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CFD Simulation and Reactor Design for High Solid Content Lignocelluloses
Enzyme Hydrolysis

Abstract

Enzyme hydrolysis is a vital part in lignocelluloses bio-refining process. The efficiency
of enzyme hydrolysis can have great influence on the growth of bacteria in fermentation,
product yield and energy consumption of the downstream process. In order to reduce the cost
of bioethanol refining, high solid content of raw material is needed. But high solid loading
can cause great influence on mass and heat transfer in the reactor, thus leading to increased
reaction process power consumption and low conversion rate. In this paper, the enzyme
hydrolysis of high solid content (30%) corn stover in 5L helical ribbon impeller bioreactor
was studied. Insoluble solid content, sugar concentration, particle size distribution and
rheology property change of the material during enzyme hydrolysis were investigated. The
results show that, during the digestion process, sugar concentration increased gradually, while
insoluble solid content and particle size decreased. Materials all shows a shear-thinning non
Newton behavior and the viscosity reducing gradually during the hydrolysis. Computational
fluid dynamics (CFD) was used in this paper, a CFD simulation of enzyme hydrolysis process
was established successfully and the rheology property change during the hydrolysis was
introduced as an equation for dynamic simulation. The investigation of structure and
operating parameters were conducted by using the CFD model. The results show that, d/D is
the most important effecter in the power consumption and mixing of the reactor. The increase
of d/D can lead to increased power consumption and decreased mixing time. The effect of
rotation speed is influenced by the structure of the reactor and the properties of material. In
general, with the increase of rotation speed, the power consumption increases and mixing time
decreases. Moreover, with the increase of rotation speed, its effect on mixing performance
also decreased. Finally, in the magnification of the reactor, using equal power per unit volume
rule can get better performance. This paper laid a foundation for the CFD simulation of
lignocelluloses biorefining process, and provide basic research for the design, optimization
and industrialization of bioreactors.
Keywords: Cellulose ethanol, enzyme hydrolysis, CFD simulation, helical ribbon impeller,
reactor optimization
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Fig 1.1 Schematic of the lignocelluloses biorefinery concept
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Fig. 1.2 CFD simulation procedure
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Fig. 2.1 5L enzyme hydrolysis bioreactor
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Table 2.1 Geometry parameters of reactor and helical impeller
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JiI ANSYS CFX 11.0, JUf#E8d % ffi ] Solid Works 2008, M#%%l4:KH ANSYS
ICEM CFD 11.0 17,
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Table 2.2 Experiment equipment and reagents
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B TRTRAS D,  TAS I 5T AR I 5 AR ME I B — B 8 TV AT o AT, ROKHRE AT B
SN R FR AR AR 14 o R S SR PR A TR A A AT o IROBETT AR IS 300615 2 & KL
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kBl 2 —E IRA G IESA A ERRE 20 AN, BOTPIME NI AR Mo
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=Ky (D
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KA AEA U R AT I G . 5L ON 28 1E SEPRB L F i Pkl f R oRH &y 3L, P
DA HOURT S I 2 A A 2 B 3L 1R AT 22211
(2) JUTRERL R ST

ARWFFE, SN A LR R SolidWork2008 #i it 47 221, #E RS R ~f 44 8 Sz Bk
SN S RT o JUATE R 2 Iy, 4 S 88 3 Al IX AT X PIANER 73, 8 XN b2
FITAE (R DXCAB, 1T i X D) e R 22 7 381 B TR I 38 40 A 1 bk 2 EL et R 1 X3
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(5) MLAYSK A
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Bo TREIEE SOAEA I AR BRI FE IR BRI (M()<<5%) T I [6] o
i(t) — Cave
M(t) = Mxloo%
Cave
M (t) < 5%

Ci(t)72 CFD HLAL A ARAN A7 B I R BRFTIIR I, cave SRR i 28R &5 44 S1 R B IRIIR
o



BEREFITKE WL 17 T

BIF EAREHEBMIEERETN

WRAEHI SR, O 7T TORAEAT B AR AT AR S etk AN/ 22 B e XX
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Fig 3.1 Power consumption during 12h hydrolysis of 30% corn stover
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Fig 3.2 Sugar concentration (a) and insoluble solid concentration (b) during 12h enzyme hydrolysis
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Fig 3.4 Power law index number calculation of 30% corn stover
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Fig 3.5 Consistency number calculation of 30% corn stover
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Fig 3.6 Viscosity to shear rate in rheology measurement (1 h sample)
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Fig 3.7 Rheology property change during 12h enzyme hydrolysis
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Fig 4.1 Geometry structure of 5L helical impeller bioreactor
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Fig 4.2 Mesh generation for bioreactor
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Table 4.1 Mesh size range for each part of the reactor
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Table 4.2 Optimized mesh size for each parts of the reactor
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Fig 4.5 Power consumption comparison between CFD simulation and experiment during 12h hydrolysis
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Structure parameter Range
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K51 =AGEHSHHIFREE

Table 5.1 Size range of three structure parameters
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d/D s/d wi/d
1 0.85 0.5 0.1
2 0.85 0.45 0.1
3 0.95 0.6 0.05
4 0.95 0.4 0.05
5 0.85 0.5 0.125
6 0.95 0.6 0.15
7 0.75 0.4 0.05
8 0.75 0.4 0.15
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9 0.85 0.55 0.1
10 0.75 0.6 0.05
11 0.95 0.4 0.15
12 0.75 0.6 0.15
13 0.9 0.5 0.1
14 0.85 0.5 0.075
15 0.8 0.5 0.1
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Table 5.2  experiment design for structure optimization
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Fig 5.1 The impact of structure parameters on torque. a, the impact of w/d and s/d, d/D=0.85; b, the
impact of w/d and d/D, s/d=0.5; c, the impact of s/d and d/D, w/d=0.1
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Fig 5.2 The impact of structure parameters on mixing time. a, the impact of w/d and s/d, d/D=0.85; b, the
impact of w/d and d/D, s/d=0.5; c, the impact of s/d and d/D, w/d=0.1
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Table 5.3 Verification of optimized structure
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Fig 5.3 The impact of rotation speed on power consumption
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Fig 5.4 The impact of rotation speed on mixing time
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Fig.5.5 The impact of rotation speed on energy consumption
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Fig 5.6 The impact of rotation speed on power consumption at different rheology properties
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Fig 5.7 The impact of rotation speed on mixing time at different rheology properties
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Fig 5.8 The impact of rotation speed on energy consumption in mixing at different rheology properties
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Fig 5.9 mixing time in different reactor volume (same P/V)
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Fig 6.1 Geography structure of continuous simulation of enzyme hydrolysis
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Fig 6.4 Velocity distribution in the bioreactor during enzyme hydrolysis (a, 0s. b, 0.5s. ¢, 1s. d, 5s. €, 15s.
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Fig 6.5 Tracer concentration in the bioreactor during enzyme hydrolysis (a, 0s. b, 2s. c, 5s. d, 9s. €, 15s. f,
60s)
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