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CFD simulation and reactor design of helically agitated pretreatment

of lignocellulose biomass

Abstract

Pretreatment is the key step of biorefinery processes from lignocellulose to biofuels and
biochemicals. Dry dilute sulfuric acid pretreatment at high solids loading leads to the
reduction of waste water and energy consumption, thus is considered with potential of
industrial applications. Conventional pretreatment reactors generally are lack of efficient heat
and mass transfer mechanism and the pretreatment intensity is not uniformly distributed. The
situation leads to the increased inhibitors generation and then affects the subsequent
enzymatic hydrolysis and microbial fermentation. In this thesis, firstly, a new pretreatment
reactor (20L) equipped with the helical ribbon impeller was applied into the pretreatment of
corn stover. The pretreatment efficiency was evaluated, and the results indicate that helically
agitated mixing improved the pretreatment efficiengy. Secondly, the rheological model to
characterize the high solids conaining lignocellulose system was developed. The rheological
properties of corn stover system with different water content and pretreatment time showed
the shear-thinning non-Newtonian fluid, and the increase of water content and pretreatment
time enhanced its shear-thinning properties. Thirdly, based on the rheological model, the
computational fluid dynamics (CFD) model was established with using Solidworks, Ansys
CFD and CFX. The fluid dynamics experiments of corn stover-water mixing at high solids
loading were carried out in three reactors with different scales. The calculated power
consumption and mixing efficiency by CFD modeling were in good agreements with the
experimental results. Finally, the CFD model was applied to the design and structure
optimization of the bottom and helical ribbon impeller in the 2.5m? pretreatment reactor. This
study provided a practical method for rheology characterization at high solids loading and
developed the CFD model, which could be applied to the design and scale-up of dry
pretreatment reator.

Key words: Lignocellulose biomass; Dry pretreatment reactor; Rheological property;
Computational Fluid Dynamics (CFD); Helical ribbon impeller
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Table 1.1 Comparision of dry dilute Sulfur acid and other leading pretreatment technologies

Optimum operating conditions of some of the leading pretreatment technologies that maximize enzymatic

digestibility of preatreated corn stover(?®3

Pretreatment type Temperature (°C) Reaction Chemical loading Water loading

time (min)  (g/g dry biomass)  (g/g dry biomass)

Dry dilute Sulfur acid 175 11 0.025 0.5
Dilute Sulfur acid 160 20 0.015 3
Sulfur dioxide Stream Explosion 190 5 0.03 4
Controlled PH liquid hot water 90 15 - 5.25
ARP (Ammonia) 170 10 1 2.8
Lime (Calcium hydroxide) 55 4 weeks 0.5 10

1.2.3 RGeS 2%

AR CBER) TV ACAE P2 () RBRAE T W] AR REAN A 72 T2 R AE AR, B %
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HOAS W T2 AR,
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Fig. 1.3 Diagram (a) and photograph (b) of the twin-screw extruder pretreatment reactor
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® Rheology characterization
® Fluid dynamic experimentation
® CFD model development

__________________________
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Fig. 1.4 The specific objectives of this study
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2.1 i%*ﬁ%ﬁﬁ#ﬁ‘] 20L ﬂ&tﬁ)ﬁ&%ﬁ%ﬁ]l@

Fig. 2.1 Schematic drawings of the dry pretreatment reactor with elically agitation mechanism. (a)
Reactor equipped with helical ribbon impeller with the inner volume of 20 L; (b) Reactor without agitation
apparatus with the inner volume of 10 L. 1-Product outlet; 2-Steam inlet; 3-Pretreatment vessel;
4-Thermocouple; 5-Cap of the reactor; 6-Pressure gage; 7-Inert air outlet; 8-Anchor stirrer; 9-Helical
ribbon stirrer; 10-Electric motor for driving the helical ribbon impeller.

2.2.3  TRALEESZES i

FRAEFF AR BV TR AE B R = LG 2:1 A NIRAJEE = (18-25 °C) Rl
12 12h, FERRHEIR PIAL 3 5258 HoRIR A G B TR FE AT NN BRR T 200 A 21 s B4 7
IINEAEE )y 21009, Hrokhict A% o gy 4 16 1 5% 8% 52 v 50rpm. Pl A B 1) 287 i 4%
1) DAL A4 A A SR ARAIE AR VR A B 3 — M, R A 6min M 100 °C F+ 22 175
°Cc , iﬁﬂ?ﬁwﬁiﬁfﬁﬂﬁ%ﬁizﬁiﬁﬁ%%&ﬂé&%%ﬁrﬁﬁ%E‘rﬁiﬂ%‘ﬂ%%’Ha“rEﬂ, AL H
T PS5 RH N 8] 2% 1125 1) 5 TR OB TS #5308 (1) 780, 0 i 0 S T 28 00 18 o Tl A 2 5 1)
FKFEFT (Pretreated corn stover, PCS) #)k}.
2.2.4  TIACEERCRPEAY

FRAEF I TALER RPN 20 W L LA : (D) I R A4z B4R
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2.3.1  BRFHEHER AL PR AR 1R

AR AE R A AR ZUIE R AL B s L 3 N X TR RS REAT 1 AR IR TIAL BE, R
BN 2.5%, FOARFEFT AR RR A A [ W LUl 78 2:1, CREFIS TA) 3min, X LETHAL R 5%
Y85 7 S0 = iR S (1 i A AL B e L 8 RO R AR S AR AL 10 i 5 I i PR MRl 3 e e e
¥ 50rpm. MEFYERFLAL AR . LB LS PPN ML,  X b T P B B s ) T Ak 2
PERE, WK 2.1 Pron. WRIGEIR M LG, i fAb 2 e v 45 4E 185°C JRZ H
IBH T 86.11% ML 4E R AL, ISR T RSN A4S 190 °C (AL B R, (ETiALE
IREREAR 7 5°C, IXRUIRABEAE AN — i o 7 HUACEERCR, 5 —J7 I HE R o
IR G« ARG 1L PRSP B IR (O REREAT TR (RIS, X ELAb e . F2 R 2k
BRIE AN PRI EEZ2 5, AT AW S 30 Hh W AL 28 e 7 A 25t AR AL T Ak 28 3 A2 g1
R D A, X R] BEAE DAY IR T 1 3R nT AN s L4 A ROl TRV 15 BRI T
PN BB AN ] DX I PRt 0 5 22 S, 0/ R il i PR o v 58 B 3K 7 2B IR i )

F 21 BHHHESHS TR RS T AR

Table 2.1 Pretreatment performance in the static reactor and in the helically agitated reactor

Pretreatment conditions Cellulose conversion Inhibitors in the pretreated CS
(%) (mg/g DS)
Furfural HMF Acetate
No pretreatment 18.93
In helically agitated reactor
Case 1: 185 °C, 2.5%, 3 min 86.1140.14 6.3240.41 1.7440.24 8.13%0.52

In no agitation reactor
Case 2: 190 °C, 2.5%, 3 min 85.10 9.03 2.18 12.01

The data in the pretreatment conditions column indicate the pretreatment temperature, the acid dosage, and
residual time, respectively.

2.3.2 T ORAEFT B P4 2 A (] 1 R 20 2 vRARY

TFM R AL PR e ARG R AR AL 7, I R I T il ik 31— 5 Ui RE AN R B IS
6], ARBREFAE R R E 2 4E R AL 2 K R PR R B 5N 7 7, SF R )
AN A R AR EL IS B BE BRI, JEUREAE 70 T K S R e 1 A 7 R, 2SR TAL
PO T L 5 o T B BRI S R B R I PRI, 3 T R A Ry v TRAL B e N
i, ACSZES FO0 AL FRAE SR AR AT TRER I, JFERE TRALERRUR . IKFEFN REFESS K]
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7, WAV T TR S PR BRERAE S5 . 2.50% MR & [EE L 2:1. BRAT
PR 50rpm LUK 6min M 100 °C JHEE 175°C F£7£ 175 °C {£ 8 5min (FALHE R [A]
11min).

AT EBEHEE T RA AR T 1T AL B b R] I AR B FORAE R AH 2 AR Ak A4 1 AR
MR AR, o JE SR 3 I TAL 3 FE A R IR AR S 400 e R0 R 8L 3 AL T S5 48
AR A A B AR A A 43U B o AL BRI R A B TR S AR YRERE T Omine 3min. 6min.
Omin A1 11min, BARMILF4EZ 04 KA il 2.2 Fizs, R [RNR)S A 3 ik
JEHPE 2.3 Fis
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Cellulose and Hemicellulose
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o 20 7.23 ® Hemicellulose
15
44
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5
0
0 3 6 9 11
Pretreatment time(min)

22 TR MAEERKGFERMLALERA T KR
Fig. 2.2 Change of the content of cellulose and hemicellulose in pretreated corn stover
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#: & (Cellulose) 4 1414 (Hemicellulose) M35k, R HAL PR LK
FEFTHIAT4E 3R S AN 40%, “FEF4ER S EL0N 20%, BEAE TRALEN A R 0, £KA
MR AR A 0B Wi N, ~FA 4R BEAR, KR PP R 2 LT YR Z 454
WRRREMR, £P4ERH 5 A7 1o & LB E g N, X B FRALBE 2% O, FORFEFT
JEURHR 2T 4k 3 AN 27 4 23 400 0 )ik 3] 45.17%A01 3.73%
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B 23 FXRFEFHACESE M =Frnm ok B r3L
Fig. 2.3 Change of the content of inhibitors in the pretreatment process of corn stover

Kl 2.3 Fon A TRACFERS 6] Omin. 3min. 6min. 9min A1 11min 5 f K LK FE AT
12 (Acetate). F2HIILHERE (HMF) AUREEE =R Ml Yk B I 04240, X LA
IS 1) 5 AR AR DR FE A AL R B T LAAS 21, BB S FA BN [B] BB 00, S RASAT JEURE A Y
SR S BTN, e TR R S AR P AR AR, e Pk B B 1S
HHRYIFE AL BRI AT 6min, = MuMs Pk B B INECN 2212, 9min Z J 0| ik 5
HUM N2, IR A 2], R RRE AT A Tl BRI A o400 7 1) 7 A i 1) B AR v A
AL BEJ5 3

24 N

THEMG IR AL T 208 V) EOR PAL B S S A5 VR 5« A% AN ) sk, Filsb 22
AR R T ORAE R JEURE ) v ] 5 AR RGN 1 BRI A BETE AR, IRAERE HLAEAT BOhIR
et 1428 R B0 PSR 2 10 FOUAL B S L 2 R BT, e A2 P ot RV A i A 1
SRER . LR, fERAL T AR BESEE 2 Uk, IR SRR 2 N A,
HORAE R LR AR IR & 0 T IR AL, WE TR WAL okl E AR & PR i R L
FHEREIR . IR A PERE B IR 5. 2012 4, Wu SO0 s & B A 8 IR TH AL I S it ik R o
i H] CFD #AUBTIT 1 6 AR RS HER RV SRR, Z5 SRR IR AU HER AR RE
FE. ETR G ROR IO o AR S0 25 QR P a0 Bty s 2 SN TR B S5 8
Ay B R S S TAC T MO AR S RS e A MR AL BCR, JF A
REAT ROt B ARAM B A= A A E T DL IORAEAT A IR, Ot b 3 A (R e



o518 T BHREET KPR

PEATAALHR S5 B % 5 iR S0 A S N 2% ) TR BR AR 22 5, RIS IS 7 T FAL B i oA
I B T A ) TR OR R FT4H 23 (AR Ak LA R 32 B2 = R ik B A e a3, EER LA S,
i

(LD BT FRFEH W TIERBR UGB SRL, 75 F M B L #4555 Tl A 2 4
VESAF AR RE DL R, BFF T LBy 3Rk UL B 0 8% 5 0 A S B 2% 1 U B AR, A
1f 185°C FIILF4E =LA RIL T 86.11% (/= T A B 8% 190 °C FALZ), thAk, HiE
P TRUAL 35 1 = b 2 B A7 A P A B SR ARG, X R BH M 40 A R e A e S8 288 VR
A fEFSER, e T TUREEUR

(2) ERACBI TR T 26T, BEFT 1 PALFR I A% A AS [B] I 1) 5 S0 TR ARG AT
YRHIZH 3 A8 AT P09 FE AR AR, (] IR I 9 g Jig 40 3 1 1) oAb B 0o 8 1 o B
IR R (KRR W LEFAEASE T UM,



AT KFW 20005 519 T

FIF REMRBIFIE

31 3|8

FE5 2 B, WEIT 1 AR 200 B A (R Ry b X SIUAR B S N AR HEAT 1 TR AEAT B e
TR AL, FORFEAT IR TUAC B E WL Oy 2:1, FFotr 1 PAC B R b A I
JEURH AL 2 AN ) 5 S AR R . (B, AU 2] 1 201 5496 == R S N as
RITAL B H A, Bl THIAL B S s ROBE TIOR8y 0 P 5 AR & 0 AL BESCR (52 i
andey, )5 BB REAT S AR I EE A BETE L TBOR L RCRIM (A RT3, X 28 i) AR 2
AT 2R 5.

2011 4F, Wiman 250 58 1 R R AL I BOK A A8 AE P R JEURH R R AR 2 VE IR
BT ANV SR CT YRR RPRLAR 70 A7 R /KA S8 DR B AR A PR B RS R, A
TR R AL SRR S R S AR SR . 2011 4F, Lavenson PV FH 3 sh ol A
ISR R BOARES & BIRAL A BE T3, W& & 5-12% (wiw) (1Tt E 5 (1)
FORFEHBIRWOEAT T IR AT E , EAZTTEEIEA T TE A i, SRR I R AEAF
FEEEAE . ORI 2 B I SR S AR SV TR AE T3 92 B T AT PE AN AE R 12
BEAG, A2, QERIAMASOABE R REATAL R TR S M LRI, R
I ARFEANTR & RO 5 T 2525 SR AL R I , B [ AR RIORL 5 WA A S i 25
i, AT LR ik RO KR fk,  BIKG 52 Ak R IBTCE SR 1) “H0mAE 7,

TR RS P e B B A BRG] DL R O AR R s A b o0 1A
PRI YT o AEBATIIT R B TR IORAE A AL B AR, FAC BRI & H AN [ &
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Fig. 3.1 Research route of rheological properties
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AT Z AN P AL B A AN (R B T) 0 s (0 TR RS AT 3 PRSI IRAL S 4. A, fE5R
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32 MHEEHB

3.21 MK
FEATE R, 1 S FH R b FH A0 A o VA R A 35 P S N 28 3R 4T T 32 S5 M S 503k AT
TISE, VESREINE T B WA E 3.2.3 /N . FRUEFK B KBER (Corn Syrup) THWH
B E R REARAT, Hil (Glycerol) W H LB RA AR AT, W
PrAEmAR AR M B R 3.1 P, A2 7R g% 1 ARES A2 4 (TA Instruments, Inc., New
Castle, DE) I AH S EE I 2 16
R 31 RASGRAERREMER

Table 3.1 Rheological properties of the reference Newtonian fluids

Fluids Newtonian fluid Temperature (°C) Kpi (Pa s)
1 Corn syrup 25.0 6.687
2 Corn syrup 31.0 3.168
3 Glycerol 23.0 1.200
4 Glycerol 27.0 0.844
_ 3

Bl 32 SR AR R NS R A
1-BUBTHERESR, 2-BEHMARIEL O, 3-IRSNIEH ISR, 4- BB RERO
Fig. 3.2 Schematic diagram of the mock-up reactor with helical impeller
1-Single helical ribbon impeller, 2-Material inlet, 3-Agitating shaft for driving the helical ribbon impeller,
4-Material outlet.
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K 3.2 Fios, s N A i B AR g iy R~F W 3.1, RhFIH 3 MAFERE (5L,
50L F1 500L) [rvA R 1 [V 28 (Reactor A, Reactor B 1 Reactor C), A5 1A%
BERAL LG IIAE Reactor A _EHEAT, 58 4 TAABLSZIGIGIEFN CFD BLAUER T 3 N
7 o

F 32 BRI PLE I BAA AR

Table 3.2 Geometry parameters of mock-up experiments reactors
Reactor type Volume (L) D (mm) d/D (-) wi/d (-) s/d (-) N (-)

A 5.0 170 0.90 0.10 0.5 1
B 50.0 384 0.90 0.10 0.5 1
C 500.0 786 0.90 0.10 0.5 1

D is the inner-diameter of the reactor, w is the thickness of the helical impeller, s is the pitch size of the
helical impeller, N, is the coil number of the helical impeller.

3.2.2  HIHMIMIE J7 %

AR HE I [N 2% Reactor A HUEE HX-901 B FRIFTLRR I A (b 50 = 0] e 45 4 b
A RAR) 3SR SR SRES 5, EARFE T BRIk
21 A HH AR S A )15, RERR s REN — MRk, iESREEN 30 S, HUAME LA Tios
SR IR BRI, FEhR R, SR AR )i dl, 2R bs SH—Mik
BB SR 30 A, RIMEILFEN T, HENERFEFYR, HIkEA 1509 4905 5k
M2, IR EE T = B (FRATTHEAT I AN A Dk B VR A S50 A i 12 IR R
), WIE PR E AR E A 50, 60, 70. 80. 90. 100. 110. 120 #11 130rpm, M5
PRSI E M B AT (3-1) THEAR R

M2 =Ti—Tio (3-D

Tio A1 T 700l 925 AN B A RHN HUHHAE I E [ (N -mD.
H A 20(3-2) T HA5 BIR [ 52596 46 1R T It B RS2 (K i b 2.
P=(T -T,)x2zxv/60 (3-2)
Horp OB BRI BT 2 (WD 5 vORBERRERE (rpm)
33 WMAREBKE

FEFAR BB V) RIE T, FRATET DU AN S 800 T AR T SR R AR AR A I A2 2
i, il (3-3)
=K, 7" (3-3)

RH: ¢ —BYIN 7, kg/m3; y —HEIIEZ, st

Kp|—7|‘ﬁ§%§§ﬁl, Pa Sn_l;
n—AARE, TR
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M B 2B Ky AT AR H n AR AR 2 5, B R B K s it R P KN, 8
HOR, ARG PEBOR, [ B/h  FARFRH n R A AR W M RR R, iR
WETUIRAG . MACHIFERE, n=1 W, NRMARAR: O<n<l B, FORBIVIZRMPIFA, n
BN, FoRHBIOIMAREE g n>1, RoRBIUIRLL HR A

1 T ARA AR B ARG BER I, AEHEAT R S PR S R BT RIS PR D R T
H5ERZ M. 1A BRI AL A BT DR AR T R ASRE, 5IN T ARR R A
“RWUREEE” B AT e g i s R AP (O PR v B DR SR RN R A R 1,
i TR R IR 2 45T [N T AR 1, Metzner A1 Otto 240721 v S AN P ) 4 2B 1)
Sy TERAURIE , WA dr [dyy, , BV GIHE T ROZOURIE, KU AT LA 7 54
AR TR AR TR 10 RS R i 3
7. =K i7"% (3-4)

P HAFE: lgn, =1gK, +(N—=1)-19 7, (3-5)
0 (3-5) Hr, MERBIAF A RBTVIER y, MRIKEE n, ZJ5, BUr] AR

TRENSHEEE Rt 2 L P

331 FUHKLEEHIERAE

T D)2 R B A SN AR A 5T AT A B M USRI FE: BT B FE I T 2R AR T, Dy 340
FEA DTS LA FE 28 55 R 5 B PR AENUMGRESL, B8 3= BR300 H 28 v IR AR A o 1)
R 71 B F2 ) BE R BH i SR ) HAE B FEAE N A R D 28 77 AR B DY 28I #E

FEMEE M FERE T, B SR AR UFE BOS BirE I BN 2 A S MR, TR D%
(1) 32 R IF S s IR I FE R B 1, X 5 i dE A v S0 BRI S 2S5
P FE ) T U O FE I T O, SR T T [R] — 40 H A X e 5 d) 2 3R e — 2, A
B FE DI 2 B R/ R T B #E A B E 250 A 78 B 780 G R v ] oK AS
PR, X IHAETE PR F 4 R IR EShTR & B I S B R AE i — B R 2 W, N
TR XA T R R AR P D R O R, 1K BIRAIR T H IR FRORE B . IR, I
K BRI B 5 VAR SR R UK B S b RA RIS WS Bkl Nt S50
KRB,

X T[] S5 R P FERE, FE R T, PR WA Rem /NT 300 (ARSI
1R ZIME 1S B I KA PE B BN 259.78, /& 50% S /K & E KFEFFAE 5001 fi 4 o
110rpm Fid N iFEASEIRD, B A RA T ERRX, HFEDIZEAER N, 7] LR T+
FHHR R, W (3-6)

Np:CXRe; (3-6)
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Xf(3-6) PYILECH HAT AR (3-7)
lgNe= I €+ x- 1g,f (3-7

C RoR LA 1 LTS5 M AN RSF SRR B A, x R TE B 1 R IRAL
AR, BB PR T AL Re PTRAFOR AR (3-8)

_ pNd?

Re,, (3-8)
u
T ARG AR, X (3-8) FTRA L AL (3-9)
Re, = 200 (3-9)
Ta

p FRTME R (kg/m®), NEHPEREEE (revis), d ZBHEEZE (M), u
FEUUIRIIREE (Pas), na IHE v [ 44 & (AR A WAL AR (R UK . (Pas)
[, SR TSR AR N BT B (3-10) 15,

P

Np=——— (3-10)
P pN3d®
P it FER IR (W), MR LLa (3-10) iHHEAAH):
P=2z NN (3-11)

M RoR R E AR (Nm), #3 (3-11) AKX (3-10) THEW LA E:
P 27NM _ 2zM

Np = = — (3-12)
"THNdS pNd ° pN d?
20 1 O  Corn Syrup at 250C
@ Corn Syrup at 310C
A Glycerolat 23 oC
1.6 ~ A Glycerolat 27 oC
12
=3
)
0.8 ~
04 |
00 ] T T T T T T T T T T T T T T T T T T T T T T T T 1
0.0 0.4 0.8 1.2 1.6 2.0

lgRe,,
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B 3.3 SREBHERPLAE A BN —Re ThERML
Fig. 3.2 Logarithmic graphs of power number N, versus Reynolds number Re;, in Reactor A
FENR T H FF Reactor A HHll 5 = KO SN H Ity i b AN 5] A= e A4k i 4 41 75 Ve H0 T
MR, 2 e M 2 (3-6) AT S AT, &l 3.3 s, AR IgNp-lgRey,
MR ELFZMER R, MG THEARE] x=-1 F1 C=147.12. (1M, X (3-6) AJLAfH]
o (3-13)

Ny = 24712 (3-13)
Re,,

Beorat (3-9) (3-12) M (3-13) ATt A R (3-14)
27M M
"= CNd® ~ 73.56Nd°

it bk, T ugar AR P R N A, MR T s S R R AR R IR RUE
TrERTH B, B rp U BN [R) 300 3 T T I R BT ) AR AN R OUR B R AT SR A
AT S5 — B R K A AZF8 4 n «
3.3.2 BRUBIVIHEFR I RAE

AW TR G e S8 0 FORFEFF AR AR R AR &R, VARSI Fh SR I S 8 (g
AR, BPAA RORG G B U R AR AR AL, Rk, RS FERE A gy S R
B IR AN T AR BRG B 2 Bl 2 () B )3 ZE AN [R] 1T 23R

TETEE N FESR 25E T, Metzner A1 Otto ZF50E 1 F A8 A BT U E R 5 Ho i b 4%
(PP P T R 2R DG &R, Wk

(3-14)

Voi=K -N (3-15)

A Ks N Metzner 55, HAEI T Hi S It 240, A ibErl S 4 He 22 45 14
TR PIFHEAR &, (R B FE R ST vl LUl seieil e 15 2] . RS X PA B Vg %
FEAPEEE B AL, (H R IXFh A G St L2 R AR 3 T N A, FF AR
FPEREREFE DN 26 G5 H S I R R 2 I H 7 5 ARTAF X 1At e

SR, 1E 5 SE0F 70 2734 BIRE 7T TR B Metzner & BUE AN A2 58 4 B T 1t RE A Az =i
PRI GER, HAE W 53RN B PE R AESS . Delaplace Z5PCIREJt i 6 B, 1EAT R 3L
[P/ NEREIN (0.45<n<0.75) Metzner 302 AR /N, o] DLZBE AR, TAEIX AN
ZANAE S0 FERE S LA P2 I 5 R RN AR AR R B OC, FF HAHE S AIIGUE T8
iy B P ) BT DR B AR BRAARAR R 1) Metzner 50 B R, sl (3-16)

282" s-1 C { n s Wi[;’i*

=— (3-16)
* N, S? S™-1x ¢ 4] -n S-

Hers, A3 (3-17) K45
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D D/d

d)_"](D/d)—a—Zw/d)
(D/d)-1

X (3-16) A1 (3-17) H, D ERFENGE (m), d BB HERER (M), SH
D/d L3, n @R TREL w BB RS (m), | BB REAEE (m), NZiE
MR, MR R RN 2 S B0 A 2 LR 254 N=1 B( 2,0.025<D/d<0.263,
0.084<w/d<0.223, 0.35<s/d<2.15.

333 WMEZHIIME

TR 3R 1 2 OUURG FE AN BT U R R AE, X TEE i H A &, S5 & Ry

i DGR B AR A R A S, B (3-15) ARAAK (3-5) A LATHE]

lgr, = 16, + n(— 1) Kg(N (3-18)

HT A (3-18), EARBEFEFEE (N1, N FIE R 5 A FOURG L I AT 4
PEALG AT DL SRAG 2 AR R 2, a0t
_ 1 97..— 19, _ hor nlg (3-19)
lgkK,-N, 5 (N, ) Nkg N

N (3-100 KAfg A TR EUG RIT it — 0 TH SRR B R 30 Ky, BRI BUE I i1 it
SRR ] LA T B0 2 U0 5 R R (R AR P S 2 A

3.4 RIALER FAKFEFERFRZRS LN E

R T I T PR RO 7 VR BV SRR, R DALE MR 0 R e S T 40 P R 2R
AN TR B DT 261 () R AL FE A A BT U 28, AT AT Ak — P40 & R B 2 4
FET R YE R AR BRAR R, XA Bk & B TOKFEFE CRTAEERD 145 B 7C B £ %
SAEPAL BRATUE I FORFEFF AR R B K EX AR R WAL YE R FIs2m, 1X 4 F) T 5 SEpr i
WHE T 2456 I8 F AR BT J7 R AL .

FE 2 510 1150 70 BATTVE A %) ) IR 1 e e ok 1) 422 7 2000 o s ] oK RS AT &R
PR SH, A/DNTTHHRNE AN ES KE T BRI B ) KRR AR S
B, NEEG/KEME N0%. 10%. 20%. 30%. 40%. 50%. 60%.
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K34 AREEKETHERBHERRZSHHUE
Fig. 3.4 Logarithmic of the apparent viscosity 7, as a funcation of logarithmic of the apparent shear rate

Vett
K134 IR AR /KB R 1 B KA FFAE RO B0 AR oA [R]85 D1 2R R 1R R
FEAE, I LG T A4S B AS He ORI FE R 4.
#33 AEEKETHERBTERPWFRERERNRZSH

Table 3.3 Parameters of power law model in different water content of CS

Water content (%, w/w) n(-) Koi (Pa s")
0 0.42540.010 5.91440.337
10 0.35640.027 12.07841.165
20 0.26140.027 17.990+42.153
30 0.20440.012 21.41941.440
40 0.16840.021 27.188+41.322
50 0.22540.011 32.04141.200
60 0.21540.026 41.197H.757

K 33 T EKE 0%E 60%H 7 MR THIRALSE, 456 PRt sl
MG HIRESH, el AR (D BEESULERRIEMN, TR R LI Y
AR AAR BT UIRE A RO, TR BRI L8R B R 3 n, 72 LT
IKAFAERI 2R, SR REYIRL T = BE RGN, 1K R W FORFEFH R 2 R 2 BRAR R, vk
5 R 2 [R)AF EL A 5 B 0/, BRI N R R FE B (2) AR % n
T 0 2] 0.5 28], KIBEAE TR R EG/KERIGI, HABFREE n EIHIZH FFK
JEaTRERES, XIS R KRR F AR R I A 2 W 28 P A X o5
M Dunaway ZCYI) 5 v ] B T OKASFT (0 B AR AR 1 IR P 5 B A AR A 4
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BEAL, ATORFEF A R IIHAEE R B Ky Bl S K r 3 inf B8 89 00, g2 Y0 R 8T )%
BTG 58 R D BOBGIN, X2 B9 S K BRI AR b, ORISR K G 5, 1)
I A58 S50/ IN U S B 81105 DARBUAGE PR BRSPS 18 1, S Jo 1 3t o S SRt o B D)ok
FRIHE N 2 UKL 22 18] B ) 2 45 2 ik ) B4 7 1 T ) sk 3 A, SR LS 2 ) e I =
el 2 BTN AR G N, RN, S KE NN — R LY AR AR AR K 2K A
REB TR E, RIS B KRS, A4 R H By UIRAL TE b e T Aa e

ZRE VAR, ATLUR W AERR A HEPEAE S N As A Rl DASEAS [l & 7K B SR FSAH )
RHATH B RS RN E , JFRR TS /KE RN TORFEFT R R 22tk
JoR B S KL o

35 RFAEEHUCE TR FBSR LA RIRES I =

N T SR FORFEATAE A B A2 A i AR M 0 AR AL, AN d ik R A B
()5 FRAL P 5 1) T KA FFY) 2 4% — € TR B ELRR P BET 3R, AR5 I E R A i A &
e, BRI TR AR TR 1) FORFEAT (SRR G SR th2:1, TR & LE ikl
R GG B KRR (5/KES54.00%) JBA, RRFREEEEIR A I EKFEFT 2T
HAHE, TR N0%-. 30%. 50%. 70%- 100% (FiiAbH j5 i) B K ASFTHT 5 R B LD .

R34 RFLEEFUECETRBET AR BRI ROFERERTSH

Table 3.4 Parameters of power law model of pretreated corn stover/corn stover mixing system

Mixing ration (%) Water content n(-) Kol (Pa s")
(%,wiw)
0 33.30 0.22140.026 20.27140.013
30 39.50 0.20440.011 21.445+ .260
50 43.70 0.193+0.007 23.915+.474
70 47.80 0.17440.015 28.41243.158
100 54.00 0.173%0.021 19.63442.873

Mixing ration represent the ration of pretreated corn stover and unpretreated corn stover(w/w).

R 34 EARTALFE FAL PR T RFEAT A [R5 TR LR 2 0 B R AL AL 2
. FTLAER], BB AR AL 5 A RORAEAT BT & LU B RN, AR HOR I &
FEASHE S, RIBTUIRAL L BT o, (HARML IR R, 1K 544 28 /K S i Ak
FHOG: R R AR I I N e, H 58 2 AL 3S AR R 00 E REUR A BT RIS, X
A RE S AL B A B B RAEAT AR FRRAE KR FEFRAR, PR A R RORL 22 8] B BE 5 PH 0 B
R 5| R 70 B R o VAN E B AR 20T U T — /N5 B 58 45 SR RS LRt
— B UL B AR AR AR BT AR A

3.6 ANFEITALERT 8 B T KR RRRSHHIN 2
BT ARSI A PR T T2, FUAL B AR b TOKREFE A R I A v o AR A P
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A AEAN[F] T PR I [ 10 B — AR A AR 25 AT T JEAT 1K), AN TR] PR T Ak B s 1) B3 A [R] oAb
R R AR

A R TR 2 FRATTVE L () ek e e o [ 382 07 vk U e 5 3 R OK RS AT AR 3R
PR AR ZH, AT 34 /NP EE T ARS/KE SRR Rim, &
S )T A R TRA R R (e Ab T2 2 T BRI AR [ b 2:1, Iy Bk T
50rpm, AL (A4 6min M 100°CHIRZE 175°C, 2 J5 175°CHRE 5min, T2 J5
FARFEFT VR & K EAE 50% /e o HETIZMALEE T2, A/NFHEFE A kb 2
I 18] 26 A4 T B PAL 38 FOKFE AT AR 240, AR [ 5 5554 Omin, 3min. 5min. 9min.
11min.

R 35 AETHALIER R T FRFBH IFREIRZE S

Table 3.5 Parameters of power law mode in different pretreatment time of PCS

Time (min) Temperature Water content n(-) Koi (Pa s")
(°C) (%,w/w)
0 0 33.30 0.22140.026 20.27140.013
3 156 36.40 0.24140.014 25.53542.154
6 175 47.51 0.20140.008 28.542+1.054
9 175 53.13 0.18940.011 29.12143.542
11 175 54.00 0.17340.021 19.63442.873

R 3.4 IR 2 TIUAL BRI R AN [R) T A BN 8] S A BT AR S TR 25 B AL A B e A
FRALEE TORFE AR RS KE. v LR, WS B AR 5 AN [R5 R EL 72
IaE RARFEIL, FtoE FAC BRI [R] (RGN, TORAEFTAR & 1S /K Rl g i, S04k 2RI 18]
B 9min 25 B S K B ISR I B AR Ky B FI0AE RN 8] (5 iy g hn, X
Yo TAL B ARG 0 1 FORFEAT ORGP, IX AT A2 PR O FOKAS A BURLEE AR IR K i e 4
TRURLRRTIVE T (H2, TACBRIRAEIAS) 175°Ca, FiALELOR BE I H) A\ 3min 3 0 2]
5min, TORFGAA RN S /KE LA, A5 RESO G, X5 LR TORFE AR
FWTE BT, TALEEIS ] A\ 9min S5 A0E] 10min I, FORFEFRURL A 2 IR HiCHE
PR FE AR, BIAERR A B R IR BN N B AR 2 5 32 18] A 03 i AR B, Rl R
Rt 2 I Hk i 0 R A

AN FIUAR BRI 5] ) TR RS AR R AR B ANK,  BEFALER N (] A3 I, n {6
AMETARIFEAR, ARAVERIAE 0.17 5 0.24 Z 1], 5 3.3.1 /T P R T B ) FORFE AT AZ
PEFUREE, RIUVERRTBTUIRMACIE BT, X Oy it A IR AL B T 23T 1 AR
LR UE K BUE ) SRS, BEAR T TORRSABURL IPRLAR KN, 5 AR FUAC R RS FHRURLAE L,
UKL 55 JURE 2 (8] RBURL 5 W7 SR - 10 EE 4R i 7 BRI, i fat FL AR R 5 R OB T R
BT 4 (1R 1 T 1 2 R FEE TG I AR A1, R R B T o A BT DA AL PR
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s
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AW 548 FH Solidworks 2010 BB HE R G0 0 LTSS R AR, T B R A ) L
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Fig. 4.1 3D geometric model of the reactor with helical impeller
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Fig. 4.2 Grids resolution of rotor and tank zone in ICEM CFD
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H N 167515 (5L). 182452 (50L) 1510246 (500L) #AT)5THIfIiH5E, CFD R it
FRAR AN AL AR, AR ZHIA S 3 BIER IR S

K41 PIRETLRMERAE K X DA 5 B m

Table 4.1 Grids independence validation and effect of elements on the power number

Case Elements Np-sim (Np-sim=Np-exp)/Np-exp
1 89387 41.47 4.83%
Reactor A 2 167515 41.36 4.55%
3 326738 41.25 4.17%
1 102754 25.75 4.32%
Reactor B 2 182452 25.58 3.65%
3 293645 25.40 2.93%
1 347852 6.86 4.98%
Reactor C 2 510246 6.80 4.12%
3 864751 6.74 3.25%

Element is the number of CFD grid cells for each model. Ny is the value N, of CFD simulation, Np.ey, is
the value N, of experiments.
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Fig. 4.3 Tracer response curve of 12 different monitor points in CFD simulation of the mixing process
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Fig. 4.4 Comparison of the power consumption between CFD simulations and the mock-up experiments.
Conditions: corn stover with different water content (from 0% to 60%), agitation rate at (a) 50 rpm, (b) 80
rpm, and (c) 100 rpm in Reactor A.

SL 5 S N A BERE DA 1) CFD AUl 5 e (8 T DA &5, IR A BB S B2 45
RN, CFD ALl i e R A e A HERA VE , DI BATTEEAT 1 3 AN A RUEE (i
R Ay BRI C VA B IG ABUIGIE . WIS AT CFD BLULAR 2 P 50% & /K & T
R FORFEAT Ao AR 2R, PG S B P2 AN 50rpm 3911 %1 110rpm, 7E 500L 4 2 i 35
HI A5G 1 90rpm I TR B, Un IR PRGN A 2 4 R S L85 KT LA Bk, A
TR 3845 44 3 A = 9 90rpm,

4P 4.5 o, £E 5L, 50L A1 500L HiPk S Bids s A AR B A FRIHEHE D 2 43
PRGN B RGN, CFD BUL TR E AR REAH R (s g R, [/ 3 AR R
JEEH) CFD AU 196 B 24 DR A5 i FRI W 5 R P2 o £ BOOL F 14 S 2 4% 4 74 Y i 6l 72 1
HI T S ML AR BB, A 2 (R IR SR, 10 T 3 (AT TR 22 A8 LU BN S R 4%
K, BE, IR EEE N, CFD Bl S5 ie R e R IF R IV &



5 38 T BHREET KPR

4.0 3 (a)ReactorA O  Experimental
355 —  Simulation

25 - @
20 A

15 1

Power consumption (P, W)

05 3

0o+

40 60 80 100 120
Agitation rate (N, rev/min)
80 7 (b)Reactor B O  Experimental
—  Simulation

70 ;
60
50
40
30 ;

20 1

Power consumption (P, W)

10 3

0 : T T T T T T T T T T T T T T T T T T T 1
40 60 80 100 120

Agitation rate (N, rew/min)

450 (c) Reactor C O  Experimenal
400 —  Simulation

350
300
250
200
150
100

50

0 T T T T T T T T T T T T T T T T T T T T 1
40 60 80 100 120

Agitation rate (N, rew/min)

Power consumption (P, W)

B 4.5 NERERBEHR PSR 50% & KEKRRER CRELE) HLRTIES CFD ARHIKIE
Fig. 4.5 Comparison of the power consumption between CFD simulations and the mock-up experiments
in the three mock-up reactors. Conditions: corn stover with 50% water content.
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Fig. 4.6  Comparison of the power consumption between CFD simulations and the mock-up
experiments in the two mock-up reactors. Conditions: the pretreatment process (0, 3, 6, 9, 11min), 50rpm.
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Fig. 4.6 Comparison of response curves between CFD simulations and mixing experiments. CFD models
monitored the tracer concentration at the same location with sampling, and experiments monitored the
water fraction of CS during mixing. Both the concentration of CFD simulations and experiments were
normalized by dividing the final concentration. All the agitation rate was 50 rpm, which was equal to the
actual pretreatment, P1~P8 were different repeated experiments.
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Fig. 5.2 \elocity profile and fluid field in the reactor stirred by helical ribbon impeller
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Fig. 5.3 Schematic drawings of the pretreatment reactor with elliptical bottom or flat bottom
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Fig. 5.4 Effect of h on the power consumption per volume and mixing time of the pretreatment process in
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