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Mathematical models for mixing in deep-jet bioreactors:

Calculation of parameters

A. Moser, B. Mayr, W. Jury and W. Steiner, Graz, Austria, P. Hoervat, Varazdin, Croatia

Abstract, The macroscopic mathematical model based on compart-
ments with ideal mixing zones and tanks-in series was evaluated.
Based on the experimental data obtained in a 300 dm? pilot reactor
and the dependence of mixing time on the volume of liquid phase,
we have found mathematical relations between the ratio of vessel
diameter to liquid level, adjustable parameters of model and the
mixing time.

List of symbols

vV dm? total volume of bioreactor

¥, dm®  total volume of liquid

v, dm?® volume of ideally mixed zone in the vessel

v, dm? volume of macromixer in inner circulation flows
Vi dm? volume of liquid phase in the pump

¥, dm®  volume of liquid phase in the pipe between the ves-

sel and the pump

Vs dm? volume of liguid phase in the pipe between the
pumyp and air input system included falling jet

Vi dm®  volume of liquid in the tank

Ve dm?® volume of liquid in the circulation system

e dm?/s inner volumetric circulation flow rate across the
macromixers

F, dm®/s external volumetric circulation flow rate, pumping
capacity

Ly 8 time interval of the puise application

Esp S time point of the puise application related to the free
choosen starting point of the experiment

e t] mixing time

£, s circulation time

by S end time of simulation

C,, kg/m® concentration of tracer in the indicated compart-
ment

Co kg/m® concentration of the tracer before the injection

C, kg/m* concentration of the tracer at the indicated time

C, kg/m® theoretical concentration of the fuli mixed tracer

C,. kg/m?® calculated concentration of tracer during numerical
integration method

i - index of an arbitrary tank

Dy m diameter of bioreactor

D 1/s dilution rate

H level of liquid in the unaerated vessel

& - vector of inhomogenities

1 Intreduction

The deep-jet bioreactor is characterized by a two phase air-
liquid system in the whole volume of the vessel, in pipe

connections for the circulation between the tank and the
pump, and in the pump compartment, too [1]. As we know,
this type of bioreactor is used in the fed-batch process of
yeast production by controlled feeding of substrate based on
the ethanol estimation in broth and related Crabtree effect.
1t was reported earlier that the mixing time in this bioreactor
depends on the volume of the liquid in the vessel and on the
aeration rate {1, 2].

In the case of continuous flow reactors, the technique of
residence time distributions is generally employed. Based on
the observed residence time distributions 2 number of mod-
els for mixing are proposed and used to evaluate its effect
upon the performance of the reactor. In fed-batch operation
a fast distribution of the incoming substrate, pH corrector,
dissolved oxygen as well as anti-foam effector is required.
The necessity of knowing the dynamics of mixing behavior
is obvious. Although all these performance depend upon
flow patterns, it is not possible to use the residence time
distribution model in a fed-batch fermentation, because the
fluid does not flow out from the bioreactor. That means, a
mathematical expression of the flow pattern for the substrate
(with respect to the dependence of the mixing time and flows
on the changing volume during fed-batch fermentation)
could be useful in the optimization of this process.

In our previous work [3] we have presented the macro-
scopic model for mixing in this reactor with macromixer and
micromixer region [6l We have also assumed [3] that the
fluid is circulated in the vessel continuously through a cer-
tain region, t.e. through the well-mixed compartment above
the refusing plate, during two circulation loops; an external
loop characterized by the pumping capacity and an inner
loop achieved due to the energy dissipation of the falling jet
in the vessel. The aim of this work is the testing of the
previously described model (for the bioreactor with one aer-
ation system) [3] as to its applicability in fed-batch fermenta-
tion as well as to establish simple mathematical relations
between geometrical properties of the plant, the volume of
the liquid in the vessel and adjustable parameters needed for
calculation of the flow pattern in the simulation procedure
of mixing for any volume of liquid in the deep-jet bioreactor
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during fed-batch fermentation. In this work we have tried to
find mathematical relations between the mixing time and the
technical properties of the vessel {(volume of liquid in circula-
tion, volume of liquid in the vessel, ratio of total plant vol-
ume and volume of liquid in the vessel), which could be
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representation of this model a system of differential equa-
tions, here presented in the vector format (Eq. 1), describing
the concentration (C) of the tracer in the structural elements
based on mass balance, was used.

useful for the scale-up of deep-jet bioreactors. c, . C, 7 o W
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The seclution of this system was achieved on a personal
computer by the numerical Runge-Kutta-Fehlberg method,
a method with control of the relative error and with variable
step of integration [4, 5]. The vector of inhomogeneities, &(2),
was applied in the compartment before the last (n,,~1) in
tank-in-series of macromixer, as was done in our previous
work [3}. The mixing time (f,,; degree of mixing: 90%), the
circulation time (¢.) and the sum of quadratic error [3] were
used as criteria for the sacess of the simulation. Due to the
limitation of the personal computer’s memory size an opti-
mization of the dataset of adjustable parameters was not
possible. Thus, parameters evaluated in this work have been
obtained by trying to minimize the sum of quadratic error [3]
by repeatedly running the simulation, using different
parameters. From results achieved during the above proce-
dure the mathematical relations between adjustable parame-
ters, the volume of the liquid phase (ratio of the tank diame-
ter to the liquid level, respectively) and the mixing time were
found. Using these relations we have calculated the new
parameters and executed simulations on a PC again. Results
from these simulations (expressed as mixing time) are com-
pared with data from the first simulation procedure and with
measured data.

3 Results and discussion

Simulated and measured flow patterns of the tracer in rela-
tion to the greatest and the smallest volume from the volume
range examined in this work are presented in Fig 1 and 2.

1t can been observed that there is a representative differ-
ence in circulation time and mixing time between both flow
patterns presented. All other simulations with respect to the
liguid volume (results not shown) are in a range (with respect
to the flow pattern and to t, and 1,,) between these boundary
examples. Furthermore, the sum of quadratic error [3] was
lower in the simulation procedure with high Hquid level than
with a small volume in the vessel, That means that the model
used is more exact for a higher volume of liquid in the vessel,
In our model [3], we have used for adinstable parameters
during the simulation procedure for all examined volumes of
liguid in the vessel: the volume of ideally mixed compart-
ment in the tank (¥, the number of tank-in-series of
macromixer in the vessel ny,, the inner exchange flow of
liquid phase across the tanks-in-series of the macromixer
(Fp, and the external circulation flow across the aeration
system done by the pump (F,,). For the successful simula-
tion of mixing in the whole volume range, it was necessary
to change cach adjustable parameter for each volume of
liquid in the vessel. Parameters used in our simulations of
mixing in the deep-jet reactor, are presented in Fig. 3-6 in
dependence on the examined volumes, and in Fig. 7-10, in
dependence on the ratio of the tank diameter to the level of
unaerated liquid.

As is presented in Fig. 3, the pumping capacity (F,,), as
parameter in the simulation, depends linearly on the total

179
1.50""
?
= 1204 I\\
5 T TS o =
{ T e S
J o090 r v
= !
S 0607 |
' !
5y i
= 030+t
1
0
0 5 ] 15 20 s 25
Time t

Fig. 1. Response for the injection of the tracer and the simulated
data achieved using 230 dm? of liquid in & VB-IZ-12 deep jet biore-
actor. The pulse injection is indicated by an arrow
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Fig. 2. Response for the injection of the tracer and the simulated
data achieved using 145 dm* of liquid in a VB-TZ-12 deep jet biore-
actor. The arrow indicates the pulse injection
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Fig. 3. Dependence of the external circulation flow {as parameter of
the simufation) on the volume of liquid in the reactor

volume of the liquid. Normally, the capacity of the pump
should be constant. In our case, in the reactor vessel and in
the pump compartment there is not only the pure liquid, but
a biphasic air-water system. Therefore, the efficiency of the
pump depends on the quality of the mixing in the vessel (air
dispersion) as well as on the hydrostatic pressure (liquid
level) on the sucker side of the pump. Figure 7 presents the




0 T T T T T
140 160 180 200

Vo —

—
220 dm® 240

Fig. 4. Dependence of the inner circulation flow (as parameter of the
simulation) on the volume of the liquid in the bioreactor
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Fig. 5. Number of ideally mixed tank-in-series needed for the simu-
lation of mixing, plotted against the volume of the liguid phase
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Fig. 6. Dependence of the voiume of the well-mixed compartment
on the total volume of liguid in the bioreactor

linear relation between the pumping capacity and the ratio
of the tank diameter to the liquid level.

Comparison of Figs. 4 and 8 shows that the dependence
of the inner exchange flow (Fg) on the ratio of the vessel
diameter to the liquid level is more linear than the relation
of this flow to the volume of the liquid. Furthermore, the
number of tanks in the inner circulation flow is inversely
proportional to both arguments (Figs. 5§ and 9).
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Fig. 7. Fxternal circulation flow as parameter of the simulation in
its dependence on the ratio of the tank diameter to the liquid Jevel
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Fig. 8. Dependence of the inner circulation flow as simulation pa-
rameter on the ratio of the tank diameter to the liquid level
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Fig. 9. Reciprocal number of ideally mixed tanks-in-series needed
for the simulation of mixing, plotted against the ratio of the tank
diameter to the liquid level

An interesting observation can be made in Figs. 6 and 10.
The volume of the ideal mixed compartment depends expo-
nentially on both arguments.

The relation of measured and simulated mixing time
achieved by the parameters presented above is shown in
Fig. 11.

Our model gives a good agreement of the simulated re-
sults for mixing times and circulation times with the experi-
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Fig. 10. Fracticn of the ideally mixed compartment in the liquid

volume in its dependence on the ratio of the tank diameter to the
liquid level
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Fig. 11. Relation between measured and simulated mixing time
achieved by chosen parameters for the modelling

mental data (Figs. 1, 2 and 11} for the whole range of exam-
ined volumes. In the practical use of this model for the
optimization of substrate feeding in yeast fermentation, it is
necessary to rapidly estimate the adjustable parameters
needed for the calculation of the substrate concentration at
any moment of the fermentation process, i.e. at any volume
in the vessel. From the above Figs. 3—10 we also concluded
that some mathematical relation must exist between the four
adjustable parameters and the geometrical properties of the
reactor. The following set of equations (Eqs. (2)—(6) was es-
tablished:

Fy= —34.700+0.24100 (V) (2)
log (V)= —2.72207 +0.014487 (V)); 3
1/n,, = —0.0031851 4 0.023704 (Fy); @
F,, =9.8368 +0.014487 (V,); (5)
= —11.907 ~40.809 log (1/n,)). (6)

A similar set of equations could be established with the ratio
of the tank diameter to the liquid level in the place of the
total volume of liquid as the argument of egs. (2), (3) and (3):

Fp=—27.128+65.665 (Dy/H,); ()
log (Vy)= —2.72207 +5.817 (D;/H,); (8)
F, =96694+51821 (D/H,). @)
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Fig. 12. The dependence of the mixing times on the volume of the
liquid phase in a 300 dm?® VB-IZ-12 bioreactor: 4 measured values;
B simulated values; C calculated values from mathematical refations
{see eqs. (2)—(6)); and D values achieved by simulations using calcu-
lated parameters from the set of equations

Two other equations which belong to this second set are
Egs. (4) and (6). This set is perhaps useful for the calculation
of the model parameter in a different scale of bioreactors.
According to the above set of equations we calculated the
new adjusiable parameters. A repeated simulation was exe-
cuted using this dataset, Results from these simulations, were
compared with data from the first simulation procedure with
the measured data and with the calculated mixing time ac-
cording to Eq. (6) and they are presented in Fig. 12.

According to the results presented in Fig. 12, this proce-
dure and system of equations gives a good agreement of
simulated and calculated mixing times (according to Eq. (6))
with measured data, except in the case of the very small
volume of ¥,=145 dm®. To reduce this error we assumed
that the deep jet reactor is a continuously operating reactor
with a dilution rate defined according to Eq. (10) concerning
the circulation time period between two peeks of the tracer.
In this relatively short period of time the volume of the liquid
in the vessel is diluted by the falling jet:

D ZF::ir/VLT ' (10)

This means that a residence tirne distribution concept is
perhaps possible, but the mode! must contain present recir-
culating plug flow in the external loop through pipes and the
aeration system as well as the successive calculation for each
successive time peried (z.) between two peaks. Our model
was not based on this concept. Therefore, using the dimen-
sionless product of dilution rate and mixing time, on the one
hand, and the dimensionless ratio of the total plant volume
to the liquid volume, on the other hand, we have tried to find
the relation between the dilution rate of the liquid in the
vessel and the geometrical propertics of the bioreactor
{Fig. 13).

The resulting relation is given in explicit form of the
mixing time:

1 V .

g




0-‘§ T T ¥ T T T T T T

1.2 14 18 1.8 20 2.2
ViV, —=

Fig. 13. Relation of the dimensioniess product of dilution rate and

the measured mixing times to the ratio of the total plant volume to

the liquid volume in the system

Inclusion of Eq. (10) in the above relation and assuming that:

V=V, +¥c (12)
and that:
VLTﬁV:g*VLc: (13)
Eq. (11) becomes:
V¥
to=A 2 t¢ KYEf_E’;‘Z , (14)
Fcir Vg

where A and K are the constants determined by the plant
geometry, the mixing quality definition and the operating
conditions. In our case, for a total plant volume of 300 dm?
an aeration level of 1 dm®/dm® min and a degree of mixing
of 90%, the following values were obtained:

A4=32778 1073
and
K=39746 .

The results of calculated mixing time according to Eq. (14}
compared with measured data are presented in Fig. 14.
The results presented in Fig. 14 confirm the validity of
our mathematical model for deep jet bioreactor over the
whole range of the examined working volumes. In addition,
the metabolism of Saccharomyces cerevisiae is extremely
sengitive to changes in the concentration of the substrate in
the microbial environment. For the purpose of coupling
with the dynamics of substrate utilization, a relatively simple
model for mixing and metabolism is required in order to
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Fig. 14. Measured (B) and calculated (A4) mixing times {see Eq. (14)}
plotted against the volume of the liquid in the system
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permit handling of the problem within a reasonable amount
of computer time. In our case, the calculation time for mix-
ing was one minute and forty seconds. This is too long for a
S. cerevisiae systern. This problem can possibly be avoided
by using advanced computer hardware.
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