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CFD modeling of pretreatment reactors at very high lignocellulose solids content requires the charac-
terization of rheological properties of this specific system. In this study, the non-Newtonian rheological
properties of the corn stover-water mixture at high solid loading up to 50% with helical ribbon agita-
tion were characterized. The rheological model was developed by introducing the power law model and
measuring the torque values of the mixing system in a small reactor (5L), and then applied to the larger
reactors (50 L and 500 L). The CFD model was developed based on the determined rheological properties.

Ic(?rlnwstrg\s/:er The fluid dynamics experiments in three reactors with different scales were used for validation of the
Pretreatment rheological model. The calculated power consumption and mixing efficiency by CFD modeling were in

good agreements with the experimental results. This study provided a practical method for the rheology
characterization and CFD model at high solids loading. The CFD model could be applied to the design and

Rheological properties
Computational fluid dynamics (CFD)

Helical ribbon impeller
High solids content

structure analysis of pretreatment reactors in lignocellulose biorefining processes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Pretreatment is the key step of biorefinery processes for
overcoming the biorecalcitrance of lignocellulose biomass for
consequent hydrolysis by cellulase enzymes [1,2]. Among many
pretreatment methods, dilute acid pretreatment is one of the most
widely used technologies. However, the traditional dilute acid pre-
treatment was operated under low solids content, thus significant
amount of waste water was generated [3-6]. To overcome this
technical barrier, a “dry” pretreatment method was proposed by
operating at very high solids/liquid ratio up to 2:1 at the beginning
and 1:1 at the end (due to the steam condensation) [6]. When the
water content in corn stover is reduced to a very low level, corn
stover completely absorb the water leaving no free water. There-
fore, the dilute acid pretreatment at very high solids content is
called the “dry” method, because both the corn stover feedstock and
the pretreated corn stover product are “dry”, without free water
during pretreatment: the liquid phase water or solution streams
are deleted from the process of this “dry” dilute acid pretreatment.

While the waste water was completely depleted in the dry pre-
treatment, the intensified mixing of small amount of dilute acid
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liquid with the lignocellulose solids bulk and steam vapor was
strongly required, otherwise the poor mixing leads to the non-
uniform distribution of temperature and acid concentration inside
the pretreatment reactor. Therefore, the helical ribbon impeller was
introduced into pretreatment reactors for the purpose of intensi-
fied mixing of corn stover with liquid dilute acid solution and hot
steam [7,8]. Robinson and Cleary [9] analyzed the helical ribbon
mixer and designed various impellers for a high viscous mixing
system. Wu [10] made a comparison of six impellers for mix-
ing high-solids anaerobic digestion systems and found the helical
ribbon impeller was the best option. In our previous studies, a heli-
cal ribbon impeller was introduced into bioreactors for enzymatic
hydrolysis and fermentation, as well as into pretreatment reactors
for dry dilute acid pretreatment [11-13]. The results showed that
the bioconversion yield and pretreatment efficiency was signifi-
cantly improved.

Rheological properties of the high solids pretreatment system
needs to be developed to design appropriate transport and mixing
strategies for high performance with helically agitated mixing. Via-
majala et al. [14] studied the rheological properties of pretreated
corn stover at the solid content of 10-40% (w/w), which exhibit
shear-thinning fluid behavior, but these systems were still in a wet
slurry state with high liquid content. Kemblowski and Kristiansen
[15] measured the rheological properties of a fermentation broth at
high solids content which was still typical liquid slurry. Lavenson
etal.[16] used magnetic resonance imaging as an in-line rheometer
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Notations

d the impeller diameter (m)

D the reactor diameter (m)

C geometric dimension parameter
K consistency coefficient (Pas™)

Ks Metzner constant

1 the immersed height of helical ribbon (m)
M torque (Nm)

n power-law index

N the impeller rotation rate (rev/s)
Np dimensionless power number
Ny the number of helical ribbon

P power consumption (w)

MEL mixing energy level (W/m3)

Rem Reynolds number (-)

S pitch size of the helical ribbon (m)
Np_exp  value N, of experiments

Npsim  the value Ny of CFD simulation
w ribbon width (m)

Greek letters

Yeff apparent shear rate (s~1)

" viscosity of fluids (Pas)

Na apparent viscosity (Pas)

o density of fluids (kg/m3)

to measure velocity profiles and characterize the cellulose suspen-
sions, but the target system was liquid at low solids loading. To the
best of our knowledge, no previous studies provided rheological
model under solids loading high enough to meet the present dry
pretreatment requirement [17-19].

Computational fluid dynamics (CFD) has been used for simulat-
ing the mixing performance of high solids loading systems [20,21].
Giuseppina et al. [22] studied the stirred Newtonian and pseu-
doplastic liquids by CFD simulations and experimental validation
of mixing time. Yu et al. [23] developed a numerical method to
simulate mixing in high solids digesters using helical ribbon mix-
ers. In their studies, the mixing system contained only 5% solids
content and the Newtonian fluid was assumed for the CFD model-
ing. However, the pretreatment system at very high lignocellulose
solids loading up to 50-70% is no longer a Newtonian fluid. A non-
Newtonian fluid based rheological model should be established for
the high solids system and then used for CFD modeling.

In this study, based on the rheological model, a CFD model was
developed to simulate the power consumption and mixing effi-
ciency of corn stover-water system under helical ribbon agitated
mixing, which was the initial stage of dry dilute acid pretreat-
ment operation. The specific objectives of this study were to: (i)
characterize the rheological properties of high solids loading corn
stover-water mixing system; (ii) develop the CFD model based on
the newly established rheological model and validate the model by
the power consumption and mixing efficiency data; (iii) apply the
model to the enlarged reactors for validation and design.

2. Materials and methods
2.1. Raw materials

Corn stover (CS) is selected as the model feedstock mate-
rial, because it is the most typical lignocellulose biomass from
agricultural residues for biofuels and biochemical production by
biorefinery processing. The materials were harvested in fall 2010,
Jilin, China. The materials were washed to remove the field dirt,

Table 1
Rheological properties of the reference Newtonian fluids.
Fluids Newtonian fluid Temperature (°C) Ky (Pas)
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

stones and metal pieces, and then dried at 105 °C until the weight
was constant. Dried corn stover was milled coarsely using a beater
pulverizer (SF-300, Ketai Milling Equipment, Shanghai, China)
and screened through a sieve with a mesh diameter of 10 mm,
then stored in sealed plastic bags until use. The particle size
was roughly screened by sample sieves, and the size distribution
in average diameter was 26.1%+1.4% at the range of less than
0.25 mm, 26.1% + 0.6% at the range of 0.25-0.42 mm, 27.0% 4 0.8%
at 0.42-0.84 mm, 14.6%+0.8% at 0.84-2.00 mm, and 6.2% =+ 0.6%
above 2.00 mm, respectively. All measurements were carried out
in triplicate and averaged.

The glucan and xylan content of corn stover were analyzed using
the two-step acid hydrolysis method according to NREL protocol
[24,25]. The CS contained 37.2% of glucan, 19.8% of xylan, and 5.5%
ash.

Corn syrup and glycerol were used as reference Newtonian flu-
ids in the experiments. Corn syrup and glycerol were purchased
from Haocheng Food Co., Shanghai, China, and the rheological
parameters of the fluids are listed in Table 1. The reference New-
tonian fluids were used for the determination of the geometry
dependent parameters of the reactors.

2.2. Pilot reactors and rheological parameters measurement

The schematic diagram of the three pilot reactors is shown in
Fig. 2(a). The reactors were made by PMMA polymer material.
The helical ribbon impeller was welded on the central shaft, and
the motor was mounted on the top of the impeller to form axial
upwelling flow. The torque meter HX-901 (Huaxin Mechanical and
Electrics Co., Beijing, China) was installed onto each of the three
pilot reactors for the measurement of agitation torque. The tem-
perature change from mechanical friction during the mixing was
ignored.

In the three reactors, 150g, 1.50kg, and 15.0kg of corn stover
(dry base) was charged onto the Reactors A, B, and C, respectively.
Tap water was poured onto the bottom of Reactor A before the
corn stover materials were fed. For Reactors B and C, tap water
was fed from the top of Reactors B and C after the materials were
charged. The torque was recorded every 5s for 8-10 min at each
agitation rate in the range of 50-110 rpm. The mean torque value
was calculated and recorded as T;. The zero torque value with empty
feeding was recorded as Tjy. The true torque value on mixing M was
defined as M =T; — Tjp. The power consumption P was calculated by
Eq. (1):

(T,‘—Tio)XzﬂX %

P= 60

(1)
where v is the impeller agitation rate (rpm).

The mixing efficiency was characterized by monitoring the
water content in corn stover during mixing. One difficulty of the
experiment is the choice of tracer in characterizing the mixing of
corn stover and water because of the high absorption property of
corn stover to any liquid tracers. The tracer selected in this study
is water and the water content in the corn stover slurry system is
measured periodically. The purpose of water addition from the top
of the reactors is to mimic the co-currently addition of dilute acid
solution with corn stover feedstock in the practical operation [8].
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Fig. 1. Grids resolution of rotor and tank zone in ICEM CFD. The Rotor Zone contains the helical ribbon impeller.

The power consumption was characterized by measuring the
torque of the mixing at different conditions. 1.0 g of the samples
was withdrawn from the reactors at the upper middle location of
the impeller every 30s and lasted for 720 s, and weighed as my. The
volume change by sampling was less than 1% of the total volume.
The sample was dried at 105 °C until the weight was constant, then
weighed as m,. The water content of each sample was calculated

by

wg="1""2 " 100% )
my

The water content of the samples was normalized by dividing
the theoretical water content (calculated based on the total added
water and the corn stover). The corn stover suspension was slowly
discharged from the bottom valve while the agitation was still kept
on, because the high solids containing suspension was unable to be
transported by pumps.

2.3. CFD modeling

A commercial grid-generation tool, ICEM CFD 11.0 (Ansys Inc.,
US) was used to generate the 3D grids of the reactor model cre-
ated in Solidworks 2010 (Dassault Inc., France). The mathematical
model, in which the impeller rotation was characterized with the
Multiple Reference Frame model (MRF), was solved in CFX 11.0.
The initial and boundary conditions were specified as:

(1) The impeller and shaft regions are stationary to the fluid body
in the agitation region;

(2) No slip wall effect;

(3) The tracer has the same physical properties as the background
fluid, and no chemical reaction occurs;

(4) The mass fraction of the tracer in the injected area equaled to 1
at the beginning of the agitation while at all other areas equaled
to 0.

Among the assumptions, the wall-depletion phenomenon is
inevitable in the practical mixing of corn stover-water system,
which leads to the predict errors for power consumption calcula-
tion and mixing time. Therefore, the mock-up experiment is carried
out to estimate the predict errors for this corn stover-water system.

The 3-D grids of the helically agitated reactor were using struc-
tured grids except for the rotor zone that contains the impeller. The
mesh was relatively fine near the impeller blades and coarser far
away from the impeller. Tetrahedral mesh in the rotor zone and
hexahedral mesh in the tank zone were used as shown in Fig. 1.

For evaluation the mixing efficiency with the transient state
calculation, the uniformly distributed 12 monitoring points inside
the reactors were chosen for monitoring the tracer concentration,
where the locations are shown in Fig. 2(b). The prediction of mix-
ing time for the non-Newtonian fluids was not affected by the
exact locations of monitoring points and tracer injection, which
was verified in the study of Giuseppina et al. [22]. Then, degree of
homogeneity (M(t)) was defined as:

- —|Ci(t) ~Cave | x 100%

M(D) Cave (3)

M(t) < 5%

where ¢;(t) is the tracer concentration, and cgye is the average tracer
concentration throughout the entire computational domain. The
mixing time was defined as the time required to achieve M(t) < 5%.

3. Results and discussion

3.1. Determination of apparent viscosity nq of corn stover-water
mixing system

A CFD model requires the rheological parameters of the mix-
ing system. In this study, the scattered corn stover particles were
assumed to form fluid-like suspensions and their rheological prop-
erties were determined by measuring the torque value at different
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Fig. 2. Schematic diagram of the mock-up reactors. (a) Dimension of reactors: 1 - single helical ribbon impeller; 2 - material inlet; 3 - agitating shaft for driving the helical
ribbon impeller; 4 - material outlet. d is the outer-diameter of the helical impeller; 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. (b) Locations of 12 monitoring points for tracer concentration in the CFD model.

operating conditions [26-28]. The rheological properties were
firstly determined in a 5L helically agitated Reactor A as shown
in Fig. 2, then applied to the larger reactors and CFD modeling
because the rheological properties are independent of the mixing
vessel size.

The first step toward the rheological properties measurement
is to develop the method of apparent viscosity 7, determination
for the corn stover-water system in Reactor A. The dimension-
less power number N, was expressed as the function of Reynolds
number Re;; under the laminar flow [29]:

Np = C-Re}, (4)
or its logarithm form:
log1o Np =logqo C+x-logy Rem (5)

where Cis a geometry parameter of the reactor used and indepen-
dent of the fluid properties, x is a dimensionless factor.

The Newtonian fluid assumption apparently no longer fitted the
corn stover-water mixing system at high solids content. Therefore,
the Rey, value for a non-Newtonian fluid system under laminar flow
condition (Re;; <300) was calculated by Eq. (6) according to Chen
[30]:

PoNd?

Na

Rem =

(6)

where p is the density of the fluid (kg/m3), N is the impeller rota-
tion rate (rev/s), d is the impeller diameter (m), 7, is the apparent
viscosity (Pas). Here, p, N, d, and 1, are all measurable parameters
for the mixing system for Reactor A.

The N, value under different rotation rate in Reactor A was cal-
culated by Eq. (7) according to Paul et al. [31]:

P

Ny= —
P OoN3d5

(7)

where P was the power consumption of stirred impeller (W), and
could be represented as:

P =27NM (8)

where M was the torque of the impeller (Nm). Thus inserting Eq.
(8)into Eq. (7) gives Eq. (7a) for calculation of N, using measurable
parameters M, p, N, and d:

P 27NM
© pN3d5 T pN3d>

2nM
= 7
N2 (7a)

Np

Based on the working equation Eq. (5), the correlation of
log1oNp-logioRen for the helical ribbon impeller in Reactor A was
plotted using four different Newtonian fluids (corn syrup and glyc-
erol at different temperatures) as shown in Fig. 3. The results show
that the maximum logigRe,; was less than 2.0 under the experi-
mental conditions, therefore the laminar flow assumption in Egs.
(4)-(6) were valid (Rem, <300).

Fig. 3 indicates that the log;oNp-logioRem plots of the four fluids
were linear and could be perfectly fitted into one correlation. The
slope and intercept corresponded to x and logyo C in Eq. (5) were

20 1 O  Corn Syrup at 250C
@ Corn Syrup at 310C
] A Glycerol at 23 oC
1.6 1 A Glycerol at 27 oC
12 1
z ]
o I
o 0.8 A
04 1
wr- —
0.0 04 0.8 1.2 1.6 2.0

logsoRen

Fig. 3. Logarithmic graphs of the power number N, versus Reynolds number Re,
in Reactor A. Two Newtonian fluids, corn syrup and glycerol were used in the mea-
surement of the structure parameter C.
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determined as x=-1 and C=147.12. Thus Eq. (5) was simplified
into:
147.12
P~ "Rem

(9)

Eqgs.(6),(7a)and (9) gives Eq. (10) for calculation of the apparent
viscosity 1, using the measurable parameters M, N, and d in Reactor
A:

2nM ™

= = 10
CNd3  73.56Nd3 (10)

Na

3.2. Determination of rheological parameters of corn
stover-water mixing system

The power-law model was used to describe the non-Newtonian
properties of corn stover-water mixing system:

77a=Kp1'Vgrf1 (11)

where K}, was the consistency coefficient (Pas"), n was the dimen-
sionless power-law index, y.; was the apparent shear rate (s1
and expressed according to Metzner and Otto [32]:

Vo = Ks - N (12)

where K; was the Metzner constant, N was the impeller speed
(rev/s). Then, Egs. (11) and (12) gives the working equation for
determination of the rheological parameters K, and n:

nﬂ:Kpl'V:j]t1 = pl'(KS'N)TF1 (13)
or
log1g na =10g19 Ky +(n—1)-logo(Ks - N) (13a)

For a specific stirred tank and fluid, Ks value was constant and
the power-law index n was calculated by determining the apparent
viscosity 74 at different agitation rate (N, N»):

1— log1g Ma1 — 10810 Na2 _ 10810 Ma1 —logig 7a2
log10(1<s . N‘] ) — 10g10(1<5 . Nz) logw N] — 10g10 N2
(14)

n-—

According to Delaplace et al. [33], the K; value can be calculated
by Eq. (15) for the helical impeller in the range of 0<n<0.45:

28/ 21 ¢ n s@m-171/0"D
SN, 92 Sg/n_lnz(z/d)‘[zn S°1 ] (15)
s _D_ D/d
©= 4. = (D/d)— 2w/d/(in((D/d) — (1 — 2w/d)/D/d — 1))
(16)

where S is the diameter ratio of D/d of the helical ribbon impeller,
w is ribbon width (m), d is the impeller diameter (m), [ is the
immersed height of helical ribbon (m), D is the reactor diame-
ter (m), Ny is the number of helical ribbon. The dimension of the
helical impeller should satisfy the following condition: N,=1 or 2,
0.025<D|d<0.263, 0.084 <w/d <0.223, 0.35<s/d < 2.15.

Fig. 4 shows the correlations of log1g74-10g10 Y Of the pseudo-
fluid of corn stover-water mixing flow at different water content
from 0% to 60% based on the working equation Eq. (13a). The
satisfactory linear correlations were obtained for all the samples
measured. The rheological parameters K, and n values obtained
are shown in Table 2. The n values at all water levels were in the
range of 0.168 <n <0.425, which fell within the range of 0 <n<0.45
assumed inEqs.(15)and (16), indicating that the Ks valueinEq.(13)
can be calculated using Eqs. (15) and (16). With the increasing corn
stover solids content from 0% to 20%, the n values decreased quickly
from 0.425 to 0.261, indicating the strong shear-thinning behavior

1.0 Water content (w/w)
X 0%
083 o  10%
X 20%
0.6 o 30%
[m} 40%
» 04 + 50%
B A 60%
g o2
0.0
-0.2
-0.4
0.6 0.8 1.0 1.2 1.4 1.6 1.8 20

logsoVerr

Fig. 4. Logarithmic of the apparent viscosity 1, as a funcation of logarithmic of
the apparent shear rate y.;. Water content represented the water content of corn
stover-water mixing system (w/w).

of corn stover-water mixing system at the low water content. Dun-
away et al. [34] also reported that the slurries of pretreated corn
stover at 25% of solids content exhibited the shear-thinning fluid
characteristics. Then the n values maintained relatively unchanged
around 0.2 with further increasing water content from 20% to
60%. On the other hand, the K}, values obtained were found to
constantly increase from 5.9 to 41.2 with the decreasing water
content from 0% to 60%, indicating the increased viscosity of corn
stover-water mixing system with the increasing water content.
The rheological parameters K}, and n measured in Reactor A (5L)
were independent of vessel size, if the maximum Rep in the
enlarged reactors was below 300 for validation of Eq. (6). The
maximum Re;, for the three reactors was 259.78 at 50% water
content and 110rpm agitation in Reactor C, thus the rheological
parameters could be applied to the fluid dynamic calculation for
the enlarged reactors B (50L) and C (500L), as well as CFD mod-
eling for industrial scale reactors mixed with the helical ribbon
impeller.

The traditional view on rigid solids containing fluid suggests
that the viscosity decreases with increasing water content due to
the lubricating effect of water added. However, for soft and long
lignocellulose solids with filamentous fiber morphology, the rhe-
ological properties behave differently. Fig. 4 shows the apparent
viscosity nq as a function of the apparent shear rate y,q at six dif-
ferent water contents from 0% to 60%. Opposite to the rigid solids
containing fluid, the apparent viscosity n, of the corn stover-water
suspensions increased, instead of decreased, with increasing water
content in the range of 0-60% (w/w) water. The reason of this
unusual phenomenon should come from the unique properties
of corn stover materials. Corn stover absorbs water immediately
and completely after its addition in the range up to 60% of water.
Thus, the water added is unable to act as lubricant to reduce the
viscosity of the corn stover-water suspension. Instead, the fila-
mentous corn stover fibers are swelled by water absorbed and the

Table 2

Rheological properties of corn stover-water mixing system at 25 °C.
Water content (%, w/w) n(-) Kpi (Pas™)

0 0.425 + 0.010 5.914 + 0.337

10 0.356 + 0.027 12.078 £ 1.165
20 0.261 + 0.027 17.990 + 2.153
30 0.204 + 0.012 21.419 + 1.440
40 0.168 + 0.021 27.188 + 1.322
50 0.225 + 0.011 32.041 + 1.200
60 0.215 + 0.026 41.197 + 1.757
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Table 3
Grids independence validation and effect of elements on the power number.

Case Elements Np.sim (Np-sim=Np-exp)/Np-exp
Reactor A 1 89,387 41.47 4.83%
2 167,515 41.36 4.55%
3 326,738 41.25 4.17%
Reactor B 1 102,754 25.75 4.32%
2 182,452 25.58 3.65%
3 293,645 25.40 2.93%
Reactor C 1 347,852 6.86 4.98%
2 510,246 6.80 4.12%
3 864,751 6.74 3.25%

Element is the number of CFD grid cells for each model. Np_g, is the value N, of CFD
simulation, Np.exp is the value N, of experiments.

intertwined entanglement of the filamentous fibers is further
enhanced. The swelling and entangling of corn stover materials lead
to the increased friction among swelled and intertwined fibers. As
the result, the observed rheological performance is the increase
of the apparent viscosity of the corn stover suspension at high
solids content. It is expected that the intercross entanglement of
the swelled corn stover fibers will be loosed gradually to singu-
lar particles with the further increase of water addition to diluted
suspensions, and then the rheological performance will be similar
to that of the rigid solids containing fluid system. This is an inter-
esting phenomenon and worth further investigation in the future
studies.

3.3. CFD modeling using the rheological parameters and its
validation

The CFD model of corn stover-water mixing system was estab-
lished using CFX platform based on the rheological properties
determined above (Table 2). The grid independence of CFD model
were tested by comparing the power number N, between the CFD
calculation and the experimental data of the three reactors, Reac-
tors A (5L), B (50L), and C (500L). The N, values of the three
pilot reactors were determined as 39.58 (Reactor A), 24.68 (Reac-
tor B) and 6.53 (Reactor C), respectively, using corn syrup at 25°C
and 50rpm as the reference fluid. Table 3 shows that the com-
parison of the experimental N, values and the N, under different
mesh quality. A moderate grid quantity, 167,515 for Reactor A,
182,452 for Reactor B and 510,246 for Reactor C, respectively,
should be satisfied for the CFD model with the relative deviation
of 3-5%.

The calculated power consumption by CFD modeling was com-
pared with the experimental results under varying operating
conditions for the validation of rheological parameters determined.
The power consumptions in Reactor A at varying water content
from 0% to 60% and agitation rate from 50 to 100 rpm were recorded
as the experimental results. The comparison of the experimen-
tal and calculated power consumptions were shown in Fig. 5.
The results show that the calculated values roughly agreed with
experimental values under different operation conditions with the
relative deviations less than 5%.

For the further validation of the rheological properties and CFD
model, the calculated power consumptions in the enlarged reactors
(Reactors B and C) were compared with the experimental results
at fixed water content of 50% and varying agitation rate from 50 to
110rpm as shown in Fig. 6. The results indicate that the calculated
power consumption again roughly agreed with the experimental
ones, with calculated power consumption slightly greater than the
experimental ones, but the maximum relative deviation was less
than 10%.
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Fig. 5. 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.

3.4. CFD prediction of mixing efficiency of CS-water mixing
system

After the CFD model was validated for power consumption cal-
culation, the mixing efficiency of corn stover-water mixing system
was engaged in the experiments and calculated for further vali-
dation of CFD model. The mixing experiments of corn stover and
water were carried out in the three reactors at a fixed agitation
rate of 50 rpm. Water was fed into the reactors at the beginning
until it reached 50% (w/w). In the CFD modeling, the model was set
up as a steady state model thus the water content was set to 50%
directly without considering the dynamic process of water feeding.
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Fig. 6. 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, agitation rate from 50 rpm to 110 rpm in Reactor A, Reactor B
and Reactor C.

The tracer concentration was the average of 4 monitoring points,
which were symmetrical distribution and at the same horizontal
cycle with sampling location. The method may lead to less differ-
ence in operating mode between CFD calculation and experiments.

Fig. 7 shows the comparison of mixing efficiency between the
experimental and CFD calculated results at 50 rpm and 50% water
fraction in three reactors, Reactors A (5L), B (50L), and C (500L).
In the initial stage of calculation curve, the tracer concentration
in each CFD calculation was all greater than that for the exper-
iment. These results were normal for the experimental mixing,
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Fig. 7. Comparison of response curves between CFD simulations and mixing exper-
iments. 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 differently repeated experiments, and CFD models
used the rheological parameter of 50% water content CS.

because the tracer (water) concentration showed the average water
fraction, and the water transfer rate in the high solids loading sys-
tem was lower than that in continuous liquid phase. However,
Fig. 7 still shows that the overall calculated mixing time agreed
with the experimental ones in all the three reactors, approximately
120-180s.

After the CFD model was validated for power consumption
and mixing efficiency calculations, the mixing energy level (MEL)
(MEL = P|V, where V was the working volume of reactor) and mixing
time was predicted by the CFD model. Table 4 shows that although



L.-P. Zhang et al. / Biochemical Engineering Journal 90 (2014) 324-332 331
Table 4
CFD calculation of mixing energy level (MEL) and mixing time of the three reactors.
Water content Reactor A Reactor B Reactor C
(%, wiw)
MEL Mixing time MEL Mixing time MEL Mixing time
(W/m3) (s) (W/m?) (s) (W/m?) (s)
0 78.02 58.56 163.34 60.96 200.46 46.32
10 130.38 61.56 251.67 69.36 271.86 47.52
20 149.64 68.76 284.73 75.60 293.56 57.48
30 153.21 80.76 290.93 81.84 295.48 64.80
40 176.56 94.80 330.00 89.76 324.66 66.60
50 239.91 78.24 435.96 84.60 412.64 63.84
60 299.60 82.08 535.54 87.24 491.18 67.32
All the CFD simulations used rheological parameters of corn stover-water mixing system in Table 2.
generally MEL and mixing time increased with the decreasing solids Acknowledgements

content and reactor scales, the increasing tendency varied with the
reactor scales. At a typical agitation rate of 50 rpm, the mixing time
of the largest reactor C was 63.84 s, which was shorter than that of
smaller reactors, Reactor A and B (78.24 s and 84.60 s, respectively),
indicating that the mixing efficiency might be enhanced with the
increased reactor scale due to the greater radial and tangential
velocities of the helical ribbon impeller in the larger reactors. The
similar MEL values were maintained in Reactor B and C (435.96 and
412.64W/m?3, respectively), indicating that the MEL value did not
always increase with the increased reactor scale and a maximum
turning point might be reached with the increasing reactor scale for
power consumption. These results suggest that a carefully designed
reactor structure by CFD modeling may provide an optimum with
the maximum mixing efficiency the minimum power consumption
for corn stover-water mixing system. However, the further design
on the structure of scale-up reactors and analysis of the helical rib-
bon impeller were in progress, these work focused on developing
the rheological model and validating the power consumption and
mixing efficiency of the CFD model.

The purpose of this study is to provide the methodology for
designing the pretreatment reactor of dry dilute acid pretreatment
of corn stover materials. The methodology of rheology measure-
ment and CFD modeling certainly stand for any other lignocellulose
feedstocks, but it is less possible that the parameter values of the
present corn stover system remain at the same. The rheological
values depend on various properties of biomass used, such as the
biomass type, size distribution, fiber length, etc., and have to be
measured experimentally when the specific pretreatment condi-
tions are given. It is also possible that the agricultural residues, such
as corn stover, rice straw, wheat straw, may show some similarity
in their rheological properties values, especially for feedstocks with
similar size distribution, based on the fact that their pretreatment
efficiency is approximately the same [6].

4. Conclusion

The rheological properties of the corn stover-water mixture at
very high solid loading up to 50% with helical ribbon agitation were
characterized. The power law model was introduced by measuring
the torque values of the mixing system in a small reactor (5L), and
then applied to the larger reactors (50 L and 500 L). The CFD model
was developed based on the rheological properties. The experiment
of corn stover-water mixing system at high solids loading was car-
ried out in three reactors with different scales. The experimental
results were in good agreements with the CFD calculated ones.
The method of rheology characterization and CFD modeling can
be applied to other lignocellulosic material system at high solids
loading system.
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