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Numerical analysis of flow field and optimization of agitation parameters
in solid state fermentation reactor
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Abstract; To investigate the characteristics of the flow field of high solids in solid state fermentation reactor with
mechanical agitators and optimize the design parameters of mechanical agitators, computational fluid dynamics
(CFD) method was used to simulate the flow field of five types of mechanical agitators, and parameters such as
ratio of impeller diameter and stirring speed were analyzed quantitatively through the indexes of stirring power,
mixing time, mixing energy, and the percentage of dead zone. Simulation results show that the high solids had a
small range of disturbance and a large percentage of dead zone, indicating that it cannot be effectively mixed
through double blade and turbine agitator. The high solids had the largest range of disturbance, the smallest
percentage of dead zone, and the biggest stirring power through double helical agitator. For the impeller diameter of
the double helical agitator, the dead zone decreased with the increase of the ratio of impeller diameter, and when
the ratio of impeller diameter increased to 0. 75, it no longer decreased, while the stirring power increased with the
increase of the ratio of impeller diameter all along. With regard to the stirring speed of the double helical agitator,
the stirring power increased linearly with the increase of the stirring speed, the mixing time decreased along a
parabolic curve, and the mixing energy gradually increased. Considering a balance of mixing performance and
mixing power, the double helical agitator with a stirring speed of 20 r/min and the ratio of impeller diameter of
0.75 was the best agitator design in this reactor.

Keywords: solid state fermentation; non-Newtonian fluid; double helical agitator; dead zone; numerical
simulation; CFD
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Fig.2  Physical model of reactor

Fig. 1 Sketch design of reactor
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Tab.1 Design parameters of five agitators
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Fig.4 Velocity contours of different agitators along axial section
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Tab.2  Simulation calculation of the percentage of dead zone

and stirring power

Eie e QP TRSY FEXE AP/ % PSR/ (Weom ™)
a 80.9 5.381
b 71.4 16.225
c 24.5 31.133
d 23.9 72.213
e 19.9 119.771




55

V), A5 TS R e S A U S0 B AT S B2 e i - 69 -

2.2 WPERHER

R TR AR XTIR A PR S, TR P
ML E R 20 o/min APTEHL T, SCRAR Lo 2 nt
HESRNAF BAAW L, T4 a5k 0.55,
0.65,0.75,0.85 F10.95, WAzt F A2 %R 110,130,
150,170 F1190 mm. i 3 Fluent 3R fi#, 28040 & 7 1
8 Frn i B 2 IR it (5] DAl ) 7, R0 i 9
BIPREEY_LERENR AR R AR BN BN, AN e i
TR G AR, 22 m & Bl ) ek Rl B o e ikl 32
K, T H A2 DR R K AR I, 528 it g
TG ) P RHE B R R 2, W) R R AR VR A Tt
SREIE I, T H T T B 3K S A TS P BN
BE 0] R 2135 RN A8 ISR I E B0, 2248 Lok 0. 55 B,
TE S #5 BE YRS A A5 BN B IR A, 45 5 1
YIRMERRRESE SIS (AIG IR AR S Xkt
I 2 3 [ 3 K TR G ROR . MR
0. 95 B}, ) 0 7 BE PR AR B B AP TR &

R
0.20

0.18
0.16
0.14
0.12

0.10
0.08

| | 0.06

1 0.04
0.02
0

m/s
0.5 0.65
7 FRERZELHEBEEERE
Fig. 7 Velocity contours of agitators with different ratios of
impeller diameters along axial section
ES
020
! 0.17
014
0.1
0.09
0.06
0.3
0
s
0.5 0.65 075 0.85 095
B8 ARRZFLLHEABEHEEXER
Fig. 8  Velocity vectors of agitators with different ratios of

impeller diameters along axial section

JVE 2§ NFE DX E 43 F i DL 9 iR, Az L
7 0.55 F10.65 B}, KW geBEAFEAE /DR AEIX, Ak
YRl E A BB, RS 5IR A YRR LG K E)
0.75 LA, W a8 BE JL-T- AN AFAESE X, TR A 3R
. VAR PR AN 10 s, BiE AR HU IR,

AR o Tt BOK, B O R 2 A A Y. 45
1 B EAR N 0. 75 B, S 5 EE YRR 9215 2P0
SMPEATIR G, UL D) S L AR TR 0. 85
F10.95 BFHT /N, GEFE ST /D, PRI, B 2 AR L R
0. 75, A FEIE HAE M 150 mm.

B9 FREREZELH@EBEEXSH

Fig.9 Dead zone distributions of agitators with different ratios

of impeller diameters along axial section

120
&
- 100 |
g
E sl
:
& 60
H

40 |

0.5 0.6 0.7 0.8 0.9 1.0
Riet
E 10 REREFEEHEFHE
Fig. 10 Stirring power of agitators with different ratios of

impeller diameters

2.3 B

R T T R MR AT R 1 e AR R, e
AR 150 mm @YIEALT K5 Ho3 51 5,10,
20,50 F1 100 r/min. i 33 Fluent #2337, 15 2] 0
P 11T 7 v T 3 2 P R &1 12 %) B 1 4 T 2
Do AT T ANHER B, 1 T PR S5 A AR 1
FEE RN T AR AN 2 BUE YRR 3h
S5, AESE D5 T, RV R AEAREL MR T L BR T b
TR AL RERE A AE— S HIFEIX, B 1k
Kol AU R TR S 3 B DX S W il /] 5 > A R o 3]
20 r/min PLJ5 , BETHIFR A3 CIHBRIEIX . B X & HEAE
£, BV A Bk O, . R BB A 80R & XN
SNEER N FE i, M ICE I/ NEIX 23 8], 3% —FR 72k
8 UL w0 2 o I A S I i R A e 1Y i
T B 12 R s b T ERRIBEI, AT AE A J5 25
Pl s B HEAT AL



=70 - T SN AN 53 %

I R i R
3.927e-002 7.854¢-002 1.571e-001 3.927e-001 7.854e-001
3.534e-002 7.068e-002 1.414e-001 3.534e-001 7.068e-001
3.142¢-002 6.283¢-002 1.257e-001 3.142¢-001 6.283¢-001
2.749¢-002 5.498e-002 1.100e-001 2.749¢-001 5.498e-001
2.356e-002 4.712¢-002 9.425e-002 2.356e-001 4.712¢-001
1.963e-002 3.927e-002 7.854e-002 1.963e-001 3.927¢-001
1.571e-002 3.142¢-002 6.283¢-002 1.571e-001 3.142e-001
1.178e-002 2.356¢-002 4.712e-002 1.178e-001 2.356e-001
7.854¢-003 1.571e-002 3.142e-002 7.854e-002 1.571e-001
3.927e-003 7.854e-003 1.571e-002 3.927e-002 7.854e-002
0.000e+000 0.000e+000 0.000e+000 0.000e+000 0.000e+000

m/s m/s m/s m/s

5 r/min 10 r/min 20 r/min 50 r/min 100 r/min
B REEHSERE AR R E
Fig. 11 Velocity contours of agitators with different stirring speeds along axial section
N [ISON . N 2

0.0010
0.000 9
0.000 8
0.000 7
0.000 6
0.000 4
0.000 3
0.000 2
0.000 1

50 r/min 100 r/min

m/s

20 r/min

5 r/min 10 r/min

12 AE#HEHFEHEEEERX S H
Dead zone distributions of agitators with different
stirring speeds along axial section

Fig. 12

T3H0 A AN R 5 T A SULA: 31 A 58 P £ A
B 13 B, aT LA 30 D SR B % 0 22
2B Y , TR 5 I 18] Bl 2 0 4 4% i LU 2 X
FAG. AE S P 5% 3 R 0 ~ 20 v/min Fif IR 4 s i 3k
REAE, 7 20 v/min DL FEARIE BEAR /. TR 4 REFE
PRI g . i TR A R DR SR

WU . ANHETIN , Bl TR A A TR IR
A BETE 100 r/min D)oK 4 X 1. AR I 1 4%
PR, YRR A RO AT, BB AR L B, (R
BT T ot B A A g A, v A R R R LR A i
R AN IIHE , SEPR A 7= v A FL L RE S S0 P X — i
FERG R [R] S g oy >R 1 1 BY ) R S i A A
WIEREREE R, e T T8 TR A R T A K TR
R B INT R N T FRAK R S0 AR, Rivard
A2 B gl AR A SO AL IR A ER B
PEISEEE P 1 125 o/min (SCESE SRR, P&
FERBEMERE LA B E 25 iEIAE 1 /min Z544
T, A PN B B RN R R Rt S kAT I AR
W, AP B ] BT A5 2 R B VL 8 B D38 17 1 D S
LA AR SCIR A AR S i 1 T #E 1 A 5T,
20 r/minky H 1 e A3 5 3, AH XA SN 7% 4K 2]
A I8 MY R B FE R ], 5 R A Ja AR Se i R TR A 5%
HEP=R R Z MR R,

600 | 500 i
E S00p 400 :E ol
Z 400 2 00 € 14
% 300} = & 12t
& 200} sl B
z = K10t
| 100 - 100 § ol
ol of 5
0 20 40 60 80 100 0 20 40 60 80 100 6720 40 60 80 100
P #/(r-min™) P 3/ (r-min) P %/ (r-min)
(a) BALERThER (b) IR HFE (c) HALAFIR A BE
B 13 s
Fig. 13 Stirring speed curves
3 & B s NBEIX R, RO T $i 1 22 58 X F 43 e e/, AR
%5

1) BEXF TS =25% By & [ 4R A= W A4, 76 5
PRI R, WE WA , SR P2 skl
R B s B, S U SN A BE ] R AT A

19.9; W FEDNF | SR PR D R i Ko
o gk

119.771 W/m®. g T WA YR FE MR & 25
B, BURAF PR R AT 5 20K,

2) X VU B AE I O N A AR E, W)



55

6 S I L A S AT R B B O i 70

BIBEIX T 43 LB W /N TR SR AR G R L)
RAKE R N b 2 B BT MR R
0.75 BV EA4EA 150 mm B 56X A 43 e/, BEARIE
T YRR ROR S RIS 2R AN

3) KT R ME AT i FE 2, Bl o b e ARG
YRR Sh R IR AR & A AR Ak, YL BE B I ARG,
FUBR G XN RHE Bl ol B2 3G 0. i 1 2y 52 bl %5
P Pl O hn 2 2 S K TR A I ) S ) 45X
TR IR G REEWE N, 2556 % RIS ROR SR
FE, BEFEEE T 20 v/ min iR ARG .

5% it

(U] R0, M, gk, % SaBRELRE TERERER
ST pTLI]. B ER S TR, 2018, 18(35) : 94
WU Jian, HUA Yinfeng, ZHANG Haitao, et al. Operation analysis
of semi-dry anaerobic digestion system of high solid content food
waste[ J ]. Science Technology and Engineering, 2018, 18 (35) .
94. DOI: 10.3969/j. issn. 1671 —1815.2018.35.014

(2], 8 35N, A HIL I PR B T o IR 48 R R AR BF 9 4 38
(], RS SRS 4R, 2008, 24(2) : 76
YE Xiaomei, CHANG Zhizhou. State of arts and perspective of dry
anaerobic digestion of organic solid waste[ J]. Journal of Ecology and
Rural Environment, 2008, 24 (2). 76. DOI. 10. 3969/j. issn.
1673 —4831.2008.02.017

[3]LEBRANCHU A, DELAUNAY S, MARCHAL P, et al. Impact of
shear stress and impeller design on the production of biogas in
anaerobic digesters [ J ]. Bioresource Technology, 2017, 245 ( Part
A): 1139. DOI: 10.1016/j. biortech. 2017.07. 113

[4]MAO Liwei, ZHANG Jingxin, DAI Yanjun, et al. Effects of mixing
time on methane production from anaerobic co-digestion of food waste
and chicken manure: Experimental studies and CFD analysis[J].
Bioresource Technology, 2019, 294. 122177. DOI: 10. 1016/].
biortech. 2019. 122177

[STHmeR, &8k, WiE. S BRI B[ )]. B
TAE2AHL, 2014, 8(9) : 3912
DAI Xiaohu, GAI Xin, DONG Bin. Rheological characteristics of
sludge in high-solids anaerobic digestion [ J]. Chinese Journal of
Environmental Engineering, 2014, 8(9) : 3912

[61Fn—, &2, 2570, 5. M CFD Fik e i < & el vy i
HILASMBIRLERLT]. HETESR, 2018, 36(4) : 23
HUANG Ruyi, ZHAO Xin, LI Jiang, et al. A review on optimization
of flow pattern in biogas anaerobic digester by CFD method [ J].
China Biogas, 2018, 36 (4): 23. DOI: 10. 3969/j. issn. 1000 -
1166.2018. 04. 005

[7]WU Binxin. Computational fluid dynamics investigation of turbulence
models for non-Newtonian fluid flow in anaerobic digesters [ J].
Environmental Science & Technology, 2010, 44 (23) . 8989. DOI.;
10.1021/es1010016

[8] WU Binxin. CFD simulation of gas and non-Newtonian fluid two-
phase flow in anaerobic digesters[ J]. Water Research, 2010, 44
(13):3861. DOI.;10.1016/]. watres. 2010. 04. 043

[9] KARIM K, HOFFMANN R, KLASSON T, et al. Anaerobic
digestion of animal waste; Waste strength versus impact of mixing
[J]. Bioresource Technology, 2005, 96 (16): 1771. DOI. 10.
1016/j. biortech. 2005. 01. 020

[10]DAPELO D, BRIDGEMAN J. Assessment of mixing quality in full-
scale, biogas-mixed anaerobic digestion using CFD[ J]. Bioresource
Technology, 2018, 265 480. DOI.10. 1016/]. biortech. 2018. 06.
036

[11]DAPELO D, ALBERINI F, BRIDGEMAN J. Euler-Lagrange CFD

modelling of unconfined gas mixing in anaerobic digestion[ J]. Water

Research, 2015, 85: 497. DOI:10.1016/j. watres. 2015. 08. 042
[12] WU Binxin. CFD simulation of mixing for high-solids anaerobic
digestion[ ] ]. Biotechnology and Bioengineering, 2012, 109 (8) .
2116. DOI.10. 1002/bit. 24482
[13] YU Liang, MA Jingwei, CHEN Shulin. Numerical simulation of
mechanical mixing in high solid anaerobic digester[ J]. Bioresource
Technology, 2011, 102 (2). 1012. DOI; 10. 1016/]j. biortech.
2010.09.079
[H4]EWAR, BK, Wik, 2. T2 REBEHEAS i 2 Bl 5 i
REEMSEIREL ] N TRE T, 2018, 34(1): 11
CAO Yadong, LI Xinxin, HUANG Zhenfeng, et al. Flow field
numerical analysis of dry-fermentation stirrer and its structure
parameter optimization [ J ]. Chemical Reaction Engineering and
Technology, 2018, 34 (1): 11. DOI: 10. 11730/j. issn. 1001 —
7631.2018.01.0011.09
(15 Akt Waigs, tRibel, %5 SRR TS I Rl AT Bl PR &
FRPER BRI ], Za5HEER, 2018, 18(3) : 1121
ZHU Guihua, LIU Yingjiao, XU Hongwei, et al. Numerical
simulation for the mixture features of the ribbon-screw impeller with
high viscosity sludge [ J]. Journal of Safety and Environment,
2018, 18(3): 1121. DOI:10. 13637/j. issn. 1009 - 6094. 2018.
03.054
(1635, HRss, 2. XU Ko 4G b N TR %
KRG RIEEART ] HEEPL TR A4, 2019, 37(1)
43
DONG Min, XIA Chenliang, LI Xiang. Numerical simulation of
internal flow field and mixing time in stirred tank with combined
paddles [ J ]. Journal of Drainage and Irrigation Machinery
Engineering, 2019, 37 (1) . 43. DOI. 10. 3969/j. issn. 1674 —
8530.17.0160
(1718328, Mdh, ARk, 55 TR IREUR N RN 4% Ko 72 5 il 3
ARBFFEHRELI]. HETES, 2018, 36(2) : 68
HU Xin, FENG Jing, ZHAO Lixin, et al. Research progress of dry
anaerobic fermentation reactors and its process control technique
[J]. China Biogas, 2018, 36(2): 68. DOI: 10.3969/j. issn.
1000 —1166.2018.02.012
CI8TXA. o e BE R R B R S 1 H S i R R 5T
[D]. dbxt: dELABE, 2009
LIU Yi. The study of mixing and strring for high solids biogas
fermentation and its influence factors [ D ]. Beijing: Chinese
Academy of Agricultural Sciences, 2009
[19] WU Binxin, KENNEDY S, ESHTIAGHI N, et al. CFD modeling
of active volume creation in a non-Newtonian fluid agitated by
submerged recirculating jets [ J ]. Chemical Engineering &
Technology, 2018, 41(7) . 1441. DOI: 10. 1002/ ceat. 201700323
[20]ZHAI Xiaodong, KARIYAMA I D, WU Binxin. Investigation of the
effect of intermittent minimal mixing intensity on methane production
during anaerobic digestion of dairy manure [ J]. Computers and
Electronics in Agriculture, 2018, 155. 121. DOI. 10. 1016/j.
compag. 2018. 10. 002
[2L] AN, FR%, HUEIE. Wk R s Ui e
B CFD EfE[)]. 1k T2, 2011, 39(7): 9
WANG Lingshan, SU Hongjun, XU Shiai. Optimization of
maxblend impeller diameter in high viscous fluid by CFD[]J].
Chemical Engineering, 2011, 39(7): 9. DOI; 10. 3969/]. issn.
1005 -9954.2011.07.003
[22]RIVARD C J, HIMMEL M E, VINZANT T B, et al. Development
of a novel laboratory scale high solids reactor for anaerobic digestion
of processed municipal solid wastes for the production of methane
[J]. Applied Biochemistry and Biotechnology, 1989, 20(1) ; 461.
DOI: 10.1007/BF02936503
[23]RIVARD C J, HIMMEL M E, VINZANT T B, et al. Anaerobic
digestion of processed municipal solid waste using a novel high solids
reactor; Maximum solids levels and mixing requirements [ J ].
Biotechnology Letters, 1990, 12 (3 ). 235. DOI. 10. 1007/
bf01026806

(mE x #)



