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Computational fluid dynamics simulation of bioreactors

B. H. HIERTAGER and K. MORUD
Keywords: Bioprocess, modeling, multiphase, chemical reactor

Multi-dimensional models of flow processes in bioreactors are presented. Particular
emphasis is given to models that use the two-fluid technique. The models use a
two-equation turbulence model and a Monod type Kkinetic reaction model.
Predictions are given for both bubble column and mechanically stirred reactors.

1. Introduction
1.1. Background and motivation

Many production processes based on biotechnology depend on oXygen-requiring
microorganisms in suspension. Gas-liquid bioreactors from the core of all such
processes. A bioreactor designer has to ensure that the rector provides for: (1) adequate
oxygen transfer, (2) sufficient agitation and mixing and (3) can handle the heat transfer
loads, at acceptable capital and operating costs,

The oxygen needs are often the most difficult to satisfy. In theory, there should be
no difficulty in meeting these demands, were it not for the special constraints
encountered in bioprocessing:

the oxygen solubility in the typical aqueous media is low

the biological broths can be highly viscous and have non-Newtonian behaviour
the low shear tolerance and susceptibility to mechanical damage of the biological
catalyst

These limitations often lead to poor mixing and mass transfer in bioreactors.
Furthermore, the restrictions on acceptable shear levels are becoming more tight with
increasing use of cell cultures in commercial production.

Reliable assessments of performance and scale-up of bioreactors will require more
detailed understanding and characterisation beyond the scope of traditional empirical
approaches in process design, i.e. global performance correlations obtained in replica
modeling tests. The research needed to achieve this goal will involve experimental
investigations and mathematical modeling of the local process encountered by
organisms flowing through the non-homogeneous turbulent and bubbly flow fields.

1.2. Previous work

The 2D and 3D modeling of bioreactors has only just started. At the 2nd Int.
Conference on Bioreactor Fluid Dynamics, held at Cambridge, England, 21-23 Sept.
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1988, the Chairman of the conference, Dr. Roger King, opened the meeting by stating
that true process models had to take account of the interaction between fluid dynamics
and reaction kinetics in a 2D or 3D space. Of the 25 papers presented at the conference
only three papers discussed application of detailed models of bioreactor fluid dynamics.
The paper by Trigardh (1988) presented a 2D model of a mechanically stirred reactor.
The bubble flow was described by a simplified model. The paper by Boysan et al. (1988)
also applied a 2D model to an agitated vessel, whereas the model of Smith et al.
(1988) presented preliminary results from a 3D model and single phase approximation
of an agitated vessel with baffles. Trégdrdh e al. (1990) has further developed his model
by introducing a two-scale turbulence model. Issa and Gosman (1981), Bakker and
van der Akker (1991) and Gosman et al. (1992) have presented calculations of the 3D
processes that occur in the agitated vessel. Norman et al. (1993, 1994) have introduced
integrated models in which both the fluid dynamics and microbial kinetics is modeled.

The flow pattern in bubble columns has been analysed by Torvik and Svendsen
(1990) and Morud et al. (1991) using two-dimensional computational fluid dynamics
models. The results of these studies showed reasonable agreement between model
predictions and experiments. The model of Morud and Hjertager (1992) has also
included submodels for the biochemical reactions that occur in bubble column
bioreactors.

It is clear from the status of these works that there is still room for improvements,
regarding both modeling the transport and reaction process as well as geometry
modeling.

1.3. Objective of the paper

The aim is to present 2D/3D prediction/design models for the chemical reaction and
transport processes of stress-sensitive organisms in multi-phase flows of mechanically
stirred and bubble-driven bioreactors.

Emphasis will be given to models of the finite-domain type in which the governing
equations are integrated over discrete volumes inside the reactor. A multi-fluid approach
will be described to enable modeling of the processes that occur in the liquid and gas
phases as well as the transfer between the phases. Models of turbulence and agitators
will also be discussed. Finally, some examples of flow modeling of bioreactors will be
given.

2. General considerations
2.1. Model types

Models of bioreactors have until recently been limited to zero-dimensional models.
In these models total and species mass balances have been set up with the whole reactor
volume as control surface. The balances include terms containing accumulation, net
inflow and new generation rate of the species in question. The main assumption in this
model is that there are no gradients in the dependent variables (i.e. concentrations).
No momentum balances are needed for this type of model. The consequence of this
model is that a set of ordinary differential equations have to be solved. It is only during
the last decade that 2D and 3D models have been developed. These multi-dimensional
models set up balance equations for sub-domains (computational cells or control
volumes) in the reactor volume. As for the zero-dimensional models total and species
mass balances have to be set up for each of these sub-domains. In addition, the flow
in and out of the sub-domains must also be calculated. For this we need to put up
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momentum balances. One momentum balance has to be set up for each direction, i.e.
two for 2D and three for 3D. The new process that has to be included is diffusion of
the conserved quantity in question. This is due to the fact that concentrations are not
homogeneous inside the bioreactor. This means that in addition to accumulation, net
inflow and net generation, net diffusion needs to be modeled. In order to model this
diffusion, gradient transport is assumed with an effective transport coefficient (diffusion
coefficient for species transport and viscosity for momentum transport). Since the flow
is turbulent this effective transport coefficient is dependent on characteristics of the
turbulence. Two parameters are decisive for describing the state of turbulence, namely
local turbulence velocity and length scale of the turbulent eddies, This has led to the
development of the so-called two-equation turbulence models (Launder and Spalding
(1974)). These models are deduced by setting up conservation equations for two
quantities. The most popular of these models are named the k-g model, where £ is the
turbulent kinetic energy and ¢ is the rate of dissipation of turbulent kinetic energy. From
k and & we may deduce the turbulence velocity and length scale and from them the
effective transport coefficient. A general feature of the multi-dimensional models is that
we need to solve a set of partial differential equations. This means that special care must
be taken to obtain efficient means of solving these equations (Patankar (1980), Spalding
(1985)). Special treatments are needed for impeller and baffle regions in mechanicaily
stirred bioreactors.

2.2. Impeller

The impeller region has been modeled in different ways. Harvey and Greaves (1982)
calculated turbulent single phase flow in an agitated vessel with baffles. They used a
2-D description and the standard k-¢ turbulence model and specified k, & and velocity
at the impeller surface. The swirling motion of fluid on the impeller boundary is assumed
to be solid body motion. Some predictions of mean flow and turbulence were compared
with experimental data. Placek et al. (1986) have predicted and measured the flow
patterns and turbulence properties in a 2-D baffled vessel. They applied a 3-equation
turbulence model and assumed anisotropic turbulence in the impeller region. The model
requires proper assumptions concerning the impeller boundary, thus they got different
results depending on the assumptions at the impeller boundary. Ju et al. (1990) compute
the flow field of a 3-D calculation domain using a nonisotropic viscosity turbulence
model. They use a tangential jet boundary condition that require knowledge of three
experimental parameters and assume zero gradient of k and ¢ at the impeller periphery.
Kresta and Wood (1991) use a swirling radial jet mode, and the parameters needed for
its application are the peak discharge velocity and flow angle at the impeller tip. Based
on experimental results available in this region, optimum parameters are suggested.
Pericleous and Patel (1987) use a simple 2-D approach with the impeller treated as a
time-averaged source/sink quantity in the appropriate momentum equation.

2.3. Baffles

The presence of baffles further complicates the calculations. Harvey and Greaves
(1982) and Pericleous and Patel (1987) model the baffle by introducing a drag force
on the swirling component of the flow. When a 3-D description is used, the baffles do
not need to be modeled, but are included as a part of the calculation domain,
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3. Governing equations

3.1. General

Two different approaches are available for setting up the governing equations for
two-phase flow in bioreactors. One method is the so-called PSIC (Particle-Source-In-
Cell) procedure originally presented by Migdal and Agosta (1967). This method treats
the continuous phase (liquid) in a usual Eulerian description, whereas the dispersed
phase (bubbles) are described in a Lagrangian way. This means that bubbles are tracked
through the flow domain from inlet to outlet. The presence of bubbles are coupled to
the liquid phase through sources of mass and momentum. This method may only be
used for small values of the volume fraction of the gas bubbles.

The other method deduce the governing equations based on the Eulerian concept
and are named the two-fluid method (Spalding 1985). This means that the phases
are treated as interpenetrating fluids that share the space and interact with each
other through the source terms. All equations are such that the volume fractions may
take values between zero and one. The remainder of this paper will present a two-fluid
model.

3.2. The two-fluid model

The numerical model of the turbulent two-phase flow is based on a two fluid model
(Spalding (1985)). Transport equations governing the conservation of mass, momentum
and scalar variables like turbulent quantities (k and &) and concentration of chemical
species are derived for each phase. The problem is formulated in cylindrical polar
coordinates. The flow is assumed to be axi-symmetrical, so that the equations reduce
to two dimensions. The two-fluid conservation equations governing the mean turbulent
flow field are written as follows:
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here the subscript k refers to the gas (g) or liquid (/) phase, and the subscript i refers
to the axial (i = 1) or radial (i =2) coordinate-direction. The pressure is considered to
be common for the two phases, and both gas and liquid is assumed to be incompressible.
Turbulent diffusive transport of momenturm and scalar variables are denoted g;; and Jg ;
respectively. Viscous effects are assumed to be negligible.




Computational fluid dynamics simulation of bioreactors 181

3.3. Interfacial friction
The interfacial friction term, for example in the axial direction, is given by

Fix= * CogadU, — U) 4

where C=5-10"kgm s~ \. This formulation was applied by Schwarz and Turner
(1988) calculating the fluid dynamics of gas stirred baths. The value of the constant
corresponds to a slip velocity between the gas and liquid phases of 0-2 m/s. This is a
good approximation to the experimentally determined terminal velocity in water of
single air bubbles of diameter between 1 and 10 mm. The slip velocity is almost constant
over this range of diameters because of increasing non-sphericity. For this reason
equation (4) is claimed to give a much better representation than does the formula for
drag on a sphere.

Amarasooriya and Theofanous (1988) give a more rigorous model description of
the interfacial drag force, splitting it into one part effected by friction and another part
effected by mass. The flow is divided into flow regimes; homogeneous bubble flow
(o <0-3), heterogeneous bubble flow (0-3 < o< 0-7) and droplet flow (« >0-7), and
different formulations of the drag coefficient and bubble diameters are given for each
flow regime.

3.4. Interfacial mass transfer
The interphase mass transfer is taken account of throu ghthe source terms as follows:

Sy = (ki= @)+ (mmy g — m; ) )

The (k;a) is related to the dissipation rate, &, the local fraction, « and bubble diameter,
dy (Trégéardh (1988)).

3.5. Turbulence model

The Reynolds stresses, o7, in equation (2) and the turbulent scalar fluxes in equation
(3) are related to the mean flow field through the Boussinesq approximation and are
given by
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The Prandtl/Schmidt number ¢4 is assumed to be constant, and the turbulent viscosity
#: is modeled using the two parameter k-& turbulence model (Launder and Spalding
(1974)) as

K?
= Cubi_ (8)
For two-phase flows, the turbulence is commonly assurned to be a property of the

continuous (liquid) phase (Torvik and Svendsen (1990)). The modeled transport
equations for the turbulent kinetic energy k and the dissipation rate ¢ is therefore solved
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Table 1. Values of constants in the k-¢ model.
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The production of turbulence due to mean strain is given by:

o-n [+ G (Y] GR o

Additional turbulent kinetic energy is produced due to the work induced by the bubbles
when they move through the liquid phase:

Py=ciFx ((Ug— U) (12)

Although the influence of bubbles on turbulence production is uncertain we have chosen
to follow Lopez de Bertodano et al. (1990) where a value of 0-02 was used for c;, which
means that about 2 per cent of the bubble-induced turbulence goes into the large eddy
structure of the continuous phase.

The values of the other constants applied in the k-& model are given in table 1.

3.6. Stirred tank modifications

The flow in the stirred tank may be calculated using a 2-D model description which
neglects gradients in the tangential direction. The equations used for computations of
agitated flow is mainly as given above, but additional equations and terms are
introduced. The tangential velocity, w, is calculated as a scalar variable as in equation
3. Additional terms appear on the right hand side of the momentum equations:

Radial momentum:

-2 (“‘"“’) + (ipﬁ) (13)
r k r o/
Axial momentum:
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A constant interfacial drag term is included in the tangential direction in a similar
manner as for the two other directions, see equation 4.
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Table 2. Source terms of chemical species.

The Rushton impeller may, as a first approximation modeled as a rigid body motion
with constant source term in the equation of tangential velocity. A more refined model
is given by Pericleous and Patel (1987). This model introduces the influence of the
Rushton impeller by an additional source term in the tangential momentum equation
as:

Simpowy = % pil(@ 1) — Wil - Cpon+ A, (15)

Where Ciis the drag coefficient of a flat plate perpendicular to a stream of fluid, » is
the number of paddles on the turbine, and Ay is the volume averaged paddle area.
The value for Cyis taken as 2-0.  is the angular velocity of the impeller.

The baffles are modeled according to Pericleous and Patel (1987). Also in this
situation an additional source is included in the tangential momentum equation as:

Sy = — 3+ piwi+ Cpon-A, (i6)

where C, is the drag coefficient, n is the number of baffles and Apis the volume averaged
area of the baffles.

Production of turbulent kinetic energy in equation 11 is extended to include
turbulent production due to the tangential velocity:

o=ull(G) (G + ()T G i+ (2 ) + @)} o

3.7. Kinetic model

The Kinetic model of the fermentation, adapted from the research group at KTH
(Enfors et al. (1992)), is based on Monod’s model and include ethanol formation.
No oxygen limitation is assumed in this model and therefore the transport of oxygen
is not calculated. The transport equations for chemical species in the form given in
equation 3 are needed, with the source terms given in table 2, where

Gs = Gsmax* SIS + Ky) Gep = qﬁg‘*Yﬁ
Gos = qs* Yo Gec = (qomax - QM)/YM *ENE + K..)
if Gos = Gomax then Hos = Gomax Go = qos + Qer* ) S
qsm:qo-‘fym ﬂZQSxa*Ym+q“f*Yw+q“*Yxe

and Gomar = 1-4hr ™', K, =02g/l, Yp;=05, Gomw =03hr"", ¥.,= 035, Yoe = 0-8,
K =05g/l, Yo =05, Yoy=0-15, ¥, = 0-8.

3.3. Boundary conditions

Inlet and outlets are easily defined by specifying velocities and relevant conditions
for the other dependant variables. For the liquid phase, the large gradients near the wall
are treated by wall functions similar to those established for single phase flow
(Launder and Spalding (1974)).
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4. Numerical procedure

A two fluid model is used to determine the flow field, where the gas and liquid phase
are handled as spacesharing interspersed continua. The partial differential equations are
expressed by algebraic so called ‘finite domain’ equations by dividing the calculation
domain into several control volumes and by integration over these control volumes for
each phase with respect to time and space. The discretizations are done by using
interpolation functions, here the upwind scheme described in the book of Patankar
(1980) is used for space, and a fully implicit scheme for time.

The momentum equations are coupled through the drag terms and when solving the
equations sequentially, the convergence may be slow for the large drag terms. This is
avoided by using the partial elimination algorithm (PEA). Point iteration has been used
to solve the volume fraction and momentum equations.

The equations are solved sequentially, and because of the nonlinearities and
coupling between the equations there is a need for an iterative solution procedure.
The single phase solution algorithm SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) by Patankar Spalding (1972) extended for two phase flow by
Spalding (1985) has been used.

A summary of the algorithm involves the following points:

(1) Initialize dependent variables.

(2) Update. Apply boundary conditions.

(3) Solve the volume fraction equations with modified expressions for the
continuity equations Jacobi iteration.

(4) Solve the momentum equations with the PEA algorithm and the latest available
solution for the pressure. Jacobi iteration.

(5) Solve the pressure correction equation with Gauss—Seidel line iteration
(TDMA algorithm).

(6) Repeat from 2 until a specified convergence criterium is satisfied.

(7) Solve other equations, like concentrations and turbulent quantities.

(8) If more timesteps, goto 2.

5. Simulations

Simulations using the model presented above are performed for two different types
of bioreactor types, namely, the bubble column reactor and the mechanically agitated
reactor. Bubble column reactors are characterized by the fact that agitation is performed
by the air that is supplied at the bottom of the reactor, whereas in the mechanically
agitated reactors the stirring is accomplished by a rotating stirrer placed on a shaft.

5.1. Bubble column

Lab. scale. Measurements of number averaged gas bubble velocity have been
performed in an air-water bubble column using Laser doppler/Phase doppler
anemometer (LDA/PDA) (Davidsen (1991)). The column had an internal diameter of
0-15m and a height of 2m. The air was supplied at the bottom through a porous
distributor plate that covers the whole tube area. The calculated and measured air
velocity across the diameter is shown in fig. 1 for four different superficial air velocities.
As we can see the agreement is best for the highest air velocity. The general trend is
well predicted, namely high upward gas velocity in the centre of the column and low
downward gas flow close to the wall. Figure 2 shows the measured and calculated
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Figure 2. Total void fraction as function of superficial gas velocity.

average void fraction in the column as function of the superficial gas velocity.
Experiments have been carried out using both coalescing and non-coalescing systems.
The calculated void fraction compares well with the data for non-coalescing system.

Yeast fermentor. Calculations of flow pattern and biokinetic reaction have been
performed for a large scale bubble column for Baker’s yeast fermentation located at
Jastbolaget, Sweden (George et al. (1992)). The fermentor is 17,5m high with a
diameter of 4-0m and has an initial liquid volume of 90 m®. There is one feed point 1 m
above the bottom. The air is supplied evenly at the bottom of the reactor. Both the air
and the sugar is supplied with varying flow rate. The inlet sugar concentration is 380 g/
and the initial concentrations are: sugar: 0-05 gfl, yeast: 10g/l, ethanol 0-0004 g/l
Additional assumptions are:

The air and sugar supply are assumed constant; 0-08 m/s (superficial) and 2900 I/hr
respectively.
Liquid density is set to 110 g/1.
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The process time is 10hr.
No oxygen limitations in the fermentor, and thereby no mass transfer of oxygen
between the two phases needs to be calculated.

A stationary flow field has been computed. This flow field has then been used as a basis
of computing the transport, production and consumption of the species involved.
Figure 3 shows the simulated streamlines of gas. Itis interesting to note that in this large
scale simulation the flow pattern is different than in the small scale air-water system
mentioned above. In the fermentor the air flow upward along the wall and downward
in the centre. The void fraction is between 0-34 and 0-40. Simulated sugar concentration
distribution 6h after the start of the fermentation is given in Fig. 4. Obviously the
concentration is largest close to the inlet.

Jastbolaget, Sweden, have measured sugar concentrations near the wall at the height
of 2:5m, 6-5m and 12-5 m during the whole fermentation period. The simulated values
are plotted versus time in Fig. 5. Simulated ethanol concentration is also given in
Fig. 5 together with simulated yeast concentrations. The concentrations of ethanol and
yeast are the same in the entire liquid volume. Yeast concentration increases
monotonically for the fermentation period. The ethanol concentration peaks at about
three hours. The experimental data shows that there are gradients in the sugar inside
the reactor, but the magnitude is smaller than the predictions. The reasons for this
discrepancy is difficult to assess, but it is important that more local fiow measurements
are performed as well as improving the biokinetic model.

5.2. Stirred reactor

Measurements of number averaged gas bubble velocity in a 15 litre stirred reactor
has been carried out using a Laser-doppler anemometer. The computations are
performed on a numerical mesh comprising 47 grid cells in the axial direction and 24
grid cells in the radial direction. The air is considered to enter at the bottom of the vessel
through a porous plate with radius 2cm and with blockage of 99%.

The streamlines of liquid and gas are shown in Fig 6 and 7 with a flow rate of
7.5 Umin. The liquid contours show that the impeller cause the liquid to move radially
towards the wall and to give two circulation loops. For the gas streamlines the picture
is not the same as for the liquid. The gas bubbles are subject to inertia which makes
the two phases flow differently. The gas flow has several circulation loops. The two
strongest are above and below the impeller. The gas fraction distribution is shown in
Fig. 8. It is seen that the peak gas fraction in the liquid is located in the ‘eye’ of the
two gas vorticies. Figure 9 shows the calculated and measured radial gas velocity just
outside the impeller for three different rpm. As we can see from the figure the agreement
is very good. Itis especially gratifying to see that the measured maximum in gas velocity
outside the tip of the impeller is well predicted.

6. Concluding remarks

A computation method for turbulent two-phase flow and reaction kinetics in 2D
bioreactors has been presented. Flow and kinetics of a production scale Bakers yeast
fermentation in a bubble column have been computed. The simulated concentrations
at three positions in the column have been compared with experiments performed by
Jistbolaget, Sweden. Experimental and computational results of flow pattern in a 15
litre stirred vessel have been presented. Further emphasis should be made on
establishing more experimental data, to improve and continue the model work and to
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verify the simulated results against the experimental data. The biokinetic model should
be extended to include effect of oxygen limitation in the reaction rate and take account
of the distribution of dissolved oxygen (DO). The flow model should be extended to
include the effects of non-Newtonian fluids.
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Nomenclature

a interfacial surface area

A, volume averaged surface area of baffles
Ay volume averaged surface area of paddles
B width of impeller blade

C drag coefficient

D; impeller diameter

D, tank diameter

F,. interface friction force
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g gravitational acceleration
G production of turbulent Kinetic energy
J flux
k turbulent kinetic energy
K, saturation constant for substrate
K, saturation constant for ethanol
n number of baffles or paddles
p pressure
Pp production of turbulent kinetic energy due to bubbles
gs spec. substrate concentration rate
9smax Max. spec. substrate concentration rate
qsxa Substrate consumption rate, aerobe
¢sy substrate consumption rate, anerobe
4ep ethanol production rate
gec €thanol consumption rate
4, total oxygen consumption rate
gos OXygen consumption rate
Gomax INAX. SPEC. OXYgZEN concentration rate
S source term
t time
u,v fluctuating velocity
U,V mean velocity
W height of impeller blade
Y, yield gO/gS
Y. yield gE/gS
Y.sa yield gX/gS, aerobic
Y. yield gX/gS, anaerobic
Y. yield gX/gE

Greek letters
o void fraction
¢ dissipation of turbulent kinetic energy
¢ fluctuating quantity
@ general variable
p viscosity
Hs specific growth rate
p fluid density
o shear stress

Subscripts
£ gas phase
k phase number
{ liquid
t turbulent
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