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Abstract—Computational fluid dynamics simulation is becoming an increasingly useful tool in the analysis and design
of simultaneous saccharification fermentation (SSF) and saccharification followed by fermentation process (SFF). To
understand and improve mixing and mass transfer in a highly viscous non-Newtonian system, it was necessary to sim-
ulate the flow behavior in this bench scale bioreactor (BioFlo 3000). This study focused on designing a high con-
centration medium agitation system for such a process using the commercial computational fluid dynamics package
Fluent (V. 6.2.20) and its preprocessor Mixsim (V. 2.1.10). The objective of this study is to compare performance of
various designs of a bioreactor and identify the flow pattern and related phenomena in the bench scale tank. The con-
figuration of the physical model for simulating a mixing tank with a Rushton impeller consists of an ellipsoidal cylin-
drical tank with four equally spaced wall mounted baffles extending the vessel bottom to the free surface, stirred by a
centrally located six-blade Rushton turbine impeller. Simulations were performed with the original and a modified design
in which the lower bottom shaft mounted a Lightnin A200 impeller. The results suggest that there is a potential for
slow or stagnant flow between top impellers and bottom of the tank region, which could result in poor nitrogen and
heat transfer for highly viscous fermentations. The results also show that the axial velocity was significantly improved
for the modified geometry in the bottom of the tank.

Key words: Computational Fluid Dynamics (CFD), non-Newtonian Fluid, Saccharification Followed by Fermentation (SFF),

Multiple Reference Frame (MRF) Model, High Solid Fermentation, Rushton Turbine, k-£ Turbulence Model

INTRODUCTION

The process of designing, building and evaluating bioreactors
for high-substrate concentration fermentation is both costly and time
consuming [1,2]. The use of a computational fluid dynamics (CFD)
model can aid in bioreactor development by providing detailed in-
formation on the hydrodynamic and chemical environments neces-
sary for optimal hydrolysis and cell growth.

To obtain the 5 per cent (v/v) ethanol production needed for an
economically viable industrial-scale ethanol distillation, a high glu-
cose concentration is also needed. This can only be achieved when
a high initial cellulose concentration is combined with a favorable
conversion yield of cellulose into soluble sugars. Using high sub-
strate concentration in the form of fibrous, solid materials poses a
problem: high viscosity prevents efficient mixing. It has been reported
repeatedly that solid concentrations above 10 per cent resulted in
poor ethanol yield due to inefficient mass transfer [3,5].

Agitation in bioreactors is an important process design factor that
can influence the hydrolysis operation in several ways. Considering
the heterogeneity of the hydrolysis reaction environment, in which
a liquid enzyme acts on a solid substrate, adequate mixing is required
to ensure sufficient contact between the reactants, as well as to pro-
mote heat and mass transfer within the reaction vessel. Moreover,
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it has been shown that excessive mixing can deactivate the enzyme
and microorganism reducing production (sugar/ethanol) yields, ow-
ing to the shear force generated by the mixer and the entrapment of
air bubbles into the medium at the air liquid surface [6,7]. There-
fore, one way of improving the problems of the overall process is
to determine the optimum level of mixing, reducing the extent of
shear-induced enzyme and microorganism deactivation and lower-
ing the mixing energy costs.

For this study, the FLUENT 6.2 commercial computational fluid
dynamics package was used to predict the flow-pattern and trans-
port phenomena in the 3 L bioreactor, to aid in the design of a high
solid fermentation and to provide methodologically a loading meth-
od of substrate for the high viscous SFF process in large-scale. Simu-
lation was performed by using the original bioreactor produced by
New Brunswick Scientific and the modified design in which the
lower bottom shaft mounted Lightnin A 200 was added.

MATERIALS AND METHODS

1. Vessel Geometry

The configuration of the physical model for simulating a mixing
tank with Rushton impeller consists of an ellipsoidal cylindrical tank
with four equally spaced wall mounted baffles extending from the
vessel bottom to the free surface, with stirring by a centrally located
six-blade Rushton turbine impeller. The tank diameter measures
0.138 meter, and baffle width is 0.008 meter. The impeller diame-
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ter was 0.046 meter (D/T=3) for all impellers. The impellers were
mounted on a 0.0025 meter diameter shaft rotating at 120 and 240
RPM. The distance between the impellers was 0.061 meter. The
impeller center was positioned at a distance C=T/3 off the tank bot-
tom. The liquid level was equal to the tank diameter, Z/T=1.3.

2. Convergence Criteria and Blend Time

Simulations were typically considered converged when the scaled
residuals (continuity, X, Y, Z-velocity, k, and £), normalized relative
to the maximum circulating flow, fell below 6E-04 by iteration 5,000.
Further checks for convergence were made by verifying that global
quantities, such as the power number, and the circulation number,
were constant.

The model predictions are compared with the results of the ex-
perimental blend time correlation. Mixsim can compute the blend
time for a single impeller in a tank, as well as the effective blend
time for a tank with multiple impellers.

The blend time to achieve 99 per cent uniformity in a tank with
a multiple impellers is computed from [§].

where a sum over all impellers (i=1 to n) is performed to computer

km (ﬁ

Kop= ka, ZaN( )b(DOS

All of the graphs show uniformity above 99% at t=13.37s. And,
all calculations were steady state.
3. The k-& Mathematical Models

The basic two transport equations that need to be solved for this
model are for the kinetic energy turbulence, k, and the rate of dis-
sipation of turbulence, £[9]:

a(gk) I PUR= y+”) +G,—pe  Transport Eq. (1)
09, (o= o (e )2E
t
+ C'EGk+ Czp‘%2 Transport Eq. (2)

The quantities C,, C,, g;, and o, are empirical constants. The quan-
tity G, appearing in both equations is a generation term for turbu-
lence. It contains products of velocity gradients, and also depends
on the turbulent viscosity:

G,=4, (SU + aU)aU Turbulence energy Eq. (3)

ox;/ 0%,
Other source terms can be added to Egs. (1) and (2) to include other
physical effects such as swirl, buoyancy or compressibility, for ex-
ample. The reference values of the model constants were the con-
sensus ones C,=0.09, C,=1.44, C,=1.92, g;=1.0, and =1.3.

2

H=pC ,uk; Eddy viscosity (4)
To summarize the solution process for the k-£model, transport equa-
tions are solved for the turbulent kinetic energy and dissipation rate.
The solutions for k and & are used to compute the turbulent viscos-

ity, 4. The above governing equations are solved by using the finite
volume method implemented in CFD code-FLUENT 3-D; steady-
state simulations are carried out by using the segregated solver with
absolute velocity formulation.

4. Constant N, and P per Liquid Volume

(g (%) ®

D’Np
u

Ng.= ©

N=on ™
Ng :Reynolds number
a,b :constant value (radical disk impeller, a=5, b=0.8)
N, :powernumber, ratio of applied force to mass times accelera-

tion

P : power input [W]
o :density of liquid [Kg/m’]
N :impeller speed [rpm]
N, :impeller blade number
H, :disk height [m]
D  :impeller outer diameter [m]
5. Simulation Model and Tool Package

- Type: 3D cylindrical

- Analysis model: Multiple Reference Frame (MRF)

- Turbulent model: Standard k-£model

- Mixsim V. 2.1.10

-FLUENT V. 6.2.20
6. Bioreactor Operating Conditions

To maximize the glucose and ethanol concentrations, substrate
concentrations were employed from 10 to 20 per cent on a dry basis,
corresponding to cellulose concentrations of 8 to 17 per cent. In
several studies for traditional batch enzyme reaction and fermenta-
tion of high substrate concentration (>10 per cent), there was no visible
liquid phase due to complete absorption of liquid by the biomass.
To overcome this problem the Solka Floc was added to the reac-

CV=63 mm

- '—fl-——| =177 mm

Fig. 1. Nomenclature used to describe the mixing system: T=Vessel
diameter, Z=Liquid fill level, D=Impeller diameter, B=Baf-

fle width, C=Impeller clearance, CV=Coverage, S=Spacing
between impellers.
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tions in three portions during both enzyme reaction and fermenta-
tion up to the 20 per cent final substrate concentration. The portions
were added to the reaction in the initial four hours of the reaction.
Then, the inoculum prepared as 10 per cent by volume of the total
working volume (2 L) was transferred into the reactor after enzy-
matic hydrolysis for 48 hours. The enzyme loading was 20 FPU
per gram of cellulose, supplemented by S-glucosidase to prevent
product inhibition by cellobiose. The SFF experiments were oper-
ated for 96 hours, initially at 50 °C and finally at 30 °C. The viscose
fermentation broth used in these projects exhibited pseudoplastic
rheology that is modeled quite well over a wide range of shear rates
by the Herschel-Bulkley model. Consequently, the Herschel-Bulkley
was used to model fluid rheology in this study, with 0.233, 1.430,
and 3.020 Pascal-second for 10, 15, and 20 per cent concentration
at average impeller shear rate in the reactor, respectively. And, the
average particle size was 44.0, 53.0, 57.5 um for the SFF process
at 10, 15, 20 percent initial solids, respectively.

RESULTS AND DISCUSSION

1. Grid Refinement and Generation

The geometry was defined in the Cartesian (X, y, z) coordinate
system. After the grid was generated, the skewness of 97.41 per-
cent cells was below 0.6. It is very important to assess the quality
of the grid, because properties such as skewness can greatly affect
the accuracy and robustness of the CFD solution. In general, high-
quality meshes contain elements that possess average Q values of
0.4. Even a single cell with skewness >0.98 may destroy conver-
gence in the whole computation.

The computational grid was defined by 570,000 unstructured,
nonuniformly distributed, 182,000 nodes, and tetrahedral cells. When
refining the mesh, care was taken to put most additional mesh
points in the regions of high gradient around the blades and dis-
charge region.

The commercial mesh generator Mixsim 2.1.10 was used to create
a structured, non-uniform multi-block grid, as shown in Fig. 2, with

]

Fig. 2. Grid of working volume 2 L bench scale bioreactor.
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Table 1. Reynolds number and power draw for suspension sim-
ulation as function of solid concentration at various RPM

Power draw (W)

Solid concentration ~ Reynolds number

[%0, wiv] [Re=0ND?/4] [P=N,oN°’D’]
At 120 RPM
0 4203.3 0.0082
10 248.6 0.0093
15 64.5 0.0097
20 50.3 0.0103
At 240 RPM
0 8406.7 0.0655
10 497.1 0.0741
15 129 0.078
20 100.6 0.082

Note: SFF condition: 0-20% (w/v) solid concentration, 20 FPU/g of
glucan, pH 4.8 to 5.0, 120 and 200 rpm, Zymomonas mobilis, strain
39679:pZBA4L.

inner and outer zones by an interface in order to enable the use of
multiple reference frame techniques. The wide nature of the impel-
ler blades relative to the diameter of the hub results in the overlap-
ping of blades close to the hub. Consequently, simulation of only
part of the vessel in order to decrease computational expense was
not possible, and therefore it was necessary to model the entire vessel
geometry.

2. Turbulence in a Tank with Baffled Rushton Impeller

The blade predicted tip velocity V,, at the rotational speed of 120
RPM was 0.29 mv/s (Fig. 4), and an impeller Reynolds number and
power draw based on tip speed and impeller diameter are summa-
rized in Table 1. The resulting simulation of high solid suspension
was in the laminar flow regime (Re=pND1, ranging from Re=
50 to Re=500). As the impeller Reynolds number decreased, a
transition to radial flow occurred. At impeller Reynolds numbers
less than 100, strictly radial flow is observed.

The standard k-£ turbulent model was employed to treat the strong
swirling flow induced by Rushton impeller. Fig. 3 shows the pre-
dicted flow pattern for original and modified geometry in the mix-
ing tank with Rushton turbine impeller. The maximum and min-
imum velocity magnitudes were slightly different at the bottom area
of the tank. This slight difference may be caused by the lower bot-
tom shaft mounted Lightnin A200 impeller.

3. Predicted Velocity Distribution

Fig. 3 shows the three types of steady-state flow patterns observed
with the MRF models at the vertical baffle plane (tank-cut-plane
90°) at 15 per cent solids concentration. The magnitude of the ve-
locity at any point in the flow field is indicated by the length and
color of the arrow at that point.

A general pattern can be described as follows: a strong flow is
found right at the two impellers pushing the fluid downward at an
angle of about 45° for all of the concentrated suspensions. An up-
ward flow can be found below the two impellers, along the tank
wall between the two impellers, and right off of the tip of the im-
pellers that in turn causes some circulation. Other circulation areas
can be seen around the bottom of the tank. Some of the upward flow
caused by the lower impeller is drawn back to the lower impeller,
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Fig. 3. Velocity vectors colored by velocity magnitude (m/s): original geometry (3A), modified geometyr (3B). Note: SFF condition: 15%
solid concentration, 20 FPU/g of glucan, pH 4.8 to 5.0, 120 rpm, Zymomonas mobilis, strain 39679 : pZB4L.
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Fig. 4. Flow around impeller blade (4A) and axial velocity vectors on the bottom of tank (4B) colored by velocity magnitude (m/s). Note:
SFF condition: 15% solid concentration, 20 FPU/g of glucan, pH 4.8 to 5.0, 120 rpm, Zymomonas mobilis, strain 39679 : pZB4L.

while some follows the center path upward to the upper impeller.
Some of the flow pumped down by the upper impellers is drawn
even further down by the lower impeller, with some other circulat-
ing back to the top. Little flow occurs in the region the fermentor
wall. This primary circulation pattern is completed as the liquid re-
enters the impeller region at the top impeller. As a result of this flow
pattern, there is virtually no movement of fluid between the gas-
liquid interface and the top impeller.

The three plots generally show similar flow patterns with a strong
primary circulation loop in the lower half of the tank and a smaller
secondary loop below the impeller. Here in the discharge jet, there
are not great differences in the predicted solution between the origi-
nal and modified geometries around the impellers. This explains
how the portion loading of substrates could reduce viscosity for the
high solid fermentation compared to traditional high substrate load-
ing.

4. Axial Velocity

The off-bottom particle suspension ability is critical to high solid
ethanol fermentation. The axial velocity along the bottom is a key
factor affecting the bioreactor off-bottom ability. Fig. 4B shows axial
velocity vectors at the tank bottom. Higher upward axial velocity
along bottom means higher off-bottom ability. It can be seen that
axial velocity was rather small for relatively higher solid concentra-
tion at the bottom of the tank. Low axial velocity, color grade light
grey (in case of black and white pictures), results in the solid suspen-

sion staying on the bottom of tank (Fig. 4B).

The contour of the axial velocity profile between tank bottom
and fermentor wall is highly dependent on the value of the flow
behavior index (n). As expected, higher values of n (n=1.55) pro-
duce a more parabolic profile, whereas low n values (n=0.74) pro-
duce a more blunt profile. Fig. 5 represents axial velocity contour
plots, showing the effects of impeller speed on average velocity (m/s)
in this region for original and modified geometries. From the con-
tour plots, it is evident that the maximum values of V,, (0.096V,,
for 200 rpm, 0.047V,,, for 120 rpm (modified geometry), and 0.046V,,,
for 120 rpm) are found below the agitator. The maximum V,, in-
creases as n increases.

To improve the off-bottom behavior, the axial velocities along
the bottom in the three different operation conditions have been com-
pared. For most of the conditions tested in this study, the circum-
ferential averaging axial velocity is plotted for the different solid
concentration as a function of tank radial position at the middle and
bottom panel of the mixing tank in Figs. 6 and 7. The average ve-
locities computed in the study varied from 0 to 0.003 m/s. As shown
in Fig. 6, the axial velocity was significantly increased as rotational
speed increased over all of the concentrations at the middle of tank.
Fig. 7 shows the circumferential average axial velocity and com-
parison for various operation conditions at Z/T=0.04. The modi-
fied geometry resulted in a higher upward axial velocity than the
original design for the 15 and 20 per cent concentration at the tank

Korean J. Chem. Eng.(Vol. 25, No. 5)
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Fig. 5. Distribution of axial velocity (m/s) of working volume 2 L.
in a bench scale bioreactor. (5A): 200 rpm, (5B): 120 rpm
(modified geometry), and (SC): 120 rpm. Note: SFF condi-
tion: 15% solid concentration, 20 FPU/g of glucan, pH 4.8
to 5.0, Zymomonas mobilis, strain 39679:pZB4L.

bottom. Figs. 7B and 7 C show that increasing RPM has no effect
on solids flowing at the tank bottom (Fig. 7B, 7C).

On the other hand, a relatively weak upward flow was found near
the center bottom of the tank and below the baffle, creating the cir-
culation region (Fig. 5). Specifically, the reverse swirling suspen-
sion has been measured in a small region in the top of the upper
impeller and in the corer of baffles with a minimal velocity (-0.096

September, 2008

V., —0.047 V,,,, and —0.048 V). These results imply that near the
center bottom of the tank, the fluid axial velocities of the fluid were
not uniform, perhaps resulting in the solid suspension staying on
the bottom of tank. These phenomena were more significant as the
solid concentration increased.

5. Stagnant and Slow Flow Zones

From the contour plots, conditions promoting essentially stag-
nant flow can be identified when the average velocity is on or be-
low the 0 m/s contour color. Of course, if the anaerobic fermenta-
tion broth between the comer of baffles and the outer wall was com-
pletely stagnant, the cells would quickly become starved of nitro-
gen, nutrient, and stop synthesizing product. The model indicates
that flow up the under baffle region can be stagnant at the impeller
speed of 120 rpm and the distance between tank bottom and the
baffles is 0.05 m.

In summary, it seems that, in addition to there being a potential
for nitrogen nutrition starvation in the upper portion of the baffle-
wall region when flow through this region is slow, there is also a
potential for stagnant flow and nitrogen and nutrition starvation in
the region between the top impeller and the gas-liquid interface when
flow through the fermentor wall region is slow. In real fermenta-
tions, there is some surface aeration near the gas-liquid interface.
As expected, the simulations with higher values of n exhibited larger
low flow space.

6. Shear Stress and Turbulent Viscosity

An understanding of the velocity flow fields is a prerequisite to
understanding mixing and key physical parameters such as shear
stress, flow fluctuations, and vorticity fields. The circumferential
averaging shear stresses are plotted for the different operating reac-
tor conditions as a function of tank radial position on two different
panels by z direction of the mixing tanking in Figs. 10 and 11. The
fluid suspension near the blade wall is accelerated by an imbalance
of shear forces. The average maximum values determined by cir-
cumferential averaging model on the middle of tank were near the
impellers. The highest shear stress occurred in the tip of impeller at
240 RPM over all of the concentration (Fig. 10).

Fig. 8 shows the contour of the distribution of the turbulent vis-
cosity, modeled by three different conditions. The maximum viscos-
ity was found at the midpoint (z=0.09 m) of the tank 0.16 paschal-
seconds for 240 RPM, 0.051 paschal-seconds for 120 RPM (modi-
fied geometry), 0.049 paschal-seconds for 120 RPM (original geom-
etry) at 15 per cent solid concentration. It could be found that the
turbulent viscosity distribution between the original and the modi-
fied geometry is not much different (Fig. 8B, 8C). With higher values
of n, the fluid viscosity was less affected by shear and the fluid en-
countered a resistance that significantly impeded flow in the wall
region.

Results for average shear stress and contour distributions of vis-
cosity over the range of tank radial position in the mixing tank illus-
trated that the fluid viscosity was significantly reduced in the high
shear stress regions. Consequently, the fluid encountered little resis-
tance as it moved rapidly through this region.

7. Turbulence Dissipation Rate in Mixing Tank

The distribution of turbulent dissipation rates as shown in Fig, 9
is characteristic of the reactor geometry. Specifically, these turbu-
lent dissipation rates have been used to obtain the local shear rates
for calculating the fermentation broth viscosity. The turbulent £ was
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pZB4L.
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Fig. 8. Distribution of turbulent viscosity (kg/m-s) of working vol-
ume 2 L in a bench scale bioreactor. (8A): 200 rpm, (8B):
120 rpm (modified geometry), and (8C): 120 rpm. Note: SFF
condition: 15% solid concentration, 20 FPU/g of glucan, pH
4.8 to 5.0, Zymomonas mobilis, strain 39679 : pZB4L.

predicted by the varied viscosity suspension with the maximum val-
ues (£=5.96V;, for 240 RPM, &=4.30V;, for 120 RPM (modified
geometry) £=2.24V;, for 120 RPM) found in the discharge region
and a surrounding zone of relatively high turbulent dissipation rate.
The values of ¢ are close to zero with low dissipation rates else-

where over all of the operating conditions.
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Fig. 9. Distribution of turbulent dissipation rate (& m’/s’) of work-
ing volume 2 L bench scale bioreactor. (9A): 200 rpm, (9B):
120 rpm (modified geometry), and (9C): 120 rpm. Note: SFF
condition: 15% solid concentration, 20 FPU/g of glucan, pH
4.8 to 5.0, Zymomonas mobilis, strain 39679 : pZB4L.

CONCLUSIONS

Flow pattern calculations for potential operating conditions of
multiple Rushton six blade agitators in the ellipsoidal bottom tank
have been performed to assess mixing behavior. Velocity and shear
stress criteria were developed to assess the ability of liquid flow to
lift and suspend solids deposited on the bottom surface of the tank.
The modeling results will help determine acceptable agitator speeds
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Fig. 11. Shear stress profiles as a function of tank radial position at Z/T=0.64. (11A): 10%, (11B): 15%, and (11C): 20% solid concentration
Note: SFF condition: 20 FPU/g of glucan, pH 4.8 to 5.0, Zymomonas mobilis, strain 39679 : pZB4L.

and tank liquid levels to ensure suspension of solid particles depos-

A few important observations with regard to the effect of fluid
ited during high solid fermentation.

viscosity on fermentation suspension in the laminar flow regime
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have been made in this work. The main interest was axial and mixed-
flow patterns of the two impellers since they are the most important
for viscous suspension mixing. It was found that at various Rey-
nolds numbers, the axial flow component for these impellers was
suppressed on the bottom of the tank, such that overall flow was
predominantly radial. Specifically, this relatively weak distribution
of axial velocities at the bottom of the tank may cause the solid par-
ticles to stay around the bottom of the tank. The modified design
showed a higher upward axial velocity than original geometry at the
tank bottom.

The CFD simulation shows that there is a potential for slow flow
or stagnant fluid between the bottom of tank and the fermentor wall
and also above the top impeller. In an aerobic fermentation, both of
these regions could become depleted of oxygen. High shear rates
and energy dissipation rates could be found near both impellers over
all operating conditions. Viscosity fields suggest a relationship be-
tween primary flow pattern and the location of high viscosity (low
mass transfer) regions. These results suggest that correlations for
determining the overall heat transfer coefficient in stirred tanks may
need to be modified for viscous fluids.

A CFD package such as FLUENT can be used to provide valu-
able insight into the relationship between fermentor configuration
and flow. The results of such studies should prove of interest, espe-
cially to engineers who are concerned with bulk mixing, mass trans-

September, 2008

fer and heat transfer in large fermentor with viscous non-Newto-
nian fluids.
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