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DISPERSION ARD HOLDUP IN A THREE~PHASE FLUIDIZED-BED BIOREACTOR

Brianx H. Davison

Oak Ridge National Laboratory, Oak Ridge, lennessee 37831-6226

ABSTRACT

Axiz]l dispersion and phase holdup measurements were wade using
electroconductivity in a fermenting fluldized-bed bloreactor (FBR) and in
a model nonfermenting three—phase FBR., Multiple axial conductivity probes
were used to nonintrusively monitor the bed coanductivity. The gas phase
holdup was estimated from a ratio of the average bed conductivity and bulk
conductivity. The solld fracrion in the three—phase FBR can be estimated
from the two-phase liquid—sclid FBR. The regponse to a salt pulse was used
to estimate the liquid axial dispersion coefficient. Particle Peclet mum—
bers on the order of 10~2 were estimated as a function of flow rates and
compared to literature correlations.

Index Eatries: Three-phase; fluidized=-bed bioreactor; colummar

hydrodynazics, fermentation.

INTRODUCTION

Columnar bioreactors using immobilized biocatalysts have galned
interest due to their potential advantages of higher volumetric produc—
tivities and greater conversiomn. In alcohol production, for example, the
kighest productivity reactors are all columnar reactors (l). Many colummar
bioreactors have three phases: the liguid media, the so0lid blocatalyst,
and a gas phaae; which is either produced (such as CO,) or provided as &
nutrient (such ae oxygen). Three—phase columnar fluidized—bed reactors (FBR)
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present a speclal challenge to the biochemical engineer because the hydro—
dynamics of three—phase FBRs are poorly characterized even In tradicional
catalytic chemical systéns; and simple models, such as ideal plug—-flew, are
often inadequate to evaluate and scale these systems. [Muroyama and Fan (2)
have written an excellent review of the current status of the hydrodyonamics
of three-phase fluidization.] In addition, the existing correlations and
techniques were not developed in the ranges of flow or particle size and
density tha£ are of interest in a bloreactor. Techniques and correlations
need to be developed and confirmed in three—phase colummar bloreactors for
the estimation of importsnt hydrodypamic parameters such as (1) phase holdup,
(2) dispersion, and (3) interphase mass traasfer.

Fermentation in a FBER preseats an additional challenge in that the gas
flow varies with axial position. Carbon dioxide 1s a coproduct with etha-
nol from sugar. Thue, the conditions in the reactor change from just liquid
and solid at the inlet, to a three—phase system as increasing amounts of gaa

are produced.
Background

Traditionally, phase holdup in a fluidized bed has been estimated by

the following equatioms:

+ + -
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The first equation is the sum of the phase fractions, ¢ » Es’ for the

¢’ L
gas, liquid, and solid, respectively. The second equation relates the
pressure drop to the average bed density. The third calculates the average
solid fraction across the bed as the ratio of the volume of the solid added,
Vg, over the volume of the bed, Vped- This method assumes that the solid
fraction is uniform throughout the bed, which Is generally true for constant
flow rate FBRS but may mot be applicable to gas-generating systems.
Uafortunately, it is difficult to use the pressure drop in a laboratory-—
scale three-phase FBR because the pressure drops are small [<4 cm H,0 (400
Pa)] and the density of the s0lid approximately eguals that of the liquid.
Electroconductivity was proposed and successfully tested as an altermative
by Begovich and Watson (_3_) Iin a nonreactive system of air, glass beads, and
agueous elecl:rolyte‘. In their system, the glass and the gas were nomnconduc—
tive. This condition allowed the liquid fracrion to be measured as the
ratioc of the overall measured bed conductivity, vy, to the liquid electro—
lyte conductivity, 10. In the present gystem, the solid gel beads are wvery
permeable and have the same conductivity as the surrounding elec:rolyte;
Therefore, only the gae is noncounductive. Conductivity wmeasurements of mix~
tures of gel beads and electrolytes showed that the conductivity of the gel
was within 2T of the conduciivity of the surrounding electrolyte. Therefore,

Eq. 2 can be replaced by

- -+ - - 4
T/Yo € * &g 1-¢ (4)

c ]

and used to nonintrusively measure the gas fraction along the coluan.
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An additional advantage of using conductivity measurements Is that
conductivity has long been used in dispexrsion experiments to monitor the
response of a system to an impulse or step—change of salt tracer. The

axial dispersion of a solute im a nonreactive system can be modeled as
dC/dt + up dC/dz = D d2C/dz? , (5)

where C is the concentration, D is the liquid axial dispersiom coefficlent,
and up is the liquid wvelocity. After nondimensionalization, the Peclet

nunber, which is a ratlo of comvective to dispersive forces, 1s defined as

’ (6)

where dp is the particle diameter- Then the method of moments can be used
accerding to Stiegel and Shah (4) to calculate the residence times and the
Peclet mmbers from the response to sn arbitrary tracer impulse which maves

between Iwo probes.

MATERTALS AND METHODS

The bead production technique has been described previously (5)- The
preliminary conductivity measuresents of various solutions were performed
with a Badiometer conductivity meter and probe (cell constant = 1 cm) in a
well-mixed, coustant-temperature bath.

Gel beads were made with and without cells and iron oxide. They were
then equilibrated with 0.1 M KCl ac 30°C. The conductivity was measured
in a liquid-solid system at various flow rates in order to chaage the solild
fraction from zero to that of a packed bed. The conductivity change decreased

by less theo 2% in the presence of the solid gel. Therefore, the conductivities
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of the gel and the electrolyte was taken to be identical and the gas frac-
tion estimated by Eq. 4.

The columnar reactor used for the conducrivitry experiments was
iater jacketed at 30°C, 2.54 ca ID, and 650 mlL in volume. Sample ports
and the conductivity probes were placed at ~30 cm intervals aloeg the
column as shown in Fig. l. The conductivity érobes were platinum foil
squares (l.27 cm) mounted on opposite sides of_the 2.54 cm ID column.

They were counected to three Badiometer Counductivity meters with ocutput
to a mulciple chart recorder. The probes were 1nﬁividually calibrated.
The multiple electroconductivity probes were also Iinterfaced with an

I8M~PC through an ISAAC-2000 conputerized dat; acquisition system. The
rav data were sorted every 3 s om disc at @ rate of I sample per probe.

In the inert (inactive-bed experiments) the column uzs filled with
0.12-cm~diam gel beads. The sparge gas (air) was metered through a ball
rotameter and iatroduced to the botfou of the column through & mediua glass
frit. The liquid was introduced through radial inlets directly above the
gas sparger. This method provided small bubbles and uniform flow similar
to that at the bottom of & fermenting FBR. At constant gas and liquid flow
rates, ranging from O to 20 and 0 to 5 L/h, respectively, data was collected
for 10 min to establish the average holdup and a baseline for the dispersion
megsurewents. Then a 10 al pulse of 3 M KCl was injected finto the liquid
flow inlet; the tracer response data continued to be collected as the pulse
traveled up the column.

Figure 2 111ustfates the raw data from a typical tun. The chart response
{in arblitrary conductivity units) of the three probes has been offset wer-

tically for visusl clarity. The increase in “noise” of the respouse from
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Fig. 2. Raw conductivity response data for a holdup-dispersion
run at I-‘L = 5 L/h and Fo = 23 L/h. 10 mf of 3 M RC1 injected at time zero
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the bottom of the column to the top is due to bubble coalescence, which
causes larger fluctuatiors in the counductivity as the bubbles pass the
probe. Before the injection, the bageline conductivity data were directly
averaged and divided by the bulk coaduct ivity to ﬁive the average gas
boldup- The raw conductivity data were sacothed, and the first and secoud
moments of the response curves were calculated by integration using Sizpson's
Rule. The dispersion coefficient can be estimated froa the difference of
these moments-

The reactor was operated at various flov ratee of gas and l4quid (0.5
M KCi) for at least 1 h to establish stable conditions. The bed height was
estimated visuslly to within 25 uwlL, seglecting the small amount of eatralned
beads above thc bed; then the Vipeq was calculated from the height and the
¢olumm area-

Fermentatious were immobilized Z. mobilds in a FBR and the procedures
for culturing, ismobilization, and analysis have been described previously (6)-
In these holdup experiments in an active fluidized—bed bioreactor with
immobilized Z. mobilis NRRL 14023, the feed media was 10Z glucose, 0.5Z
yeast extract, and 0.05 ¥ KCl. Similar holdup and pulse response experioests

were performed at two steady state flow rates with beads of 0.085 cm diam.

RESULTS AND DISCUSSION

Clucose and ethanol were shown to have a negative linear effect on the
conductivity of a 0.1 M KCl solutionm at 30°C. The conductrivity falls from
the base value of 13.9 mS to 83% and 74% of the base value for glucose and
ethanol, respectively, at a 10Z concentratiom. Thia effect 1is additive,
and the conductivity of mixtures of ethanol and glucose in electrolyte can

be accutately predicted. Yeast extract anod cells were separately observed
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to have a positive linear effect on the electrolyte conductivity but the
effect was always less than 5% for the ranges of iaterest; (0 to 10 g/L

yeast extract and 1 ta 20 g dry wt/L cells).

Phase Boldup

Tweaty runs were performed with the inactive FBR and data collected
at a variety of flow rates ranging from D to 5 and O to 23 L/h for the
gas and liquid, respectively. Figure 3 shows the effect of liquid flow on
solid holdup in the two-phase system (no gas). As expectéd, the solids
fraction swmocthly decreasses with increasing flow rate. Figure 4 shows the
effect of increasing gas flow on the smolids fractiom at :HQ liquid flow rates.
The solids fractiom Is a weak function of the gas flow rate. This data
illustractes the good gas disengagement properties of the FBR.

A further observation of the data frow the 3 L/b liquid flow is an
apparent bed contraction with low gas flow rates in a liquid fluidized-bed.
This effect was also observed by Elenkov et al. (7) in a three-phase FBR
with 1 cm plaatic beads. They algso observed that a f;rcher increase of
either the gas or electrolyte flow rate will negate this effect, as is shown
ia the data in Fig. 4. This information indicstes a differeace in low den-
sity solid beds from the dense glass and wmetsl particles typically used to
develop hydrodynamic correlations (which do not show this effect).

The conductivity data collected over a l0-min interval at counstant’
conditions were averaged and the gas fraction calculeted using Eqg. 4. Small
bubdles were released from the frit but coalesced as they rose up the columm,
and the presence of bubbles caused fluctuations in the conductivity as they
passed the probe. The magnitude of these fluctuations increased as the
bubbles coalesced, requiring the use of an average conductivity. The

avefage gas fraction appeared to be controlled by the bubble size.
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Figure 5 shows the gas fractionm as a function of gas flow rate at
constant liquid flow. Qualitative visual obgservation indicated two bubble
flow regimes in the FBR: a dispersed bubble reg:l.ng and a coalesced bubble
regime. The dotted 1line roughly separates these two bubble~flow regimes.
The gas fractioo is peglibible in the dispersed-bubbie regimé, which occurs
at low gas rates and near the bottom of the column. In the coalesced—
bubble regime, where the bubbles diameters approach the column diameter, the
gas holdup cannot be predicted without further study of coalescence in this
system. Direct measurement of the gas fraction in ferwenting FBRs by on—-
line conductivity probes may allow better modeling and operation comtrol.

The fermenticg FBR was filled with 250 al of gel besds containing
4% k~carrageenan, 3% iron oxide, and an initial concentration of about
15 g dry wt/L cells of Z. mobilis. The FBR was fluidized with a liquid
flow rate of 1 L/h and operated for 3 d to reach stable conditions. After
sampling and making the conductivity and dispersion measurements, the flow
rate was increased to 2.1 L/h. fhe next day thé measurements were repeated
at this latter couditionm. Liquid samples were taken and their conductivity
measured externally in order to compensate for effects from the changivg
asolute concentrations.

Conductivity readings from each axial probe were coliected for 30 win,
averaged, and the standard deviation calculated, as showm in Fig. 6. The
conductivity measurements had increasingly larger fluctuations In response
to passing bubbles, as described abo%e. The gas fraction may increase
along the column as gas 1s produced and bubble coalescence occurs. Near
the top of the bed the gas fraction drops as the gas freely escapes in the
esgentially two-phase liquid-gas system. These measurements agree with

visual observarion of the bed.
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Axial Dispersion

Dispersion experiments were performed in both the inert and fermenting
FBRs as described above. The first and second moments were calculated by
the method of moments, followed by the calculacion of the residence times
and the particle Peclet mumbers. Figure 7 shows the effect of gas flow
rate on the Peclet pumber at a constant 'l:lqu.id flow rate. The experimental
data are compared with three semi-empirical literature correlations (4,8,9).
As expected, the dispersion increases with increasing gas flow. Although
the differences among the correlations are comparable to the difference
within the experimental data, the experimenral dara still appears to be
lower than the correlations. This effect may be related to the fact that
these correlations were developed in systems with high density differemces
and Reynolds ﬁmberu from 10 ro 500 or more, whereas, the gel biocatalysts
typically have a denail:y of 1.05 to 1.15 g/L-and Renolds nmushers near 1.
Calculations (from data not presented here) of experimental Peclet mumbers
at other flow rates and from the fermenting FER are comparable to those
reported here. Further work is planned to confirm these experimental
sessurements and to determine an spplicable correlation for these bialogl-
cal systems. The form of published correlations may mot be applicable,
since both the Muroyama (8) and Stiegel and Shah (4) correlations are

undefined at zero gas flow.

CONCLUSIORS

&xial conductivity probes have been demoustrated to be a method for
the nonintrusive continuous messurement of the gas fraction within an
actively fermenting FBR. The incorporation of mumerical estimates of the

gas holdup into the total colummar reactor model have considerably improved
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the accuracy Iun packed-bed models (10). It 1s expected that experimental
measurements will allow similar improvements in a FBR model.

The solids fraction is 8 weak function of the gas flow rate and can
be ressonably estimated from the two-phase systea.

'Conduct:l.vil:y can also be used to monintrusively estimate the mixing
or dispersion within an active three-phase FER. This is important because
it is difficulr to construct a model of an inert FBR with similar three-—
pbase hydrodynamice and gas genmeratiom. The conductivity measurements were
relatively eagy to ﬁke; the difficulty lies in smoothing the fluctuations
caused by the gas bubbles. The Peclet mmbers were found to be in moderate
agreement with the correlations of Muroysme (8), Stiegel and Shah (4), and
Kiw and ¥im (9). Further work is plauned on the correlation of the gas
fraction and dispersion resuvlts and on incorporating these measurements

into an overall, three—phase, fermenting FER model.
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