conditions in this study. The liquids used were
deionized water, as the continuous phase, and styrene, as the dispersed oil phase. Potassium chloride,
KCI, was injected in order to magnify the difference in electrical conductivity between the stirred liquids.
The measurements were made at about 5.0 sec after the start of the stirring. The operating conditions,
i.e., the rotational speed of the impeller, n, and total fraction of dispersion ail, ¢r, were varied.

Continuous Phase Deionized water
Dispersed Phase Styrene
Total Volume
(] 600
Conductive KClI
Agent (o] 0.43
] Total Fraction of Dispersion oil @1
: . [vol%] %o 1l
1: motor 2: 6-blade paddle impeller 3: tank Rowtional Speed of impelier 7 P
4: electrode (16 per a plane) 5: baffle '] : ‘
6: function generator 7: circuit 8: PC
Fig. 2 Schematic diagram of experimental apparatus Table 1: Experimental conditions for

dispersion process
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3.2 Results and Discussion

Figure 3 shows the dynamic changes in the volumetric fraction of the dispersed oil phase, ¢, and the
tomography images (tomograms) at each measuring cross section, upper; centre; and lower stage, at
n =5.83s" and @:=5vol%. The blue color in the tomograms indicates pure water, and the change from
green color to red corresponds to an increase in the fraction of styrene. It was found that the
volumetric oil phase fractions of each stage converged to a certain constant value, nearly equal to the
total fraction of dispersion oil, ¢r. There were some peaks in the dynamic changes at the upper and
the centre stage, corresponding to the vertical circulation of the styrene phase. It was ascertained,
using tracer particles, that the time intervals between the adjacent peaks were nearly equal to the
experimental values of the circulation time. On the other hand, the dynamic change of ¢ at the lower
stage was rather small. This is attributable to the observation that the small oil droplets entered the
stage gradually. The tomograms in the figure demonstrate two other observations, that the styrene
entered from the upper to the center stage at 1.0 sec after the start of stirring and that the styrene
dispersed throughout the vessel. Figure 4 shows the dynamic changes of the volumetric fraction of the
dispersed oil phase, @, at each stage atn = 4.17s”, slower than that in Figure 3. The value of @ at the
upper stage was higher than the values of ¢ at the other two stages, and the values of ¢ at the three
stages did not converge to a certain constant value at the impeller rotational speed.

volume fraction of the dispersed oil phase, ¢ [-]
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Figure 3: Dynamic changes of volumetric fraction of the dispersed oil phase, ¢, and the
tomography images (n = 5.83s™, @r=5vol%)
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Figure 4: Dynamic changes of volumetric fraction of the dispersed oil phase, ¢, and the
tomography images (n = 4.17s™, gr=5vol%)
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The following total dispersion index, ¢*, to evaluate the dispersion state throughout the vessel was,
therefore defined:
» 1
@ =§;lq’j'(ﬁxl (1
I

The points, j and k, indicate any two of the upper, centre and lower stages, and summations were
made for all combinations. The smaller the value of ¢* the better the dispersion state throughout the
vessel. Figure 5 shows the dynamic change of ¢* at each impeller rotational speed, n, at the total
fraction of styrene, @, = 5.0 vol%. The dispersion state throughout the vessel improved as the value
of n increased. The three ¢*'s each converged to certain, respective constant values as the stirring
time elapsed. The stable dispersion time, fs4, was defined as the time when ¢* reached the minimum
value, because the dispersion state of the oil droplets remained stable after that time. Figure 6 shows
the relation between t,y and n. The higher n was, the smaller sy was. This relationship can be
expressed by a single line regardless of the total dispersion fraction, @T, as follows:

by =061 (2)

This relationship could be useful for unsteady operation while controlling a polymerization reaction.
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Figure 5: Dynamic change of total dispersion index, Figure 6: Relation between the stable dispersion
@* (pr = 5.0 vol%) time, t.4,and rotational impeller speed, n

4 PHASE INVERSION PHENOMENON
4.1 Experimental Apparatus and Operating Conditions

Table 2 shows the experimental conditions. A glass vessel with a flat bottom, with a diameter of 85
mm and a total volume of 600 ml, was used. It was fitted with a stainless steel, 6-blade, paddle
impeller, 50 mm in diameter; no baffle plates; and 1 stage of stainless steel electrodes at the center of
the vessel. The rotational impeller speed, n, was set at 3.33s”. Generally speaking, a liquid layer with
a small volumetric ratio to the total is apt to be in a dispersed phase, while a liquid layer in which the
stirring impeller is installed at the start of the stirring is apt to be in a continuous phase. In this study,
firstly, the initial state, Water (dispersion phase)/Qil (continuous phase) system, was set up by starting
the stirring with the impeller installed in the styrene layer at the upper part of the vessel. After that, a
phase inversion, (Water/Oil) to (Oil/\Water), was generated by moving the impeller to the center of the
vessel, and the phase inversion phenomenon was measured using the electrical resistance
tomography method.
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Initial Dispersed Phase S‘E’rﬁ]"e 145
Initial Continuous Phase Delonl[znt?'ﬁ WERr|  agy
Conductive KClI
0.25
Agent [g]
Rotational Speed of impeller n
et 3.33

Table 2 Experimental conditions for phase inversion phenomenon
4.2 Results and Discussion

Figure 7 shows the tomograms that demonstrate the phase inversion phenomenon. When the
continuous phase is styrene, the tomograms are displayed in red color, because the electrical
conductivity of the styrene is extremely low, while when the continuous phase changes to water, the
color of the tomograms turns to green, because the electrical conductivity becomes higher. Figure 8
shows the dynamic change of the volumetric fraction of the styrene 8.0 to 11.0 sec after the start of the
stirring. It was found from Figures 7 and 8 that the phase inversion phenomenon occurred over a very
short time, 0.44 sec (from 8.94 to 9.38 sec) and that the phenomenon proceeded in such a way that
the volumetric fraction of the water phase became larger in the vicinity of the vessel wall, and then, the
water phase entered into the center of the vessel.
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Figure 7: Tomography images in phase inversion Figure 8: Dynamic change of the volumetric fraction of the
phenomenon styrene (8.0 to 11.0 sec after the start of stirring)

5 CONCLUSION

The electrical tomography technique was applied to a stirred vessel to observe the dispersion of a
liquid into another immiscible liquid system.

Firstly, the relation between the liquid dispersion process and the operating conditions of the mixing in
a styrene-water system in a stirred vessel was investigated to obtain the equation regarding the stable
dispersion time as follows:

&, =106 (2)

Subsequently, a phase inversion phenomenon was observed in the styrene-water system in a stirred
vessel using electrical resistance tomography. It was found that the phase inversion phenomenon
occurred over a very short time and that the phenomenon proceeded in such a way that the volumetric
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fraction of the water phase became larger in the Vicinity of the vessel wall, and then, the water phase
entered into the center of the vessel.
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ABSTRACT

The power consumption is important in evaluating mass transfer coefficients, k.a, in an aerated stirred
vessel, and many correlation equations of the ratio of power with aeration to that without aeration,
Py/P,, have been proposed. However, they cannot cover a wide range, from a loading to a flooding
state, because they are based on macroscopic physical variables throughout the vessel, and because
Py/P,doesn’t decrease monotonically with an increase in the rotational speed of the stirring impeller,
n. This last issue may be attributable to the gas hold-up behind the impellers. On the other hand, the
electrical resistance tomography technique makes it possible to grasp localized information in a stirred
vessel. The tomography technique was, therefore, applied to an aerated stirred vessel, having a
diameter of 0.2m and fitted with a Rushton turbine impeller. The distributions of gas hold-up were
obtained for 5 horizontal planes in the vessel under various conditions of rotational speed of the
stirring impeller, n, and gas flow rate, Qq. It was found that the gas hold-ups around the impeller were
much larger than those out of the region, even in a loading state.

In observing the void fractions around the impeller in the region swept by the impeller, ¢;m,, based on
the tomography measurements, it was found that the total void fractions in the stirred vessel increased
monotonically with an increase in n, regardless of being in a flooding or a loading state, while Qimp
varied complicatedly, in particular, in the loading state. Based on observations using pure water and
aqueous solutions of 40, 60 and 80 wt.% of glycerin, the following correlation equation was proposed
for PP, from a flooding to a loading state, using @me and including viscosity variation: Py/P, =
0.21¢imy ***. Further, equations were obtained with which it was possible to estimate k.a accurately
under various conditions, based on the tomography measurements of @jmp.

Keywords Aerated Stirred Vessel, Power Consumption Correlation, Void Fraction, Electrical
Resistance Tomography

1 INTRODUCTION

Stirring with aeration is often used in aerobic cultivation processes and wastewater treatment
processes. The improvement and control of a mass transfer in the gas-liquid system are required in
these processes. Power consumption is important in evaluating mass transfer coefficients, k.a, in an
aerated stirred vessel, and many correlation equations of the ratio of power with aeration to that
without aeration, Py/Fo, have been proposed (Nienow et al., 1985; Warmoeskerken and Smith, 1985;
Tatterson et al., 1987; Tatterson, 1991; Paglianti, 2001). However, they cannot cover a wide range,
from a loading to a flooding state, because they are based on macroscopic physical variables
throughout the vessel and because Fy/F, doesn't decrease monotonically with an increase in the
rotational speed of the stirring impeller, n. This last issue may be attributable to the gas hold-up behind
the impellers. On the other hand, the electrical resistance tomography technique makes it possible to
grasp localized information in a stirred vessel (Man and Wang, 1997, Holden et al.,, 1998;
Kaminoyama et al., 2005). The tomography technique was, therefore, applied to an aerated stirred
vessel, having a diameter of 0.2m and fitted with a Rushton turbine impeller, and the distributions of
gas hold-up were obtained for 5 horizontal planes in the vessel under various conditions of rotational
speed of the stirring impeller, n, and gas flow rate, Q,. Based on observations using pure water and
aqueous solutions of 40, 60 and 80 wt.% of glycerin, a correlation equation was established for Py/Py,
from a flooding to a loading state, using the void fractions around the impeller, ¢, and including
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viscosity variation. Further, equations were obtained with which it was possible to estimate k a
accurately under various conditions, based on the tomography measurements of Qinp.

2 PRINCIPLE AND METHOD OF MEASUREMENT

2.1 Measurement Principle of Electrical Resistance Tomography

Figure 1 shows the schematic diagram of a cross section for the measurements in a stirred vessel.
Sixteen electrodes were set at equal intervals along the inner vessel wall. Firstly, the voltage was
measured between the electrodes in the horizontal cross section. The adjacent method was adopted,
i.e., sending a constant electrical current through a pair of adjacent electrodes, for the voltage
measurement. The measurement number repeated was, therefore, 104, from the equation, n. (ne—
3)/2, where n, is the number of electrodes, i.e., 16 in this study. The backprojection method, which
uses a sensitivity matrix, S(e, n) (Kaminoyama et al., 2005), was adopted. The percentage change in
resistivity distribution in the section, P(e), corresponding to the dispersion state of the gas bubbles,
was graphically reconstructed, with S(e, n) mentioned above and the boundary conditions based on
the voltages measured, V(N)meas. After that, the resistivity at each element in the horizontal cross
section was calculated based on the result of P(e). The obtained resistivities were converted into the
void fractions based on the calibration curve prepared beforehand.

equipotential lines

------ current stream lines

N ~ g
~ r\r?eta ele::fr"r e

(diameter 200mm)
10 16:electrode position

Figure 1: Schematic diagram of cross section for measurement
2.2 Measurement Method and Experimental Apparatus

Figure 2 shows a schematic diagram of the experimental apparatus. An acrylic resin vessel with a flat
bottom, with a diameter of 200 mm and a total volume of 6200 ml, was used. It was fitted with a
stainless steel, 6-blade, Rushton-turbine impeller, 100 mm in diameter; 4 baffle plates; and 5 stages of
stainless steel electrodes, from the vessel bottom to the liquid surface. Each stage comprised 16
electrodes at equal intervals along the inner vessel wall in order to obtain a horizontal tomography
image. The images in a vertical cross section were obtained from the three-dimensional images
constructed using the 5 horizontal tomography images. Air was supplied, by a compressor, through a
flow meter, from a nozzle with a single hole, for the study of the low viscosity liquid, and from a ring
sparger with multiple holes, for the study of the high viscosity liquids. Table 1 shows the experimental
conditions in this study. The liquids used were deionized water and aqueous solutions of 40, 60 and
80 wt% of glycerin in order to investigate the effects of liquid viscosity on the dispersion states of gas
bubbles in a vessel. Potassium chloride, KCI, was injected in order to magnify the difference in
electrical conductivity between the stirred liquids and gas bubbles. The amounts of KCI injected were
such that the initial electrical conductivity was the same for each liquid study. The operating conditions,
i.e., the rotational speed of an impeller, n, and injection gas flow rate, Qq, were varied.
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[I [©] 1 Table 1: Experimental conditions
L_j
= Water
5 Liquids Aqueous Solution of 40wt% of Glycer!n
____________ Aqueous Solution of 60wt% of Glycerin
]__.O_O-_ 9_8.,-_1 Agueous Solution of 80wt% of Glycerin
-0 0- f- 522~ Conductive KCI
g‘_:zz}_‘_: :::f’.@:‘% pgent | il e
ie] iscosity u [Pa 3 2
©
]OEC:a—éE . (293K) 1.0x10°[16.2x10
0000 0
J-_.O:‘Q_-—'ﬁ—. i Gas Flow Rate Q4 [m¥s] 8.3x10°°01.8x10™
______________ 0
. 8 . Superficial Gas Velocity u, [m/s] | 2.6x10°05.7x10
1: motor 2: 6-flat disk turbine 3: tank ) 3 e
4: electrode(16 per a plane) 5: baffle Rotational Speed of Impeller n [s] -BLIES

6: function generator 7: circuit 8: PC
9: flow meter 10: compressor

Figure 2: Schematic diagram of experimental apparatus

3 RESULTS AND DISCUSSION

3.1 Study of a Low Viscosity Liquid with a Nozzle Having a Single Hole
3.1.1 Distribution of Void Fraction

Figure 3 shows the distributions of void fraction and tomography images (tomograms) on both the
horizontal and vertical planes for the water at each impeller rotational speed, n. The injection flow rate
of gas, Qq, was 1.17x10*m%s. The blue color in the tomograms indicates the low void fraction, and the
change from green color to red corresponds to an increase in the void fraction. The void fractions at
each measuring section increased with an increase in n. The values around the impeller were higher
than those at either, the upper or lower part of the vessel. The horizontal tomograms show that the
average void fractions in the vicinity of the impeller and the lower part of the vessel increased with an
increase in n and that the void fraction was localized in the center of the vessel. The vertical
tomograms show that the void fractions were particularly higher around the impeller.

liquid height, H [

e —=-001/s vertical tomography image
4101 -
-e-201/s
0.16 —4-301/s
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|~ 501s
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acs | /’ ‘ horizontal tomography image fraction
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Figure 3: Distributions of void fraction and tomograms for water
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3.1.2 Power Consumption Ratio

Figures 4 and 5 show the change in the total void fraction of the whole vessel and the void fraction
around the impeller with varying rotational impeller speed at each injection gas flow rate, Q,,
respectively. The void fraction around the impeller, @, Was defined as the average of the values of
the elements within the region swept by the impeller. The figures show that both, the total void fraction
of the whole vessel, @1, and the void fraction around the impeller, @mp, increased with an increase in
Q. While the total void fractions of the whole vessel, ¢r, increased monotonically with an increase in
the impeller rotational speed, regardless of being in a flooding state, aeration dominant field, or in a
loading state, agitation dominant field, the void fractions around the impeller, @iy, increased
complicatedly, depending on being in a flooding or a loading state, in particular, in the loading state.

Figure 6 shows the change in the power consumption ratio, P4/Pg, with varying n. Py/P,; decreases
with an increase in Qg and changes differently in the flooding and loading states. This tendency had a
negative correlation with the void fraction around the impeller shown in Figure 6. Figure 7 shows the
relation between the power consumption ratio, P¢/Po, and the void fraction around the impeller, @imp.
This relation can be represented by a single straight line, regardless of the conditions of the gas flow
rates and the dispersion states.

3.2 Study of a High Viscosity Liquids with a Ring Sparger having Multiple Holes
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3.2.1 Distribution of Void Fraction

Figure 8 shows tomograms on both the horizontal and vertical planes, indicating the effects of liquid
viscosity on the dispersion states of gas distribution. The injection flow rate of gas was 1.17x10*m?/s.
The void fractions at both, the upper and lower parts of the vessel, decreased with an increase in the
liquid viscosity. The values of the void fraction distributions were high around the impeller, regardless
of the viscosity, and were localized in the center at the upper part of the vessel. The void fractions at
each measuring section increased with an increase in n and were particularly higher around the
impeller at a high rotational impeller speed. Figure 9 shows the relation between the void fraction
around the impeller, @mp, and the rotational impeller speed, n, at various viscosities. The injection flow
rate of gas, Qg, was 1.17x10™m’/s. The fraction around the impeller increased with an increase in the
liquid viscosity. The total void fractions increased monotonically with an increase in the impeller
rotational speed, while the void fractions around the impeller increased differently at the flooding
dispersion state, aeration dominant field, and at the loading state, agitation dominant field.
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3.2.2 Power Consumption Correlation

Figure 10 shows the effects of viscosity on the power consumption ratio, Py/Py. P¢/Py decreased with
an increase in liquid viscosity and decreased differently at the flooding or loading state. This tendency
had a negative correlation with the void fraction around the impeller shown in Figure 9. Figure 11
shows the relation between the void fraction around the impeller, @imp, @and power consumption ratio,
P4/Po. This relation can be represented by a single straight line regardless of the conditions of the
liquid viscosity, the injection gas flow rate, the dispersion state and the aeration device. The following
correlation equation regarding power consumption ratio was obtained:

PylPo = 0.21¢my % (0.01 < @imp< 0.1) (1)
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Figure 10: Effects of liquid viscosity on power consumption ratio
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3.2.3 Measurement and Estimate Calculation of Mass Transfer Coefficients, k a

The mass transfer coefficients, k.a, were calculated using equation (1), obtained above, and the
conventional estimating equations for k .a (Sato et al., 1991) shown in equations (2) and (3).

kia = v { Pay ( §PavtPyy )} °° (2)
Pav=p g Ug (3)

Here, £ is 1/3 and the value of y was determined by fitting parameters for each liquid, and the power
consumption of impeller per unit liquid volume, Pg, (= Py/V), was calculated using equation (1). Pay
was the power consumption of aeration per unit liquid volume. p, g and uy were the density of liquid,
the gravity and the superficial velocity of gas, respectively. Figure 12 shows the relation between the
power consumption and the k a. The real lines in the figure show the calculated results, which indicate
a very good agreement with the experimental results. The relation equation between y and liquid
viscosity, 1, was obtained as follows:

y=3.0x10°y " (4)

It was possible to estimate ki a accurately under various conditions using equations 1-4, based on the
tomography measurements of @jnp.

0.06

& water

laqtﬂasgmmgffoggmﬁn
| 4 agqueous solution of 60w% of glycerin

0-05 T & aqueous solution of 80w of glycerin|

0.04

0.03

0.02

0.01

mass transfer coefficients, kLa [5'1]

0 2 4 6 8 10 12
power consurption, Fg [V

Figure 12: Relation between power consumption and mass transfer coefficients

4 CONCLUSION

The tomography technique was applied to an aerated stirred vessel, having a diameter of 0.2 m and
fitted with a Rushton turbine impeller, and the distributions of gas hold-up were obtained for 5
horizontal planes in the vessel under various conditions of rotational speed of the stirring impeller, n,
and gas flow rate, Q. It was found that the gas hold-ups around the impeller were much larger than
those outside of that region, even in a loading state.

In observing the void fractions around the impeller in the region swept by the impeller, @i, based on
the tomography measurements, it was found that the total void fractions in the stirred vessel increased
monotonically with an increase in n, regardless of being in a flooding or a loading state, while @
varied complicatedly, in particular, in the loading state. Based on observations using pure water and
aqueous solutions of 40, 60 and 80 wt.% of glycerin, the following correlation equation was proposed
for Py/Po, from a flooding to a loading state, using @ime and including viscosity variation:
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Py/Po=0.21@my **. (5)

Further, equations were obtained with which it was possible to estimate k a accurately under various
conditions, based on the tomography measurements of @im.
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