55 s WS TIESFIR % 14% % 289 2020% 2 A

Eco-Environmental Chinese Journal of Vol. 14, No.2  Feb. 2020
Knowledge Web Environmental Engineering
@ http://www.cjee.ac.cn E-mail: cjee@rcees.ac.cn S (010) 62941074
s, XEER: KiITERE
sl DOI 10.12030/j.cjee.201904076 SIS X703 SCRRFRRTS A

il /%, SONNENBURG Alexander, URBAN Wilhelm. MBR P-4 [l H1 332 2l (¥ 7K 3 ¢ AiF (1 B 43 BT[], P88 TRE 2%
I, 2020, 14(2): 414-422.
CAO Yingchen, SONNENBURG Alexander, URBAN Wilhelm. Numerical analysis of hydrodynamic characteristics induced by

bubble movements in flat sheet membrane[J]. Chinese Journal of Environmental Engineering, 2020, 14(2): 414-422.

MBR VAR i v 4038 31 7K ) AT 0 B 43
# i 2!, SONNENBURG Alexander’, URBAN Wilhelm"”

1 SR AR 35 R Tk K% IWAR WFSE T, b it 5 45 64287
2. TWW ZKAF 58 Pl S 1 -8 TS BT, L DL 30y i 1 64584

B—VEE: WllR(1990—), %, WEFRA, B FARBE A EEE . E-mail: y.cao@iwar.tu-darmstadt.de
SHE{EVE#A . URBAN Wilhelm(1957—), 3, 1+, #d%., W5 /KAEPE, E-mail: w.urban@iwar.tu-darmstadt.de

WO TS YR Y RN AN R G AE TS K A K A BN b e BB — EEXE I — R, Gl TR R
1 3h J1% (CFD) fif ELALHL, DF5T T B S03 LA I S0 A 8 AR IS () K T 2 R A, A0 958 =076 3ok B 0 2 1 B 1)
Ny 8, LR BIEA B AR J L AR FIAS AT 45 B . BELES SRRH, XM FRASOAM T, AR W
Bom, S L E RS BRI IM A S, ARWEARN 4mm A, AR R RME, ME A BERE N
BEOM R W BEAL . deAh, X FEAR 4 mmiy R, BEE BRI A, S LA R EHE RIS E R,
BT VIR S 2T . HRASLIRE 1T b i 2 m 8, S PR AP 7 mm R RE, DI
MR R BT YN 7 o A HEABLZE R R T, YR WA T s B K, A RRCAE T A A 85 ) 1 )
AHY o T YRR A A TR N, R AE R BT U 7 B R DL RS G AL ET O AR ) S N A T B
BITRES%

KPR CFD ML, SFAREE; By5Yy; BYUIS; S KR

JEAE ) S % (MBR) J2 25 5 8 G AT PET5 Je T2 5 B U8 T 2 M5 K b B o6 . S1EGERTE
PEIGIRIEAR L, MBR HARZAEHY, R B4 . 35 i)™ ARG . S AUNE . W
e, MR UE T ZE T N TR U A Tl U, SR T MBR TP AL R 2 AR, HOK T ARE
HELLIE 1 520 A5 2 580 BB ST o TSR TR S F1 24 (CFD) S AE 3 KA AR A TR, fiEgk
BUREA> MBR ¥ . IRE ST U 1 0 A S5 5, NI iscit MBR 2 LRS-

BT BE, AW S IO A fi R R a5 e T P RS e 17 2R B9 s AT AR B TR BRI R TS e Y
FRIEp, BT 2R RN AR ITEZ — . MBR R4 PR T 2 g i <l 3™
HEBTOIN Ty, AT BRI AR R R A TS o R R URE, REEA SRR R, WA S SN
JR A HLARCAR IR B i BEAE o 72 R MBR T5K ), BEFE S HE R 215 Sz B S0 Y 60%. B T2
AU REFE 730 29 5 MBR & BE IR 7 5K Y 60961 F1-F- Al 5 41 1 6 BE IR A5 5K A4 80% . IRk, DAk~ B Ji
L JLATARAE DL K B U 2038 47 45 PFRE A B0 1 MBR R SEHY S REFE

RAEWFFERM], B2 5T VIR ) 2 A i B8 PERE A G HE 2 82 — . LEBERRE 451 75 17 40

I BHEA: 2019-04-12; FRABEHA: 2019-10-10


mailto:y.cao@iwar.tu-darmstadt.de
mailto:y.cao@iwar.tu-darmstadt.de

%2 ERAE . MBRV-AREH GBS K TTRHIE I EUE S B 415

5 v AR T e G5 FH RS TR B U 1 g ok i A T RS G AR B s . Be)E, BEa E R rh o AR
FEE T 55 DN 7 5 BT B4 i) 22 ) 9 G Rl ) S 0 S AU A IS B T s iR P, WRAY B R
TS G S AE TN 5 YN 7 A B0 AR T R 8T )N 1 A L. CHAN 48P & LT 87 U
TR RN . R i ] S R0 e 2 s i By Y o T A Sk SEBIFSE R B, B U1 ) 2 Al ok S ot g
RE MY RAFE AR, JF HAm % 8 5y U8 J) o] ABS IS s @ il i . SR, A B 5 Q3 R iz 3
A BT YD 7 DL K B ST A B A A rh AR I SR AR RSE U B, AU DB ST i TP A B
PR SRS R A By YR Jy, i BN 4 AN A R . Horp DUCOM 4610 5 SCTT 3 2o 9 AH 3t 45 38 3
e S e S R DA Dl e A s o - S 4 R e el = o € O £ e Y ol N LR DA X2
THESR R AR AL IR BN, SRR BB AN, AT G SE B A e i S AR 2 A

N TR R G DR R 2R, HAT, O A TR0 R XTI 2R G 0 WA 2R AT
TS DL RCBAE ST i R X SR R NI A R B P AH G, K R LT AL 55 U1 T AR N
()45 S SME S B0 DL SE 30 F Bk i, BRIk, 280 & R T 15 ik 712 (CFD) J5 ik it 17 iF
5% . NDINISA ZEMV i iR 1 95 18 37 A B8 v i) A AR i e ik, RIS, 3l S R R A ) E . RS
BUR KK ANEFE N B ZFOK 1% S50, BN T % 18I SR BT Y i A0 e A R AR IR Ak . AR,
FEIX S 5C T RIS s BUEF 5 T, 280235 R FH BR L -RiChs J5 75 R A3 MBR 1 (9 S0 I o 3K il
JrE SO BA e AR ki, B, HASIE | B G O S5 AR B B9 4R ] TGV 7 TR TE
Wo MFXFFERZ IR N, SEOTE WA 550 10T G831 A HER, mifE k5 —
Pl Z2 A A T B, AR FR (VOF) 7 vE nl LU B B AN S s sh AR T . R Z 80k 58 R H
VOF J7 ¥ 1) MBR 535 02 7E — 4 CY sl AR 5 /NG = 4ERBE RN cp b7 1%, ] B S5 BRI 45 SR 5 50 b
S5 M 22 FL L . PRIESKE 482 B0 1 i i v B~ v iy B, AL S B2 R 1 500 mm. 4K 1717
TR T X FR A A, HA R T BE I R . EACHFTE P, L WANG S T VOF J5 ik
TIF 58 VA5 2 4 o o TR B SR . SRTT, AE U Y 5 B S A B S LR, ok R B
A AT A BE B 58 53 5 MBR P B5 40 1 9 8 R SR o TN = 2, H AT U AH S A R A g 0o
A6 R ST MR B2 B B R R

Ik, ARHFFE3EET VOF A BB, AT A 45 1 B B 05 A= i B2 o 10 30 1 3 ) 24 4
PE, DUE IR A M T A A R e i S AR, R BV AR B AL B s AT AR B, AT
F#AIC MBR R G20 B BERE RIS AT AR o ARWFSE 1 W98 T 3 S AE R R 25 A4 E S 80T 1932 3l
oL, FFHE S0 B S U e R AT T X LG, SR T A AR A B B A A R AT T A Y B85 1)
N A3, MR MBR T 5ia 1S %
1 RFB*
1.1 CFD #{E#&Hl

ARG T, FFIRFAE OpenFOAM H I I AR AR L (VOF) B FH T M AH R I AL . L X
AF IR ST AR, A AN 0] 4 4 4 4 3 K o

VOF £} Ansys Fluent 12.0 B 45 ma i 4k 28 % 1 7 FH TRPIAH RS ik 2 —, & —Fh]
D00 S A4 T AR 08 ST o S T B R o VOF A58 i ) i HIRT G, H L Ah AE 2 TR o B i
BRI R 8. FE LT 3RS O (efl e 20 51 267 MR R B R SRR 0 80 a= 1,
a, =0, MAEFIBAR, BASE; a=0, oo=1, MEEARE, W TE; 0<a<1, 0<a,<1,
DR A [i) B LA VR AR R AR, Tl DA Ry 2 o A Ay A T

X 2 o AR S T P A7 R AR SR AR S B i 2 PR T R (X (1)) SR

Oa
E+V~(au)20 €8



416 ok L OB ¥ M 145

f£ VOF Jivkrh, IRA TR G A P (8 B o FN 28 B ) 35902 2 i i 14 09 AR B0 B0 BT #4914
=X (2) M= (3) Fimm
P =P+ aypq @)
U=ty + @ty 3)
K oo BIF R BRI R R B, kgm s w70 B TR BRI SRR B5E, Pass,
(), BB u E TR IACERIE, R @) TR

y= o) + AgPglly

- 4)
K wMu MRS AR AR, ms™
TR S p A I Oy R, RS Dy AR A s Oy B, =k (5) A1l (6) B .
op _
LYoy =0 (5)
a(gt”) +V - (putt) = ~Vp+uViu+pf (6)

KX pRET, Nm?; R RARBU SNBSS A T, ms?,

FEIR AT OpenFOAM 4545 Paraview 73 5l TH4LL 5 /5 40 3 . 7E OpenFOAM H, FAASS 0 Je S,
YL L 2 interFoam K fif #5 R H VOF 77 1A 15 BRI . A 58 T A AU R A o k- 170, FRifE
k- L7 2 H T fe w LA RS B i Z 50 UE R 2 5 R i LA R B R RS S B R,
N T MBR 2 4t (%) 22 R0 A 5B B2 RS B2 4 v i BUE 245 2R P 53 4k, PIMPLE S59% # FH T e J7 -
JEREF, SRk )7 % MULES $3%

AW TSR BRI, (R R R A P B R AR X R . TR A A A
VI R8BS 1 BRI K O 30 mm, 584 6~10 mm, 5508 500 mm. A AZ AR HY (1) B8 DA K iR
AR — 0, S T AR, A R AR R AR A R L AR B 8~40 mm,
HihzHggwe—58. X FEARN 4mm W0, HEFABEZHEBKEZmNE 1 Fix, H
&, UK SR 4 5, BIRK R C 8N, KA R 3%, HEARIKEE 30 mm
BRSMWEARM S, TR AL BEE /N FERURIE, HAEN 2~6 mmAY A &
FRIREER . AW AERI R B Be il T W K e K omsiz sh, Z i FE S5, W
IR B AN A HOCRAS o XA AR E Y BE A O A0 B R BT TSR R . A, Bl A%
(AMR) BE AR W g F TR0, BPRAS B9 RO 5 SRR R 0 B0R OG0 78 F i K ISR i X, A%
1 mm WSE TR, SRR A SR AR A X, R N %5 4% 2 0.125 mm 5% 0.25 mm 52 iR . 3))

I e AR P AR O B 1 0 £ 2695 B 1 R A S Bl B
FEEPV AR B T ISR . B AL b Y i AR % 4 mm BB ANS 0T E
SRR R, I Ah 24 W LR Table 1 Rising velocity of a 4 mm single bubble simulated
PR PR RS IS B O RS h R &R, TR N with in different length models
e, . =0 BRI

A TR TS BB, ABT SRR AR/ FxTR2/%
AN 025 mm iy B 5E A, ORI PR 0187 130
30mm, F5% 8mm, 54 2200mm, R HLTI2 16 0.208 3.3
3y 9 T 8 X (2 100 mm) A H X (100 mm), P 20 0211 19
BB BT AOMRE LB S R Mt e B 0213 09

BRI = K AR B S, O TR e PR 0 020 =




%2 ERAE . MBRV-AREH GBS K TTRHIE I EUE S B 417

SEPRAF L, H AR R ) 7 N7 JE T RS0l BIO-CEL® 52 A4 R S B B 2E 8 o 320830 s 10 IX 0 1 5 4 1F 1
SRR, AR REE GE XN, BRI B AR O S T AR, D3O 2 A R B A X AR . ARG R
BEEA T, TRA T o 8 T IS8 45 s BE S, AR B A B VO g5 R, B DA AL G
A3 AT 0.1 mes™ A1 0.3 mes™ WG LT . BEIRILG, 1427 4> 3 mm 9L 1R 7R 2K
ASBEEGE N, RIE R 0.01s, FZERIRRIRES N 2 A 8H 4 . R TR IER, RORRES
EREE X T, Zad — B, BT RE A S A B T IX
12 XBRE

AW 5 AF T A SE B AN R 1 TR o R E R LR A SR (K 300 mm, %A 300 mm,
B0 1000 mm), 24NN EECIRE M (558 500 mm, A FE N 6~10 mm), SEIEANNE R G G EZA
7 0T IO 20 B DL R oK i 20 B R AR . 2 R Al 2z R] R RS WT R, S fd A BE B Ch 6~
10 mm, AL, HA &0 % 2 68 10 R P9 ER ﬁﬁy
Exilim EX-ZR100 & A AL ] Fic 3¢ < L iz 3 T
v REARAIL 4 67 R v BE AL RT  AE SE i

W, ARG HA R R FLAR RN A S

AR, R EAE R 2~6 mm B, KRG E
T 2 AR AL T SR A AE R = (R A b T AR Ay s
AR HLAE 5 22 (A s [R) X A R G IR, :Qgg

0 e T LI /B T 95 R 97 1930 0 Y

B O [ (] B DA R B B ) s X6 I ) <3 <ii BTy
i, WU AR B AR, TR @%@ =300
R 45 . (H i T VOF BT 75 i 3 38 % TR oK (2) 3DHE L R
K, B AR AR R 3 X A 5 S g b 1 SHEESHE
IR, T R AR 2 DR Z 18] Fig. 1 Sketch of the experimental setup

2 #HR512
2.1 HRBVEIE

187 il OpenFOAM #4811 55 44 B 45 540 B 42y 2~6 mm B BAAS L 7E 6] FE 9 8 mm (14 [ 2 [a] 4 | T+
PR, AT B = A SR (] 2) AR b T R 43 S S 5 T AR A b T B (] 2(a)
JrHesigk) LA K CLIFT 460 Wy F 58 47 He 45 . CLIFT 48P 23 5l it 1 gl oA [/l A2 < iy -7
(K] 2(a) SE2%) LA AT YK PR TR SR E AR A LI (8] 2(a) HELR). @I SR xt e 2 B, 5K
50 e R S A WA R, IR LA T K S ROE YK Z ) A S 56 AR L A
K, E R I RE LA R R L 3 B T CLIFT 45 5O f il 4 A< AE v K iy - Jh s . % g
CLIFT %50 S 06 78 f e v, FLRE T X T 6 b FHRE M /0N s 11 AS A 5 S5 00 A8 700 L2 % A5 1A% TR (1
JEH 6~10 mm, [HIHEAC/N, SR FRETH 290K L THE08 , B X L 25 SR AR A B (B 2(b)). ARHFSE
RS 2 A2 4 mm AR E R N 022 mes™, T AE MA ZEPY B RE ST R R B, R4 R/
A B T B 0.225 mes™!, #E ISLAM 2552 953 iRy 0.218 mes™' o SR FEMATAYAF 5T ih <30
() TH I B A 2 BBk 2 114 B 1 Bt BR ahl 1 2 5k [ e S 8, (R LZ5 R SR WF S ML .
22 HiEK/

A T B S R ST BB TR, X — 2518 0T LA R ] 2(a) H R S0 56 A5 R A BHIESL
BAEE SR R, A b TR B e SO AR KT, R EA N 4 mm B, 38 B R (E I
PRFERE, ZJRWIFIA TR, SRR ATRERE, X F /N, BE RN XF 32 3 52 i A X 55



418 ok L OB ¥ W 4%

0.40 0.32 1
— 4k
- s ek —a— S
T 032f —— S o —¥— OpenFOAM
i —¥— OpenFOAM 7024}
£ &
3:3 0.24 @ 7“@7‘
& bl
=) & 016F
r oief r
0.08 — . . . . g 0.08 . . . . .
1 2 3 4 5 6 6 7 8 9 10
K/ NMmm JIEE ] B /mm
(a) AT (b) A [F B3 5 i

2 USRS HNSIE EFAREIE

Fig. 2 Comparison of measured and simulated rising velocity of bubble

AN o 3 5T :°4 21007 S S BN/ 1 AN P R v W AN 18| 5 T A R 53 NI P I s N 55 A 94
SRR SO RT BRI T o WO TROR B, SRR T 0s s T iR e o £, A
I, BOR B L T R B R O ST N BT R AR . S e S R R B OF AN — B,
FOE e T BB E 5 S A MR — B 22 S, AU, rp A IRl (0 0, TSk v
J2 FH— B TR A9 TR B AR A — 3 A i, BRI BRI R, (RSB Z S M E . it
S, WARBEEAF WA RE RN Z — o SCH v B TR FoROK, B SRR R R B i . %
JER LY B RS, Ay A AROK QW HCE 53R, al REMIE KA T BT Gk
H 2 A AT H TS ek R BT RS2 . PR, TR T S B AR i B T
JE, BALLEN SR Al BE N ERA

Kl 3 A TEREE BE R 8 mm AYfE L T, K .
FRAFRCE AR R 2~6 mm B A B T 5 |k
1 f KB YINE T o 4 AT AE K s st
I T 5 R BT U AR B SR R, B O
OO L T B SR I, sl R IR
DT S0 W T 1S R B S R D R WA
P18 52 M) o R BRI v A /) (2 T R B IR o 4 , . . .
BUT-E 9 4113 KNy, K 9 410 [ P
AES Wit AT PRI IO ML g3 g mmemw ARSBRYT FORAB LN
PIRTI e Y G S BRI S I W U8 = I B i B e Fig.3 Numerical maximal shear stress at different bubble
PR TN ) R AN WD I NTTREh) | B o sizes through simulation
AR Ak el 5 NDINISA %51 [ AIF 57 45 5 — 3
2.3 fRiE)EE

R 22 B 77 1 A 7 B P BB 2E P B B TR B 6~10 mme FEAR SEIG ML, P B JBE B st ]
A B R O 6~10 mm,  LABIF 5 B 8] Bt X JE T i o 5 U0 R g A R U L T R RG] 2(b)
A TR T B R AR R AR AL B2 0 4.31 mm B0 B TR BE, 0 A RMRFR A 0 B, B
SO g RAAT . AL, IRBUEE R E AR N 4.31 mmI I b T R B ) O 38 i T 2 6 55 4
IS SEOZILR K I AT AL T IR A A7 A 2208l e =0 b T o BRI ERAL/NE 3l BE T 52
MR, OB BB/ Rz, BEEBCREWE/N, SO LT EROR . BAORTE, RBSESCE
Fe 2 431 mm (1T T R S R ]S AN K

YIRi 7j/Pa

S oNU]




%2 ERAE . MBRV-AREH GBS K TTRHIE I EUE S B 419

&l 4 H R AR S50 1 4% 431 mm 19S5 i
B4 TR 5 K 5T V) R g DL Je 5 2 % R B ]
. M 45, XA E AR 431 mm
(A0, P AU T B e T 5 A B )
I3, AE B/ ] BE 69 1 00 R T4 R AR AE
50 R LS T e b T Y R TR R R B U B

3F

R BTN J1/Pa
[\S]

H fe KBy U1 I 1 30 78 B 6] BE 2 7 mm B . o — - : : .

NDINISA %09 1 PRIESKE %P2 () #F 5% . 15 ) S B /mm

RAARZE e, B A b T | R Y 1 T 5T D) Bl 4 3BT 505 A0 7 5] B 18] 26 BT 3ot KL KO

NI FE RN FE A O, R, IR T BRI S

MBR 2 %5 P 1 S A 44 i R o P 4 /N 1 Fig. 4 Numerical maximal shear stress at different gap

distances through simulation

FRETRI B, L5 AR 5 A v 1 1T e K B VD g
AT AR AT e RS s Je s il 5 2R o RIS (B B R i, S BRIz 47 ml BE 45 B 3%
FE ) @ , PRIESKES ™ 2% J 313 /> (0] @, B #E 77 7F MBR & 4t v fifi F R (8] #5245 5 mm (9 °F # I 20
o F R W S MBS 2E 1 A T B R 2 B0HE 6~10 mm,  7E 33X A T B 90 BT P, MR 4 A5 4L 4%
7 mm [ JI5 (] B B8 08 K 15 B v 8 T S5 R BY I J A . Bk, EE MBR ZR G5 o 19 7 A 2 2 1) 6 i)
PR 7 mm,
24 JEEDRIR

XA AR R BLIE E Air-Lift 80N, BRI A 8E L T s Sl 00 15 T Y 4R 1) b O Bl i 31
%, N TSR BT I e AR R R, BD R TR R AR e TR B T2 BB
B, ASHIE S E AL SR T AR LT 0.1 mesT F03 mesT B BL T, A 3 mm KL
FEAAS I A B st A T RS X BT B VIR S, S5 SRNIE S BrR o MR TE LAY AR AN T R A B )
N7 3 0] DL S AT SR s, X X S Y I R ) SR AT T A A, W0 AT LA ) 3 1 i
FUOEXI 8T U) N I8 . 25 8 2 1w AL 35 85 U N ) 568 R B0 B A2 B 0 T RS G 45 il 9 4 JR s )
AHIE 5 2 B AT B B DI ) AR S8 B S R EA . RIS AL, WA T EUE 2 5
0.1 ms™ PL % 0.3 mes™ TR 449 5 U1 R g e s [R] %) AR AR Dl o A A TR 4 R R YA b T EE R
AR, 6T BT A9 ol R B, RE A TR X BT YD N 1 S22 0.4 Pa, AR A VR U
T, BT AR 8T YI N RE R AR TS s G . MR TR R, AR sl
AR TR A B DN e R . SROAT, R U Y 7K T R R I 0 I g n B AL
XoF T RS e A RO AT

g T ELVR 57 A B X T K i LT £ Lo
IR, T 6 R TR R, A o MALAEEOLm s, A

—— AR EFRHEO. me s, A

5 RN BT 7 2 B BT 2 9 U 2 £ 120 ik ERE0Imes £
/BT 00 0 0 e I RNl
K, REBRA LR LT B0 1 A A LT O e
SRR I FUE e S VAN K R P ) e

T 5 U S L 5 1 0 N
K42 I T L T xR T A1 5 ) 002 04 06 08 1012

sy ) /s
) 4 BTk o AR LER S, BT N o
. 77 WA FH 328 i 4 o MRS RE T, 57 B s RS R A B B U R

) 2
DIRE I3 LEARAE 0.4 s LR A RLEAE 1.8 2247, Fig. 5 Area-weighted shear stress at different liquid velocities
WY FR AU T 5 R AR A T 7 AR T T AR between membrane gaps



420 WO T OB ¥ ) %14 %
B YIN 1R il etk FTF 0L me s
3 2:|Iq: i’% ol — {ﬁ1$iﬂ1§_ﬁ.ﬁ%03 m-s’!
1) 70 3 o 25 A0 R ST i ke Se T =,
TESMI A2 N 4 mm B VR AR R i, 2R & =
TR ATG T T 5 A B 0 I 7 I 2 7k ) 2t
BT, . e
2) 5 0 S M ) G BB R K, (H B % 0 02 04 06 08 10 12

JIE 1) P 3 475 £ BR 2 M OB H . e KT

Bl
6 BEEEFMASTAMSOETEFE

I U2 A B R e, 2 4 B K ST b
YN 77 %8578 K T v B (B R 0 e K sy 0 o, Fig. 6 Ratio of area-weighted shear stress with and without
B FAE ) BRAE B[R] BE Sl 7 mm B, % B S5E bubble swarm in membrane channels

s IO i /0 e S I ) B T R 2 i A ZE R, PR 2 ] B TR B 7 mm

3) it 2 HOASEAN [ J5E T 3 SO AR A 5 7 i A R i BRSPS BT R g, BRG] O )

Tl 4 RS S T 4 T FRS X BT DI g o AR R A OO, TR AR Y A R T 5 D) 8 Ay O
NS 3 111 e SR 1 €S20 b S TV RO W £ W R B 4 N [ W S e N T e S SRR AR S L TR DA o

&

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]

= 3

XIAO K, XU Y, LIANG S, et al. Engineering application of membrane bioreactor for wastewater treatment in China: Current
state and future prospect[J]. Frontiers of Environmental Science & Engineering, 2014, 8(6): 805-819.

SUN J, LIANG P, YAN X, et al. Reducing aeration energy consumption in a large-scale membrane bioreactor: Process
simulation and engineering application[J]. Water Research, 2016, 93: 205-213.

TAHA T, CUI Z F. CFD modelling of slug flow in vertical tubes[J]. Chemical Engineering Science, 2006, 61(2): 676-687.

DU X, WANG Y, LESLIE G, et al. Shear stress in a pressure-driven membrane system and its impact on membrane fouling
from a hydrodynamic condition perspective: A review[J]. Journal of Chemical Technology & Biotechnology, 2017, 92(3): 463-
478.

VERRECHT B, JUDD S, GUGLIELMI G, et al. An aeration energy model for an immersed membrane bioreactor[J]. Water
Research, 2008, 42(19): 4761-4770.

MENG F, ZHANG S, OH Y, et al. Fouling in membrane bioreactors: An updated review[J]. Water Research, 2017, 114: 151-
180.

IGLESIAS R, SIMON P, MORAGAS L, et al. Cost comparison of full-scale water reclamation technologies with an emphasis
on membrane bioreactors[J]. Water Science and Technology, 2017, 75(11): 2562-2570.

LEBERRE O, DAUFIN G. Skimmilk crossflow microfiltration performance versus permeation flux to wall shear stress
ratio[J]. Journal of Membrane Science, 1996, 117(1/2): 261-270.

CHAN C C V, BERUBE P R, HALL E R. Relationship between types of surface shear stress profiles and membrane
fouling[J]. Water Research, 2011, 45(19): 6403-6416.

KAYA R, DEVECI G, TURKEN T, et al. Analysis of wall shear stress on the outside-in type hollow fiber membrane modules

by CFD simulation[J]. Desalination, 2014, 351: 109-119.


http://dx.doi.org/10.1016/j.watres.2016.02.026
http://dx.doi.org/10.1016/j.ces.2005.07.022
http://dx.doi.org/10.1016/j.watres.2008.09.013
http://dx.doi.org/10.1016/j.watres.2008.09.013
http://dx.doi.org/10.1016/j.watres.2017.02.006
http://dx.doi.org/10.2166/wst.2017.132
http://dx.doi.org/10.1016/j.watres.2011.09.031
http://dx.doi.org/10.1016/j.desal.2014.07.033
http://dx.doi.org/10.1016/j.watres.2016.02.026
http://dx.doi.org/10.1016/j.ces.2005.07.022
http://dx.doi.org/10.1016/j.watres.2008.09.013
http://dx.doi.org/10.1016/j.watres.2008.09.013
http://dx.doi.org/10.1016/j.watres.2017.02.006
http://dx.doi.org/10.2166/wst.2017.132
http://dx.doi.org/10.1016/j.watres.2011.09.031
http://dx.doi.org/10.1016/j.desal.2014.07.033

%2 O ARAF . MBRAVHBE iz sl 7K T3 RHIE B R B A 421

[11] CHAN C C V, BERUBE P R, HALL E R. Shear profiles inside gas sparged submerged hollow fiber membrane modules[J].
Journal of Membrane Science, 2007, 297(1/2): 104-120.

[12] ABDULLAH S Z, WRAY H E, BERUBE P R, et al. Distribution of surface shear stress for a densely packed submerged
hollow fiber membrane system[J]. Desalination, 2015, 357: 117-120.

[13] WRAY H E, ANDREWS R C, BERUBE P R. Surface shear stress and membrane fouling when considering natural water
matrices[J]. Desalination, 2013, 330: 22-27.

[14] YAMANOI I, KAGEYAMA K. Evaluation of bubble flow properties between flat sheet membranes in membrane
bioreactor[J]. Journal of Membrane Science, 2010, 360(1/2): 102-108.

[15] DUCOM G, PUECH F P, CABASSUD C. Gas/liquid two-phase flow in a flat sheet filtration module: Measurement of local
wall shear stresses[J]. The Canadian Journal of Chemical Engineering, 2003, 81(3/4): 771-775.

[16] DREWS A, PRIESKE H, MEYER E L, et al. Advantageous and detrimental effects of air sparging in membrane filtration:
Bubble movement, exerted shear and particle classification[J]. Desalination, 2010, 250(3): 1083-1086.

[17] BOHM L, KRAUME M. Fluid dynamics of bubble swarms rising in Newtonian and non-Newtonian liquids in flat sheet
membrane systems[J]. Journal of Membrane Science, 2015, 475: 533-544.

[18] PRIESKE H, DREWS A, KRAUME M. Prediction of the circulation velocity in a membrane bioreactor[J]. Desalination, 2008,
231(1/2/3): 219-226.

[19] NDINISA NV, FANE A G, WILEY D E, et al. Fouling control in a submerged flat sheet membrane system: Part II Two-phase
flow characterization and CFD simulations[J]. Separation Science and Technology, 2006, 41(7): 1411-1445.

[20] RATKOVICH N, CHAN C C V, BERUBE P R, et al. Experimental study and CFD modelling of a two-phase slug flow for an
airlift tubular membrane[J]. Chemical Engineering Science, 2009, 64(16): 3576-3584.

[21] ESSEMIANI K, DUCOM G, CABASSUD C, et al. Spherical cap bubbles in a flat sheet nanofiltration module: Experiments
and numerical simulation[J]. Chemical Engineering Science, 2001, 56(21): 6321-6327.

[22] PRIESKE H, BOHM L, DREWS A, et al. Optimised hydrodynamics for membrane bioreactors with immersed flat sheet
membrane modules[J]. Desalination and Water Treatment, 2010, 18(1/2/3): 270-276.

[23] WANG B, ZHANG K, FIELD R W. Novel aeration of a large-scale flat sheet MBR: A CFD and experimental investigation[J].
AIChE Journal, 2018, 64(7): 2721-2736.

[24] HIRT C W, NICHOLS B D. A computational method for free surface hydrodynamics[J]. Journal of Pressure Vessel
Technology, 1981, 103(2): 136-141.

[25] ZAHEDI P, SALEH R, MORENO-ATANASIO R, et al. Influence of fluid properties on bubble formation, detachment, rising
and collapse; Investigation using volume of fluid method[J]. Korean Journal of Chemical Engineering, 2014, 31(8): 1349-
1361.

[26] FIMBRES-WEIHS G A, WILEY D E. Review of 3D CFD modeling of flow and mass transfer in narrow spacer-filled
channels in membrane modules[J]. Chemical Engineering and Processing: Process Intensification, 2010, 49(7): 759-781.

[27] VLAEV S D, TSIBRANSKA 1. Shear stress generated by radial flow impellers at bioreactor integrated membranes[J].

Theoretical Foundations of Chemical Engineering, 2016, 50(6): 959-968.


http://dx.doi.org/10.1016/j.desal.2014.11.014
http://dx.doi.org/10.1016/j.desal.2013.09.018
http://dx.doi.org/10.1016/j.desal.2009.09.113
http://dx.doi.org/10.1016/j.memsci.2014.11.003
http://dx.doi.org/10.1080/01496390600633915
http://dx.doi.org/10.1016/j.ces.2009.04.048
http://dx.doi.org/10.1002/aic.16164
http://dx.doi.org/10.1115/1.3263378
http://dx.doi.org/10.1115/1.3263378
http://dx.doi.org/10.1007/s11814-014-0063-x
http://dx.doi.org/10.1016/j.cep.2010.01.007
http://dx.doi.org/10.1134/S004057951606018X
http://dx.doi.org/10.1016/j.desal.2014.11.014
http://dx.doi.org/10.1016/j.desal.2013.09.018
http://dx.doi.org/10.1016/j.desal.2009.09.113
http://dx.doi.org/10.1016/j.memsci.2014.11.003
http://dx.doi.org/10.1080/01496390600633915
http://dx.doi.org/10.1016/j.ces.2009.04.048
http://dx.doi.org/10.1002/aic.16164
http://dx.doi.org/10.1115/1.3263378
http://dx.doi.org/10.1115/1.3263378
http://dx.doi.org/10.1007/s11814-014-0063-x
http://dx.doi.org/10.1016/j.cep.2010.01.007
http://dx.doi.org/10.1134/S004057951606018X

422 ok L B ¥ W 4%

[28] COOKE J J, ARMSTRONG L M, LUO K H, et al. Adaptive mesh refinement of gas-liquid flow on an inclined plane[J].
Computers & Chemical Engineering, 2014, 60: 297-306.

[29] THEODORAKAKOS A, BERGELES G. Simulation of sharp gas-liquid interface using VOF method and adaptive grid local
refinement around the interface[J]. International Journal for Numerical Methods in Fluids, 2004, 45(4): 421-439.

[30] CLIFT R, GRACE J R, WEBER M E. Bubbles, Drops, and Particles]M]. Courier Corporation, 1978:171-175.

[31] MA D, LIU M, ZU Y, et al. Two-dimensional volume of fluid simulation studies on single bubble formation and dynamics in
bubble columns[J]. Chemical Engineering Science, 2012, 72: 61-77.

[32] ISLAM M T, GANESAN P, SAHU J N, et al. Single air bubble rise in water: A CFD study[J]. Mechanical Engineering
Research Journal, 2013, 9: 1-6.

(L% 3. dh IR, FR0eAE, 5RA &)

Numerical analysis of hydrodynamic characteristics induced by bubble
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Abstract Membrane fouling is the major obstacle hindering the wide application of membrane bioreactors
system (MBR) configured with different membrane modules in wastewater treatment. Aiming at this problem,
the computational fluid dynamics (CFD) simulation was used to study the behaviors of single bubbles and
bubble swarms during their rise in the membrane channel, such as the bubble rising rate and shear stress on the
membrane surface, and achieve the goal of optimizing the geometrical characteristic module and operating
conditions of the flat sheet membrane. The simulation results showed that for single bubble, its velocity first
increased with the increase of bubble size (diameter), and reached the maximum value at the bubble diameter of
4 mm, then decreased when bubble size further increased. In addition, for bubbles with diameter of 4 mm, with
increasing gap distance of membranes, the bubble rising velocity increased significantly, while the shear stress
decreased. Considering the clogging problem in practice, it is recommended that a channel gap depth of 7 mm
should be applied to the MBR system for the shear stress enhancement. The simulation results of bubble swarms
indicated that the shear stresses in liquid and gas phases were close at high upwards flow rate, while the shear
stresses in gas phase dominated at a relatively low flow rate. This work can provide the theoretical basis and
technical support for the design and operation of MBR system.

Keywords CFD simulations; flat sheet membrane; membrane fouling; shear stress; single bubble; bubble

swarms
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