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Bioreactor Performance and Design of Large Scale
Packed-Bed Solid-State Fer mentation
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ABSTRACT

Bioreactor performance and design was investigated by simulating a transient two-dimensional
heat transfer model. Themodel wasableto describethe microbial growth and death kineticsand theenergy
balance in both axia and radial directions at any location in packed-bed solid-state fermentation. The
emphasis of heat conduction, convection and the effect of evaporation made the model particularly useful
and practical for large-scale investigation in which the overheating is critical . The system was simplified
by assuming pseudo-homogeneousand constant val uesof bed physical and thermal properties. Orthogonal
collocation technique was applied to solve the equations. The characteristic of temporal temperature and
biomass concentration profiles in two dimensions were predicted.

The effects of various design and operating variables on the performance of the 10 m3 were
explored, with the aim of identifying strategiesto minimize overheating at the top of the bed. Superficial
velocity and inlet air temperature were found to have significant effects on the bioreactor performance.
Superficial velocities of 0.08to 0.1 m/sarerequired for effective convective heat removal. A low inlet air
temperature (308 to 312 K) leads to overheating after 10-20 h which cause all organisms to die. The
geometric ratios of 1.0 and below minimized overheating problems and lead to high growth rates.
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INTRODUCTION

Solid-statefermentation (SSF) involvesthe
growthand metabolismof microorganismsonmoist
solid materials, in the absence or near absence of
free water (Moo-Y oung et al., 1983; Mitchell and
Lonsane, 1992). Thislimited availability of water
makes SSF fundamentally different from
submerged liquid fermentation (SLF).

Solid-statefermentationisrelatively rarein
western countries, but has been practiced for
thousands of years in Asia, in the production of

fermented foods. However, these processes have
been developed and optimized by trial and error
over many generations, and therefore the
fundamental processes occurring are not well
understood. Some processes have been
industrialized, such as the koji stage of soy sauce
manufacture, however the technology that has
been developed is largely proprietary.
Theperformanceof SSF processesdepends
on interactions between the 3 main components of
the system: the microorganism, the substrate and
the bioreactor (Sangsurasak and Mitchell, 1995z;
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1995b). This study will investigate the process
from the perspective of bioreactor performance
and design.

SYSTEM

The bioreactor is a cylindrical bioreactor,
packed with abed of substrate particles of uniform
sizeasshowninFigure 1. These substrate particles
areassumed to havethe propertiesof starch at 50%
moisture content, such as might be expected if
sago-beads are used as asubstrate, aswas done by
Gumbira-Sa'id et al. (1991). The bed istreated as
a pseudo-homogeneous matrix. Therefore the
thermal and physical properties of the bed are
calculated as a weighted sum of the properties of
the substrate particles and the air in the bed. The
thermal and physical properties of the pseudo-
homogeneousbed were assumed to beindependent
of temperature, which is reasonable given the
relativesmall range of lessthan 20°Cwhichwill be
experienced in the bed.
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Figurel Packed bed bioreactor.

MATHEMATICAL MODEL

The mathematical model was devel oped to
describethesysteminFigurel. Themodel consists
of two parts; growth and death kineticsand the heat
transfer phenomena. Biomass is divided into two
types in this investigation, viable biomass or
reproductive cells and dead biomass or non-
reproductive cells. The sum of viable and dead
biomass, therefore, becomes the total biomass. A
common empirical kinetic model, the logistic
equation, was used to describemicrobia growthin
thisinvestigation.

The equations are transformed into
dimensionless form and all the parameters are
grouped and convertedinto dimensionlesstermsas
follows.
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where z isthe bed height position

4 is dimensionless bed height

H is the bed height (as indicated in
Figure 1)

r isthe radia position

R is dimensionless bed radius

Ry istheoverall bed radius(asindicated
in Figure 1)

T is dimensionlesstime

0 is dimensionless temperature
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T is the temperature

istheinitia temperature of the bed

Tg,r isthetemperatureof thesurroundings
or coolant

Pe  isthe dimensionless Peclet number

isthe particle diameter

isthe superficial air velocity

isthe bed heat capacity

ky  isthe bed thermal conductivity

P, isthebed density

Dimensionless equations

By subgtituting the dimensionless terms
(equation 1) into the equations, a set of
dimensionless eguations were obtained. The heat
transfer equation becomes:

ae (pma.Cp,ma+Cp’a.f.)\ 29 (d )
ot Pb-Cpb 0Z "PeR3
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initial condition
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boundary conditions
R = 0, 9% =0 4
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where Bi is the dimensionless Biot number

By IS the dimensionless temperature of
the surroundings or coolant

. Isthe dimensionless temperature of
air

The dimensionless heat generation term, Q, is a
function of Pe number.
_ dp-H .
2= Gk, -1y ®
Equation (6), (7) and (8) show the dimensionless
total, viable and dead biomass production rate
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where B, is the dimensionless total biomass
(XX
B, isthedimensionless viable biomass
(XX
By is the dimensionless dead biomass
XdXm)

NUMERICAL METHOD

The equations are solved numerically by a
mixture of orthogonal collocation method
(Finlayson, 1980; Villadsen and Michelsen, 1978;
Sangsurasak et al., 1993) and the Backward Euler
method (Hindmarsh, 1974). The model isverified
by comparing with the experimental data of
Saucedo-Castaneda et al. (1990) Sangsurasak,
(1996), Sangsurasak et al., (1997).

RESULTSAND DISCUSSION

The demonstration on how the model can
give an insight into packed bed performance and
the effect of size and operational and design
parameters on the performance is developed. The
system of interest is the growth of Rhizopus
oligsporus on the starchy substrates. Simulations



336

were done for alarge bioreactor size of 10 m3 and
the simulation time is 90 hours. This two-
dimensional geometry enables temperature, and
viableand dead biomassprofilestobepredicted for
any location inside the bed. However, only the
collocation point in the upper region of the bed
where the highest temperatures occur will be
investigated and discussed in this paper.

Figure 2 demonstrates the effect of air
velocity on temperature together with viable and
dead biomass concentration. At an air velocity of
0.02 m/s the temperature increases significantly
duringtheearly stagesof fermentation (Figure 2a),
leading to the death of al organisms by 20 hours
(Figure 2c). Superficial air velocities as high as
0.08t00.1 m/sarerequired to maximizetheviable
biomass density obtained (Figure 2b).

Figure 3 shows the effects of inlet air
temperature on system temperature and cell
concentrations. Theinlet air temperature aslow as

Tempgra\.\)rg (K)

Dead biomass (g/%g)
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298K |eadstothel owest maximumbedtemperature
but thisbed temperatureisclosetotheoptimumfor
growth (Figure 3a). Therefore, the growth rate is
thehighest (Figure 3b) and thereisnegligibledeath
(Figure 3c). At lower regions of the column the
temperature will be lower than at the upper region
leading to a slower growth rate. With the inlet air
temperature closeto the optimum for growth (308-

312 K), rapid growth occurs for a short period of

10-20hours(Figure3b), but thetemperaturequickly

increases to values (Figure 3a) which cause all the
organismsto die (Figure 3c).

Figure 4 indicates that the strategy of
maintaining the superficial air velocity while
decreasingtheH/D ratio (height per diameter ratio)
will givesignificantly better performancefor packed
bed bioreactor in SSF. At H/D ratios of 1.0 and
below, the temperature profiles were less
pronounced (Figure 4a) and good growth (Figure
4b) and negligibledeath (Figure4c) werepredicted.

Viable biomass (g/%g)

Figure2 Thedynamic effect of air velocity on the system temperature (a), viable biomass (b), and dead

biomass (c).
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Figure3 Thedynamic effect of inlet air temperature on the system temperature (a), viable biomass (b),
and dead biomass (c).
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Figure4 Thedynamic effect of bioreactor geometric raio on the system temperature (a), viable biomass
(b), and dead biomass (c).
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CONCLUSION

Thetransienttwo-dimensional heat transfer
model developed can be used as atool aiding the
design, operationand scal e-up of packed bedwhich
can be used to inform design decisions for larger
scale packed bed bioreactors. Superficial air
velocity, inlet air temperature and geometric ratio
are predicted to have significant effects on the
temperature and growth inthe upper regions of the
packed bed.
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