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Abstract: The performances of both module sets made by different methods for helical module were compared.
All experiments were conducted simultaneously at the same transmembrane pressure and energy cosumption per
membrane area. The effects of Dean vortices for reducing concentration polarization and fouling were low for the
first module set. The increase of 115% for permeate flux improvement(permeate flux difference x 100/permeate
flux of linear module) was measured. The second module set was more effective in reducing concentration polari-

zation and fouling.
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2. 1. Microfiltration
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3. 1. Module design
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Fig. 1. a) linear microfiltration module, b) helical

microfiltration module.
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Table 1. Specifications of the Microfiltration Membranes and Modules
microfiltration membrane
manufacturer . A/G Technology Corporation Millipore Corporation
membrane material : polysulfone polysulfone
pore size . 0.1/ 0.1/m
max. feed pressure . 35 psig 35 psig
transmembrane pressure ; 25 psig 25 psig
max. temperature; 50°C 50C
pH range : 210 13 2to 13
inner diameter d, 3 mm 0.97 mm
outer diameter dgp : 4 mm 1.52 mm
connecting ports | 1/4” 1/4”
o} Z ut sh}E B Al AT AAHHoR 6 Al Reynolds number, Re =44.4¢]c}.
¥ 7te FHelolny, FHA E set 9 helical & g &% v
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Fig. 3(a). Pure water flux versus transmembrane
pressure for the 1st module set.
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Fig. 3(b). Pure water flux versus transmembrane
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Fig. 4(a). Energy consumption per membrane area
versus feed flow rate for pure water(1st
module set).
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Fig. 4(b). Energy consumption per membrane area
versus feed flow rate for pure water
(2nd module set).
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Fig. 5(a). Axial pressure drop versus feed flow
rate for pure water(1lst module set).
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Fig. 5(b). Axial pressure drop versus feed flow
rate for pure water(2nd module set).

2o S el AYEERT AY oA
227} 94 e @E Rith e UY fas
M FHA LE sets] HRAL YA £} A
M 2F setol Wa 2 AL AT 4+ Aslen
ol FHA EF sete] Aol A nE o
Aol wld 1/3 HEQ BAZ 4HHoE 2 ¢
et ST, 7 HE FAYFE Qs o}

2 Aol ARV dfFolrt.

Fig. 5(a)#} Fig. 5(b)& 7} BF s
AY ZEdA 29 {3 YT o
A RodFoh 22 9 fEkold Y BE
Hhek orutste 5 wfe Ad¥dzerc g4
Fr} 2E %‘:’o“’c} wr%*?fMW —r‘ﬂ“ﬂ EE seto]
#Hrtstst 3 g #AE

zl O w2
=

dwel, A7H 235, 1997

oft

o

=
o
=3

Permeate Flux mproverment, (Jh-JIlJIx100, [%]

o 5 10 15 20 25 30
Time, t (min]

Fig. 6. Permeate flux improvement versus elapsed
time of lst module set at TMP =80kPa, E=

150W/m%
T Qe ol whalAe] 2ty utAelr} Ay| Wi
olt}.
F 7 BE setoll oidhe] e bt o1

4529 TMP3loll ¢} 2242 Fig. 3(a), 3(b)=
e 24 2 Hg TMPe #H9, Fig. 4(a), 4(b) 5
(@), 5()2% 51 xuhsok Gt HEE 7o T
f ket #ek Aol
Ap&-3}od 73 éfﬂ t}. Xé“‘c‘:\?—} %R 52 nanofiltra-
tion HEEe] Hfole g
F 25 TMP2A P
ot

4.2. Yeast Experiments

MF Aol gt T4 d3de yeast broth §H2
AREEte] 7k 2 F seto] ¥z 4”35’ 5159 A%
< ZAsE 7elrh. Yeast broth o A#HEoA
Az YAy 25 25 e gy oyrLn
9} TMPstel 4] a5 ich, #HA, yeast(Fleisch-

mann’s active dry yeast)broth §oo] 2 Helx
Z Azt 4] BEAH T, o]|E o]4sley TMP 2 =
HYr oy SRSt w2 EnAGE vy
= 25CE 2AYFY Yeast 5=
0.2dry wt% 2 1Hsteich.

P ZF seto] iyt ATE Amnw,
tlell A o) dHF AdE ZFel dato] dAHP TMP
(=80kPa)s} @ AT oz LR(=150W/m*)3}
oA X A7tell 2 F3 flux FAH(FH flux FE X
100/4% 2829 5 flux)& Fig. 60l veblisict.

o, 2

B4y



Microfiltration Helical Module-oll 4| Hollow Fiber] Diameterst Curvature 3 Turmn<s2} #sle] a2 Hswisio] 33 dF 91

g6
g
2
3
212
2 a
‘g 10
>
3 8
2
H
X [
i
3
g 4
d 2 Q
0 a8 =
100 410 120 130 140 150 160 170 180

Energy Consumption, E {W/m*2)

Fig. 7. Permeate flux improvement versus energy
consumption of Ist module set at TMP=

100kPa.
50
A

45
= A
o A
E % A
:‘ A A
3 A A
3
w
=
k]
E 35
s
o

[ALinear Module
A Helical Module |
30 .
25
50 70 90 110 130 150

Dean Ratio, D |-]

Fig. 8. Permeate flux versus Dean ratio of 1st
module set at TMP=100kPa.

Z2AZE T8 AngAe & 10%9) £33 flux 34
o] RFE QAT 2 ojF & T flux FAL FH3
TFaste] 2ApA|7bo] 15%0] A3t Folle v oAt
o R flux F4L Bo]z 4ot o]e yeast
broth §-ofe] 3ol o3t 33 2o GaAtef
7} ol ghe}.

Fig. 7& 4dAg TMP(=100kPa)s}ol 4 =+ 2}
Az e] Wslo] @2 F3} flux A4 vehd
deow stdAgd oyzazrh o 170W/md o
11%9 53 flux 848 B2l o] 7 TMP(=

e

120

s A

N ATMP = 70KPa

= . a WTMP = 60 kPa
g A @ TMP = 50 kPa
H {OTMP = 0kPa
2 A
E
LTh
£
3o a
T & -
1S -
I 4
& s a
£
3
2w
@ 35
g 30 4 4
E » -
d LI

15 a

M ° = ="

. 0.% %% & © o °
a 20 40 60 80 100 120 140

Energy Consumptions, E (w/m*2]

Fig. 9. Permeate flux improvement versus energy
consumption of 2nd module set at TMP=
40, 50, 60, 70kPa.

2500
2400
2300
2200 A A8 A A A& A A A A &
2100
2000
1900
1800
1700 7
1600 & Pure Water

1500 o Linear Module
QHelical Module

1300
1200
1100
1000
900
800
700
600
500 o
400 o a a
300 o °

200 o O
100 o ©©°

Permeate Flux, J, [Vm~2hr]

o0
o0

Energy Consumption, E [W/im*2]

Fig. 10. Permeate flux versus energy consumption
of 2nd module set at TMP=70kPa.

80kPa)e} st ded oz 4R (=150W/m?)s}ol
A9 F3 fluxel vis:gh ghe 2o

Fig. 8& A3 TMP(=100kPa)3}ell 4] Dean
number ratio?] Wsle] & E3 fluxE ebigl
o Dean number ratio7} &7}kl wel vpA g
259 £3 flux7} AR E 8l Z71Eo] 2 7
o2 vepydth of4e] Az EXE AW 2F set
9] 7%, YA 3T Eo] Dean vorticesol| & &
% Zdeddds Harde ast og e
o et o2 A 3w Hx & ehly A, 1/2
ol3te} 77 &4, & 2uje] FF o] Ho] Dean
vortices®] AT o FAulgo] glony o|F WLE
< Ay B2E9 F23 AdAcdAge &8 = 9]

Membrane J. Vol. 7, No. 2, 1997



92
500
a
450 e
D Linear Modue, TMP = 40 MPa 1 AA
100 B Helical Module, TMP = 40 MPa A
© Linear Module, TMP = 50 MPa
@ Helical Module, TMP = 50 MPa | i A
350
_ |© Linear Moduie, TMP = 60 MPa | ah A
§ @ Helical Module, TMP = 60 MPa |
£ A Linear Module, TMP =70 MPa A
5 A Helical Module, TMP = 70 MPa A
3 20
Z . a
2 A
£ N
& A A
150 . 2
e o 0.(0“‘ Lo § o°
100 D oa® ©
o0 wanc 0 0
50
0
0 5 10 15 20 % 30
Dean Ratio, D [-}
Fig. 11. Permeate flux versus Dean ratio of 2nd
module set at TMP=40, 50, 60, 70kPa.

Fig. 9= TMPZ 40, 50, 60, 70kPag Z7}4|7
o FRADG YA LR G F3 fluxd] 4
vebd e 2 TMPr} 74845 £3 flux &
AE o]l Frkle A¥E Hylod, TMPr}
70kPastoll A A oz mr} ok 48W/ m Y
o 115% A= 73 flux F2ze 2ot

Fig. 10& 248 TMP(=70kPa)to) 4] =+
AU LR H3te] wd £} fluxE 4@‘%‘_
= st AR A JAdd 2EY
F3 fluxe 5o vl £ 8%, A¥EE &
# fluxe 4% 2= ed 2 AT oA
229 A 4y 2E9 £ fluxe 59 21
AYrE ASe 16% FEIch ol2iy
AdAE TMPeol A T AT o= 427} #AAd
ute} &3} fluxzt F7MgE o F dsdoh

Fig. 11-& Dean number ratio®] ®H3}ld| o2 =
3 fluxg dehfdem & TMP3le| 4 Dean
ratio7} F7hgel| we} YAy e 73 fluxsh A=
79 zo)7} glem FL TMP3}o| 4+ Dean ratio
o F7bel wel YAy F3 fluxst A¥el =8
A FAEAdEE ¢ ¢ ddoh

FHA ZF setd] AFZREH A o 73
fluxes AY2E vl 2 g Bt

Dean vorticesel] 7]2l& F3} fluxe] gAto 2 HE

Lo
=
o
a

_Q_
=

%v "\.:_'

dudql, A/7H A23F, 1997

ol
I

=13
=1

")

=

Dean vortices7} Y48 R Eox e Fr BT
24E A2 AT F Aok
5 & =2
& Q7oA Aol 4dHo
AR AAHeE 64
& Igste AHA ZE sets} A
2 6ls 4RFRAE 2FAE
Ay 25 233
°1§if4
brane pressure®} =
=i},
ARARERY g 2
sich.

¥ 7} o] & 2 transmem-

2
cusold 9

AYA ZF set)

1) dA8% 2AAH=158)F = o
3} flux AL Holz] ¢kotr),
Hol Tl o3 FEEIE
oleh.

2) dA7 TMP3lol| 4 Tt oyztms} o
170W/m*sd o 11%9] F3} flux g Bgorm
A g Eo] Dean vorticesol| &3 B3
S ARLE HaAdle A7} oS & F
ek ol2AM 3w Az Z =R 27, 1/2 ol&te
78, oF 2w FF o] Fo] Dean vortices
o) Azl FHaAEo] glod oF WLEE A
3y 2§

3

Fog AA QRS gAY sl
A Ag TMP(=100kPa)3}e 4 Dean number
ratio7} F7hgel wet Ay 259 £ fluxst A
2Eol vla] F71Ee] E o2 Jehydr).

ool %
o] yeast broth &
Zhe.qdel 71 |4

ok
=4
2=
=]

—

L=
g° )
1o o

)
zL 8. 9.
o a2

= PA

(FA ZE setd

1) 3% TMP(=70kPa)stoll4} =oAL oy
A 2xe) st 2 E3} flux S vebd A
o2 gtmiddt o x]4LRrt F 48W/m'd o 115
% B2 T3 flux P4z 2Ac

2) ¥& TMP(=40, 50kPa)s}el 4= Dean num-
ber ratio7} F7hgtel ozt M F34 fluxrt A
g3 A9 i}olr} glony & TMP(=70kPa)s}el
4+ Dean number ratio®} ZF7}el we} A3 &
3} flux7b Aol s =4 AL & & 9o,

omea

u]-

1O

=



Microfiltration Helical ModuleE-oj 41 Hollow Fiber2] Diameter9} Curvature % Turng:2} #idtel] W& X5#3e 38 o 93

3) AT TMPa oM A oz £27 #
Aol upe} F3} fluxzt F71EE o 4 sl

4) F& #5949 2Fo2NH AAHHE Dean
vortices= AWoizt TAo|4 yeast broth £zt
Z& foulants7} ENE o ¥ FoddAs
AaAA B3 fluxg g 7e o deld 234
g geld = Uit

olatel AEo2HE 271%] HE o2 HHE A
Z = microfiltration®d 25 set ¥ FHA TF set
7} yeast suspensionol] &3t TR} uho @At
o 7hao "4 AAEYE & £ Usich

d A
o] BEe IAATAA AU BUT F

7] #9] Post-Doc. A4 5o dR24 ofq 7
Abe gy

ey
a . inner tube radius[ mm)
d, . outer diameter of the tube[mm]
di . diameter of the rod[mm]
D : Dean number ratio[ - ]

De, De,: Dean number, critical Dean number] -]

E : energy consumption per membrane area
[(W/m?]

J, : volume permeate flux{ #m*- h]

J, : solute flux{g/m?- h]

K : Dean's parameter

L, . permeability[ £/m*« h - kPa]

p > pitch of a helix[mm]

p . initial gas bubble forming pressure[Pa]

P . pressure[ kPa]

r : pore radius[mm |

r . maximum pore size[ mm ]

re > radius of curvature in a helix[mm]

R : rejection| - |

R, . radius of curvature for a coiled tube in
a plane[mm ]

R., R.. : Reynolds number, critical Reynolds num-
ber{ - ]

TMP . transmembrane pressure[ kPa |
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11

: mean azimuthal velocity[m/s]
glola ZX

scurvature of a helixfm™']

‘friction factor for a helical tube{-]
:friction factor for a straight tube[-]
-kinematic viscosity{ m?/s]

sosmotic pressure[ kPa ]

‘torsion[m ']

ssurface tension of the liquid[ N/m?*]
‘contact angle of the liquid on the mem-
brane surface[® |
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