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Abstract: [Objective] To conduct flow field simulation analysis on an 80-ton bubble column bioreactor for equipment improvement and
fermentation efficiency enhancement. [ Methods] Computational fluid dynamics is resorted to numerical simulation of gas-liquid two-phase
flow in a bubble column bioreactor. Euler-Euler method and k-¢ model are used to simulate the turbulence of gas-liquid two-phase flow. The
population balance model (PBM) is coupled to predict bubble size. The flow pattern, liquid velocity, energy dissipation rate, gas holdup, and
bubble size distribution inside the reactor are simulated. Based on the permeation model, the calculation is performed on the volumetric
oxygen transfer coefficient (k @) inside the reactor, and an analysis is conducted on the influence of different reflux angles and diameters of
the reflux pipe on the reactor’s oxygen supply capacity. [Results] The reflux pipe significantly impacts the reactor’s flow field, and
positively impacts the liquid velocity, energy dissipation rate, and bubble size. The volumetric oxygen transfer coefficient of the reactor
reaches 1 093 h™'. There is an interactive effect between the reflux angle and the diameter of the reflux pipe, with the optimal combination
as a diameter of 150 mm and an angle of 45°. Under these conditions, the volumetric oxygen transfer coefficient reaches 1 428 h '

[Conclusion] The reflux pipe makes the bubble column reactor comparable to the stirred reactor of the same scale in terms of oxygen
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supply capacity, playing a crucial role.
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Figure 1 Owverall structure of the reactor
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Figure 2 Mesh of the bubble column reactor
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Figure 7 Energy dissipation rate contour

YZ1Hi

23 SEERMEARHHE

HT P8 T AN SN f AR S B R 3 5 ARy
BRI BT M UT, LFAFAEREIEX, s
FDCIRAR AR WA T O (U 83K 32%) . R RO
5 R L FIRR 2 52 A, SR O AL 3L 355 R i It 5 1R 1Y
SRk 3 B R R I R SR R 22 T B R
HUE SN 7 RN S SR i €7 Pt o IS e W
T AR 19 = AL 3 A i T TP A AR S B0 AT R L VR A R
JE b B A AU K A PO AR BT BUM B B Rayleigh-Taylor
K Kelvin-Helmholtz A &2 i P -5 B A0 B 7 3 Fh, Horh
i AL 0 F AR S R 0 AR O e R HLAL . Solsvik
SEUSUR T I WA A BT A 8 0, i T RE R B R

E R ARFEAXEMRERSHARRHBESLUR ML

UMD A S T o ph T IR A T X R
A, T O A RE AR R, ROE RN AR G
3.7 mm, OB £ AT BT AE R TR Rl
I b TR A Y 5, RE AR HOR B, B B R E R,

IR

0.006

0.006

0.005

. 0.004
0.16 0.003 {
0.12 0.002 { |
0.08 0.002 |
0.04
0.00 3
[m] |- I

10.008 '

0.40
0.36 0.007
0.32
0.28
0.24

A 0.001
— 0.000 . B ——

XZi6i YZifii XZii YZIfi
(a) TEHEREH (b) R =R
A8 ALFEZANAAELFHYRTZH
Figure 8 Contours of air volume fraction and air mean

particle diameter

19 BT, R ER A T R R P R SR — 4, B
B/ RGEH o SO AU RN A e IEZS 0 A
T AL 52 Al 23 A, X AT RE 5 I S0 A R Y e R
5K, J AT LU 25 9 S B RN AR T L

0.6
s 2 041
3
rs
S02r
0.0
Groupl  Group2  Group3  Group4  Group5
RS
Bubble group

B9 &mA b

Figure 9 Bubble ratios in each group

24 EREERRHSH

IR RAL T Z 30 (ko) S M o S 07 i (AL 4R T 119 G
Fa b o Fh & 1O R, [0 30 A e 3 T DG HEAE AR I A B
AT 48 v W PR ARUSEU A T 2R B, R 43 UE A T b [T 9 e X
S FEA A Y 0 IE AR .
25 IBESHITE

I TR, BRERLEL

2 1R, SCEk (26 /938 AR R 86 I A% A A
[F, 340 1 kg/so 2R H 4 2R Bi bk DIy 154.8 kW

63



64

ARESS5EBE4HE FOOD EQUIPMENT & INTELLIGENT MANUFACTURING

XZiti
H10 #hBRAMERZHFHA

YZ1Hi

HEE 288 HA | 2025 FF 10 A | RRSHUK

ik, B P XA 0 R RS Y ke TTE 1033 h ' B HHIR I R
FH B9 A 7 B B R 4% AE U RE T 1 5 (R AR E HF:  Ri
AR 24 i e D% T, A D R AR Y
MREL T S RN A TE RERE LA R E . ATRANEE A K
0 S50 I ST T 4 1 A R AU RS B AR B
FFR T = o T vt SN 09 R WL 45 St A TR B, ek
BRI BLR B AR BOR AR X o 45— 2 2
2.6 EREMHRL

W ERBFIT R LA W, T B N R
hrry b Ee ) HIR R iR s TEREEN . AT
HE— B4R T R I A PR AE, SCEL B AR AL IR DL ke Ry
F AL B bR, 6] S5 WA AT A . DR AR

Figure 10 Contours of volumetric —oxygen transfer  rh}-4 7 A [a] [8] 1 f BE I B35 45 B4R F 3%, 6 R 40
coefficient FUTIIHEN LRESEILE 2.
®1 IBSH
Table 1 Engineering parameters
o % iR AR KRR, KRR AfEmAR  HBAEERA B EE
(m?s?) mm (m?m ?) (m+h ") B/m! Y D) 3R /kW
WG K 23.6 0.23 5.4 265.7 3.816 1093 22.0
BEPEEED 20.9 1.29 5.6 224.0 4.611 1033 154.8
®2 EHNEGETHIESH
Table 2 Engineering parameters under the simulated conditions
E 214 KERI% TED/(m*+s°) iR /mm a/(m* m?) k/(m-h™") kea/(h™")
45.0°+¢150 mm 20.5 0.382 4.22 300.9 4.38 1428
45.0°+ ¢250 mm 23.6 0.231 5.43 265.7 3.82 1093
67.5°+¢150 mm 21.8 0.319 4.67 278.9 4.20 1262
67.5°+¢250 mm 22.6 0.281 5.24 263.0 3.78 1073
90.0°+ ¢ 150 mm 22.2 0.253 5.26 263.2 3.88 1119
90.0°+¢$250 mm 20.3 0.337 4.38 287.9 4.19 1332

H 2 2 T, 2 (8] 3 AR BE Ok 45.0°, 67.5° ), ff BE X I
YRV R Wi AN AE VAR R AR NGl ke B
A Wi 7E 90.0° BN LR i i 1) J7 1) L BLHEA TR ] 45
T R4S AR B B A A% TR

FE I b AN A T U AR (T A R R
B S 7 I E ) s N B 03 |
90.0°H HINFF G ik — WAL, #h ] 11 ] AL, 22 13 A B
45,000, [ 37 A AH Z 20 8 51 B9 1R i BB Tk
L2 N R S E 228 /AN O 1 e O 2 3L Bl
RO i A TR I R IR B T AR mAE A . R B
5 03 FA BE RGN, R 7 Bl 1m0 3 A R i A n ] R, 4
ISR T 9 A AR /NI, T O AR B A AR A T3 VA A
— B4 B AR AR IR AR 1 AR BT [l 3 K
TN S8 G J2 T [ AR A 158 B Tl 3 YR B 4, 37 3 i

B DAL 4 1 A6 1 90.0° B 107 7y I , Bt
1 ) L 0 20 08 90 K/ I A O L
RO A JL P e 1 5, B P 0 T
ARG . (LA PR N B R AT PO, 33
(TN BT IR T — AR R T

G ST R SR L O AT
B B2 T I 8 0 8 R T X A i B ) 2% 1 5
th 6 O 0 0 4 A6 P RO O 2
HUI PR A 3
3 &R

S P i — R 000 S 1080 5401 T 4 384 £
A 5519 AT AR 3, 1 T 9 04 A
B B RERE RO S R SR/ R 4



F&M | Vol.41, No.10

45.0°+ 150 mm

mm

B 11
Figure 11

AR T 1RL G X S R B T A R Y
TR B T FEE S, SRS TR 38 B U7 ) 5
BE AR AR AR THOR B SO R S T @4 FAE
Xob H A SRR R NS — s R B, A%
BOR R R IR RE M IS 0L T A RIS BE T .

FE R Tl A 7= v, M Ak B3 BN 25 A 25 719 B 1 4K
B S [RD A A3 T T K B I R A S — iR Ak
ORISR (s Bl A B S 7 N N 2 D L
TR HEAT T BERL, R A [ 3 A 5 O 45.0°,67.5°8F I8
P W s T AE [0 3R £ BE R 90.0° B, B EIR —
B fBERIE AR WA R A S AR 15 8 f i R —
fTEH AN 150 mm—+45.0°, 1t R FLUR 1L Bt R Bk
1428 h'y [FI 30 A 1 ke Xof sz I 25 A1 4 RE 0 o o 4R T
SO A5 A R R TE B 00 KRR O R A R ST gk s
R IR &3

5% 30k

[1]1 SANYAL J, VASQUEZ S, ROY S, et al. Numerical simulation
of gas-liquid dynamics in cylindrical bubble column reactors[J].
Chemical Engineering Science, 1999, 54(21): 5 071-5 083.

[2] 5K B . & B Gk B 22 K T [ 8 B K A 0y IS 7 i B SR AT

G T B S B S Y B R AR AL S O HAR (7).
TAERLE, 2001, 3(8): 37-45.
ZHANG S L. Study on the fermentation processes at multi-
levels in bioreactor and its application for special purposes:
optimization and scaling up of the fermentation process based
on the parameter correlation method[J]. Strategic Study of CAE,
2001, 3(8): 37-45.

[31 XIE M H, XIA JY, ZHOU Z, et al. Flow pattern, mixing, gas
hold-up transfer coefficient

and mass of triple-impeller

configurations in stirred tank bioreactors[J]. Industrial &

Engineering Chemistry Research, 2014, 53(14): 5 941-5 953.

45.0°+ $250 mm  67.5°+ ¢p150 mm

F RF AEFEAXEVRERSEABAROHESDRAL

67.5°+ 250 mm  90.0°+ $150 mm  90.0° + 250 mm

BAR R & B

Liquid streamlines

[4] BORAS, X Jg, 227148, 5 | HeF CFD BBy Lo Y 2R 10 Kk 1
AEARAL]. B &S AP E AR R, 2023, 42(5): 78-87.

YIN JJ, LIU L, LI J H, et al. Optimization of menaquinone-7
fermentation process based on CFD simulation[J]. Journal of
Food Science and Biotechnology, 2023, 42(5): 78-87.

[51Z2 ik, 15 7R, TER, %5 . 36T Fluent Ay A 55 20 & 8 B D9 96
PR A5 BT I]. £ 5 HLA, 2019, 35(1): 120-123.

LIJ, SHI X D, WANG C, et al. Simulation analysis of agitating
flow field in largethreonine fermentor based on Fluent[J]. Food
& Machinery, 2019, 35(1): 120-123.

[6]WU Y X, ONG B C, AL-DAHHAN M H. Predictions of radial
gas holdup profiles in bubble column reactors[J]. Chemical
Engineering Science, 2001, 56(3): 1 207-1 210.

[71WANG Y, FAN W, LIU Y, et al. Modeling of the Fischer —
Tropsch synthesis in slurry bubble column reactors[J]. Chemical
Engineering and Processing: Process Intensification, 2008, 47
(2): 222-228.

[8] GUO H, ZHAO J F, WAN S X, et al. Experimental study of fuel
cells performance in short term microgravity condition[J].
Journal of Engineering Thermophysics, 2008, 29(5): 865-867.

[9] 206, B We M, 4534 11, % . CFD LAk R ANR R S0 i LR

PR3 S5 R [3]. oh [ BB IR SCAEZR, 2008, 3(12): 890-896.
LI G, YANG X G, CAI Q B, et al. Application of CFD
simulation for optimisation of the multi-pipe gas distributors in
a large-scale shallow bubble column[J]. Sciencepaper Online,
2008, 3(12): 890-896.

[10] /¢ Bl i e, B e, T2 /N IR A5 O [ 43 A g % 930 5 A0 P A
W2 ) CFD LU [T]. BLAR AL T2, 2012, 32(11): 101-104.
ZHAO L H B, LIAO B, WANG X Q, et al. CFD simulation of
gas-liquid flow in bubble columns with different distributors
[J]. Modern Chemical Industry, 2012, 32(11): 101-104.

(1] BARER, BRI A, T8, 45 . N B S 25 e SO R
WS HI] A2 ROV TR S T2, 2003, 19(4): 344-351.

65



66

ARESS5EBE4HE FOOD EQUIPMENT & INTELLIGENT MANUFACTURING

LU S S,CHEN X L, YU G S, et al. Measurement of the bubble

parameters in bubble column by conductivity probe[J].
Chemical Reaction Engineering and Technology, 2003, 19(4):
344-351.

[12] R 3L, B 2 ZE . S B P TR AR B U SR R A ST (] A
FHE, 2004, 12(2): 6-11.

WANG S L, ZHAO H J. Experimental investigation on gas-
liquid two phase flow in a bubble column[J]. Science &
Technology in Chemical Industry, 2004, 12(2): 6-11.

[13] PAN A, XIE M H, LI C, et al. CFD simulation of average and
local gas-liquid flow properties in stirred tank reactors with
multiple  rushton  impellers[J]. Journal of Chemical
Engineering of Japan, 2017, 50(12): 878-891.

[14] KHOPKAR A R, RAMMOHAN A R, RANADE V V, et al.
Gas-liquid flow generated by a rushton turbine in stirred
vessel: CARPT/CT measurements and CFD simulations[J].
Chemical Engineering Science, 2005, 60(8/9): 2 215-2 229.

[15] PFLEGER D, BECKER S. Modelling and simulation of the
dynamic flow behaviour in a bubble column[J]. Chemical
Engineering Science, 2001, 56(4): 1 737-1 747.

[16] KUMAR S, RAMKRISHNA D. On the solution of population
balance equations by discretization: I. a fixed pivot technique
[J]. Chemical Engineering Science, 1996, 51(8): 1 311-1 332.

[17] JAKOBSEN H A, LINDBORG H, DORAO C A. Modeling of
bubble column reactors: progress and limitations[J]. Industrial
& Engineering Chemistry Research, 2005, 44(14): 5 107-5 151.

[18] LUO H A, SVENDSEN H F. Theoretical model for drop and
bubble breakup in turbulent dispersions[J]. AIChE Journal,

1996, 42(5): 1 225-1 233.

HEE 288 HA | 2025 FF 10 A | RRSHUK

[19] PRINCE M J, BLANCH H W. Bubble coalescence and break-
up in air-sparged bubble columns[J]. AIChE Journal, 1990, 36
(10): 1 485-1 499.

[20] SCHE, TR, D5 2 . T MUSIG A7 9 A O 7 1At v
JH BB [J]. b2 T2, 2010, 38(11): 22-26.

WEN J, WANG S M, LI Y Z. Numerical simulation for
subcooled boiling process of low temperature fluid with
MUSIG model[J]. Chemical Engineering, 2010, 38(11): 22-26.

[21] HIGBIE R. The rate of absorption of a pure gas into a still
liquid during short periods of exposure[J]. Transactions of the
American Institute of Chemical Engineers, 1935, 31: 365-389.

[22] DANCKWERTS P V. Significance of liquid-film coefficients
in gas absorption[J]. Industrial & Engineering Chemistry,
1951, 43(6): 1 460-1 467.

[23] YAWS C L. Diffusion coefficient in water - inorganic

compounds[M]// Transport Properties of Chemicals and
Hydrocarbons. Amsterdam: Elsevier, 2009: 594-596.

[24] WU H, PATTERSON G K. Laser-doppler measurements of
turbulent-flow parameters in a stirred mixer[J]. Chemical
Engineering Science, 1989, 44(10): 2 207-2 221.

[25] SOLSVIK J, JAKOBSEN H A. Single air bubble breakup
experiments in stirred water tank[J]. International Journal of
Chemical Reactor Engineering, 2015, 13(4): 477-491.

[26] 2%/ . 56 T3 H 55 T A ) 2% 1 A R I e R ik R O B R
JEWEAE D] i AR B TR, 2019: 114.

LI C. Study of scaling effect and scale-up criteria for industrial
fermentation processes based on computational fluid dynamics
[D]. Shanghai: East

Technology, 2019: 114.

China University of Science and



