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A coupled three-dimensional (3-D) model, combining hydrodynamics with biochemical
reactions, was developed to simulate the local transient flow patterns and the dynamic
behaviors of cell growth and phenol biodegradation by yeast Candida tropicalis in the
bubble-column bioreactor, using the computational fluid dynamic (CFD) method. In order
to validate this proposed model effectively, the validation of the local hydrodynamic
characteristics of the gas-mineral salt solution (gas-liquid) two-phase system, with the
phenol concentration of 1200 mg/L, and with the absence of cells, was performed in a
square-sectioned bubble column bioreactor using the LDA system and conductivity probe.
Furthermore, the validation of phenol biodegradation behaviors by yeast Candida tropi-
calis at different initial concentrations of phenol and cell was also carried out in the above
bubble-column bioreactor. The results indicated that the model simulations had a satis-
fying agreement with the experimental data. Finally, the local instantaneous flow and
phenol biodegradation features including gas holdup, gas velocity, liquid velocity, cell
concentration and phenol concentration inside the bioreactor were successfully predicted
in different-scale bubble columns by the proposed model. © 2006 American Institute of
Chemical Engineers AIChE J, 52: 28642875, 2006
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Introduction

As a high-toxic organic compound even at low-concentra-
tion and one of the most common water pollutants, phenol is
contained in the effluents of several industries and operations,
such as petroleum refineries, gas and coke oven industries,
fiberglass units, pharmaceuticals, explosive manufacture, phe-
nolic resin manufacture, plastic and varnish industries, textiles
units and metallurgical operations. If these hazard effluents are
directly discharged into drinking water sources, they would
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negatively affect water quality and public health. Therefore, it
has been mandatory to treat these wastes before safe disposal to
the water, and the World Health Organization (WHO) has set
a limit of 1 mg/L to regulate the phenol concentration in the
drink water.'-

The most common method developed to deal with the re-
moval of phenol from wastewater is biological treatment,*$
which is generally preferred to physical or chemical treatment
methods due to lower costs and possibility of complete min-
eralization.” Although the biological treatment of phenolic
wastewater can be achieved with conventional activated sludge
systems, such systems have been known to be easy to break
down because of fluctuations in phenol loads or exposure to
high-phenol loading.!'® Thus, various pure cultures of microbial
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strains have been tested for degrading phenolic com-
pounds.''-'* Among these pure cultures, Jiang et al.' isolated a
strain of yeast Candida tropicalis, and showed that it could
degrade very high-concentration phenol up to 2,000 mg/L.

Because of their simple construction, bubble-column biore-
actors have received increasing interests and wide utilization in
both fermentation processes and wastewater treatments. They
provide several advantages during operation and maintenance,
such as high-heat and mass-transfer rates, compactness and
low-operating and maintenance costs. Recently, the investiga-
tions of phenolic wastewater treatment employing bubble-col-
umn bioreactors have been performed.'®'® Ruiz-Ordaz et al.!3
documented that high-strength phenol was biodegraded using a
repeated batch culture of Candida tropicalis in a multistage
bubble column bioreactor. The phenol removal efficiencies
obtained with this system were higher than 98.7%. Tay et al.®
reported the high-rate biodegradation of toxic phenol by aero-
bically grown microbial granules in a bubble-column bioreac-
tor with a sequencing batch model. They found that phenol was
completely degraded and high-biomass concentration was
maintained in the reactor even at a high-phenol loading of 2.5
kg/d'm®. Gonzalez et al.!¢ reported their experimental investi-
gation of continuous biodegradation processes treating phenol
using Pseudomonas putida in the stirred-tank bioreactor with
free cells, and in the bubble-column bioreactor with immobi-
lized cells. Experimental values indicated that the bubble-
column bioreactor system showed better performance than that
of the stirred-tank bioreactor system due to its better control
and lower hydraulic residence time (HRT).

Knowledge of kinetics of phenol biodegradation is necessary
for improvements in the process control and phenol removal
efficiency. To evaluate the relationship between the specific
degradation rate and the phenol concentration, kinetics of phe-
nol biodegradation and cell growth have been investigated
extensively. Monteiro et al.?® studied the kinetics of phenol
biodegradation in a batch reactor using a pure culture of
Pseudomonas putida DSM 548. Nuhoglu and Yalcin? deter-
mined a new kinetic model including Haldane and an alterna-
tive one to simulate the phenol removal profiles with time.
Jiang et al.'> investigated the cell growth and phenol degrada-
tion intrinsic kinetics of yeast Candida tropicalis in batch
cultures over a wide range of initial phenol concentrations
(0-2,000 mg/L). However, investigations of the kinetics cou-
pling with hydrodynamics in bubble-column bioreactors are
very limited. Livingston and Chase?! proposed a mathematical
model, regarding the reactor as a fully-mixed one, for describ-
ing simultaneous diffusion and reaction of oxygen and phenol
in the bubble column with a draft tube. They used this model
to discuss the transition from phenol-limited to oxygen-limited
kinetics of phenol biodegradation. However, this model did not
consider the effects of the local hydrodynamics on the dynamic
behaviors of phenol biodegradation.

Due to the complex hydrodynamics and corresponding in-
fluence on reaction characteristics, the local dynamic behaviors
of phenol biodegradations in the bubble column bioreactors are
still not well understood. As a result, a detail CFD model
investigation and an improved understanding of the flow, bio-
reaction and their interactions in the processes of phenol bio-
degradations are very necessary.

The aim of this work is first to establish a coupled 3-D model
for simulating the hydrodynamic characteristics and batch-
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phenol biodegradation behaviors in the bubble-column biore-
actor using CFD method; and then to experimentally perform
hydrodynamics and batch phenol biodegradation investiga-
tions, respectively, to validate the developed model; and finally
to predict the transient hydrodynamics and phenol biodegrada-
tion behaviors of different-scale bubble columns using this
proposed model.

Model development

In this work, a 3-D model describing the hydrodynamics and
the biodegradation behaviors of phenol by Candida tropicalis
in the bubble-column bioreactor was established. The Euler
approach was used to describe the flow and bioreaction char-
acteristics in the bubble column bioreactor. In order to effec-
tively establish the 3-D model for local phenol biodegradation
behaviors, some assumptions were made as follows:

1. The initial phenol and cell concentrations in the liquid
phase were uniform, and flows in the bubble column bioreactor
were assumed to be a two-phase system containing the liquid
mixture phase and gas phase.

2. Substrate biodegradation and cell growth were only lim-
ited by phenol in the free cells system, while all other nutrients
including oxygen were in excess.

3. Fluid flow and bioreaction were coupled and interacted
with each other. Fluid flow affected the bioreaction, leading to
the change of the liquid physical properties of the fermentation
broth, which will in turn affect the hydrodynamic characteris-
tics.

Based on a 3-D two-phase fluid dynamic model,?>2* and
considering the earlier assumptions, time-series momentum
equations and continuity equations were applied for developing
a 3-D fluid dynamic model with shear-stress transport (SST)
turbulence model included, and time-series species transport
equation was used for developing the mass balance model.

Continuity and momentum equations

In this model, the velocities of the gas and liquid phases
were taken into consideration, respectively. The continuity and
momentum balance equations for the ith phase (gas phase or
liquid phase) were given as follow

a(ep;
(8 P) +V- (S,P,-lli) =0 (1)
Jat
a(ep;)
o + V- (e(puw)) = —eVp + 'V

. (si”’eff,i(vui + (Vui)r)) +epgEM, (2)

where g;, the volume fraction of ith phase, was related by the
following summation constraint

e =1 3)

1

i

The gas phase was considered as ideal gas, and the density of
the gas phase p, was calculated by
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. Pg,o[Po + Plg(H - Z)(1 — Sg)] .E
P = P, T

“4)

Interface models

The interface forces between the gas phase and liquid phase
have been considered by adding the term M, and were calcu-
lated by combining proper formulations of interface-force co-
efficients with the phase velocities. Thus, the two phases (gas
and liquid phases) were coupled through the interface forces,
and the summation constraint of phase volume fractions (Eq.
3).24 The similar works also can be found in the literatures of
Deen?? and Delnoij et al.?*

Jakobsen et al.>> have discussed these forces extensively,
and the term M, was composed of drag force, lift force, virtual
mass force and turbulent dispersion force, respectively

M, =M, + M, + My, + M, 3)
The drag force M, was given as

3¢
M, = ZLT: 8gpl‘u1 - ug|(ul - ug) (6)

A variety of models have been proposed for calculating Sauter
mean bubble sizes in gas-liquid flow,?¢ and the best known and
most frequently used model of Calderbank?” was adopted in
this work

)
dy=4.15—) o 7

0.
Pi o

The drag coefficient Cy, for gas-liquid multiphase flow system
was taken from Tsuchiya et al.,?8

B 24 0.687 8 Eo
C, = max RieB(l + 0.15 ReY )’§ o+ d (®)
where
Rey = [u, — w|dyp/p;, and E6 = gApdy/o.

The effect of shearing motion in the liquid phase on the
movement of the gas phase was modeled by the lift force M,

M, = CLSgPl(ul - ug) X (VXu) &)

The virtual mass force, the acceleration of the liquid phase in
the wake of the bubble was taken into account

88

My = _CVMsgpl<Tt Dr

D,u 3 D,u,) (10)

The turbulent dispersion force My, which resulted in addi-
tional dispersion of phases from high-volume fraction regions
to low-volume fraction regions due to turbulent fluctuations,
was calculated from Lopez de Bertodano Model?®
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Myp = CTI)plkvag (1D

Turbulence closure

The turbulence was modeled using SST model,*® which worked
by solving a turbulence/frequency-based model (k-w) at the
wall and k-& model in the bulk flow. The robustness optimiza-
tion have brought the SS7 model to the same level of conver-
gence as the standard k-e& model with wall function, and the
improved near-wall formulation has reduced the near wall grid
resolution requirement. This model has made its way into most
industrial, commercial and many research codes. The equations
describing this model were

a( 1 ) T,1
gtK + V- (puk)=V- {(pd + l;( )VK] + G, — B pko
(12)
a(pw)

M,
Y +V-(pww) =V- [(;.LLJ + O_ZJ)Vw]

1 10}
+ (1= F))2p, o ViVo + a5 « Gei— Bspw®  (13)

w2

where the production of turbulence kinetic energy G, was
computed from

Gy= min[MT,z(Vuz + (Vu)") : Vu,, 10~ B'pkw] (14)

and the blending function F; was defined by

k500 ) 4pk ]}4}

. A M, p:

F, = tanh) ymin| max|—; —, , 15
! {{ |: (B wy plyzw CDkw(Twaz ( )

with CD,,, = max(2p,(1/0,,®)VkVw, 1.0 X 107'%) and y
was the distance to the nearest wall.

The turbulent viscosity was computed from a simple turbu-
lent eddy viscosity model*®

pieik

M= max(a; w, SF,) (16)

where S was an invariant measure of the strain rate, and F, was
a second blending function defined by

k A\
F,= tanh{[max( 24k 500m l>] } (17)

B'wy’ py'w

All constants were computed by a blend from the correspond-
ing constants of the k- and k- model via &, = F,®,; + (1
— F,)®,, and so on. The constants for the earlier equations
were: B = 0.09, a; = 5/9, B, = 3/40, o, = 0.85, 0,, = 2,
a, = 0.44, B, = 0.0828, gy, = 1, 0., = 1/0.856.3°

The effective viscosity of the liquid phase in momentum
equations was composed of laminar, turbulent and bubble
induced viscosity
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Megra = Mrg + Mrg + By (18)

The effective gas viscosity p.z,, was based on the effective
viscosity of the liquid phase, as was proposed by Jakobsen et
al.?

p
Pregre = Heg (19)
P

The turbulence induced by the movement of the bubbles was
accounted for with the model proposed by Sato et al.3!

Mgy = Cp.,BlngpIdB|ug - ul| (20)

Species transport equation

The kth species fraction of the phenol biodegradation in the
liquid mixture can be represented by the species transport
equation of species k

a(slplfk)
Jt

ey,
+ V- (gpf)=V- <8157f;l ka) +eve 2D

where f;, was the mass fraction of the kth species in the liquid
mixture, and y, was the source term accounting for the growth
rate or biodegradation rate of kth species.

For a mixture consisting of N species, N-1 transport equa-
tions needed to be solved and the overall species balance was
given by

D fi=1 (22)

The liquid phase density p;, viscosity u,; and surface tension o,
in the bubble-column bioreactor were related to the residual
phenol and cell concentrations. Under the condition of the
initial phenol concentration varied from 100 to 2,000 mg/L and
the initial cell concentration varied from 10 to 102 mg/L, the
variables of the liquid physical properties in the phenol bio-
degradation processes in shaking flasks were experimentally
investigated by Cao and Wen?3?, and the following expressions
have been obtained

&=1+1><1076i—4><10761 (R*=0.972)
Pio [S] [x] .

(23)

My S S 2 X
f=1—4><10_5f—9><10_9(f) +1X1073 —
Mo [S] [S] [X]

X 2
— 8% 10 (ﬁ) (R*=0.963) (24)

T 1x105 S 1><108<S)2+5
0'/,0_ [S] [S]
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X 1012<S>3 - 12X 10*31+ 5% 105<X>2 -8
[S] ’ [X] [X]

X 3
X 1078(@) (R*=10.971) (25)

where p, 5, ;o and o, were the liquid density, liquid viscosity
and liquid surface tension of the mineral salt medium without
phenol and cells. [S] and [X] were the unit concentrations of
phenol and cells, respectively.

Intrinsic reaction

Phenol biodegradation by the yeast Candida tropicalis has
been studied in shaking flasks by Jiang et al.,'> and the intrinsic
cell growth and phenol biodegradation kinetics of the yeast
Candida tropicalis were determined experimentally

dXx FomaxS
Yx = MX.X:Z:7SZ.X
K, + S+ E
0.48S )
= —Sz X (R*=0.996) (26)
11.7+ S + 3079

das
Vs = st X = —E:a"yX+B'X=O.823yX

+ 0.277X (R* =0.994) (27)
Initial and boundary conditions

The initial conditions were specified as follow
fortr =10

Ugy = Ugy = Uy = 0;

Upy = Uy = Uy, = 0;

g, =0, g=1; (28)
fphenol = fphenol,o;

See = Seeno

At inlet of the column, inlet velocities, volume fractions and
species mass fractions in the liquid phase were given

Uy, = Uy X D X DIS; 0

u, = u,, =0;

U, =, = u, = 0; 29)
g,=1, g=0;

f})henol :fcell =0

where u, ; and DXD were the superficial gas velocity and the
cross section area of the column, respectively. Along the walls,
no-slip boundaries were applied for the liquid phase, while
free-slip boundaries were used for the gas phase. Degassing
boundary conditions were used at the free surface of outlet.?3
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Figure 1. Apparatus.

Numerical implement

In order to numerically solve the system of partial and
ordinary differential equations presented above, a “high-reso-
lution” discretisation of the equations has been carried out
using a finite volume scheme with a coupled multigrid solver as
implemented in the CFD code CFX (http://www.ansys.com/
products/cfx.asp). A full-implicit scheme technology was used
by solving the full hydrodynamic system of equations simul-
taneously across all grid nodes. An unstructured numerical grid
has been implemented with an average grid cell of 10 X 10 X
20 mm corresponding to a total number of 12000 cells. To save
the computing cost, a time-stepping strategy was used in the
transient simulations based on the suggestions of Krishna et
al.3* and Feng et al.35:100 steps at 0.001 s, 100 steps at 0.002
s, 100 steps at 0.005 s, 100 steps at 0.01 s, 200 steps at 0.02 s,
200 steps at 0.05 s, and for the rest time a time step length of
0.1 s was used. Convergence was good, and a maximum
residual convergent goal of 1 X 10~ * was specified in all
computations presented here.

Experiment
Experimental setup

The experimental set-up of a Plexiglas rectangle bubble
column bioreactor was shown in Figure 1. The Plexiglas rect-
angle bubble column bioreactor had a cross-section of 0.2 X
0.2 m, and a height of 1.0 m. The square glass diffuser,
centrally located at the bottom of the column, was 50 mm in
width and contained 169 holes with a diameter of 1.0 mm. Air
filtered by an air filter column was measured by a rotor flow-
meter, and then was introduced into the column via the gas
diffuser. At the outlet of the column, a filter was used to protect
the bubble-column bioreactor from being polluted. The super-
ficial gas velocities varied from 0.01 to 0.02 m/s, which ensure
that oxygen was in excess for phenol biodegradation processes,
and all local time-averaged gas holdups inside the reactor were
lower than 20%.

Hydrodynamic experiments

In order to eliminate the disturbance of fermentation broth
on the measurement and to enhance the measurement veracity,
measurements of the hydrodynamics were performed in an
air-mineral salt medium system including the phenol concen-
tration of 1,200 mg/L. and with the absence of cells. The
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bioreactor was operated under a batch condition with the static
liquid height of 0.6 m, and the mineral salt medium contains
(g/L): 0.4 K,HPO,, 0.2 KH,PO,, 0.1 NaCl, 0.1 MgSO,, 0.01
MnSO,-H,0, 0.01 Fe,(SO,);'H,0, 0.01 Na,Mo0,-2H,0, 0.4
(NH,),SO,. Hydrodynamic experiments were performed under
the condition of atmospheric pressure and room temperature.
The initial sampling time of experimental measurements was
specified at 5 min after the introduction of air into the column
when an operating parameter was changed.

Local liquid velocity measurements

Quantitative liquid velocity measurements were performed
with a Dantec 3D Laser Doppler Anemometer (LDA) operated
in the backward scattering mode. Due to the presence of the
dispersed phase (gas bubbles), the application of the LDA
technology in multiphase flows was limited to a low-gas
holdup condition. Investigations have been reported on the
measurements of the liquid velocities in bubble column sys-
tems. Mudde et al.3%37 found that both the axial and tangential
liquid velocity components can be measured confidently with
backscatter mode LDA in a two-phase bubble column under
the condition of gas fraction ranged up to 25%.

In this work, experiments were carried out within gas holdup
of 20%. The data rates from gas bubbles and other impurities
varied from 15 to 30 Hz, and they were much fewer in com-
parison with the overall data rates (from glass tracers and gas
bubbles) varied from 650 to 1,000 Hz. The overall results can
be taken as those from the liquid-phase due to the order of
magnitude difference between two data rates, and the similar
conclusion also can be found elsewhere.35-3%

The spherical glass particles of 10 um in dia. with the
density of 1.02 X 10* kg/m® were used as liquid tracers. All
measurements in this study were sampled between 600 s and
900 s.

Local gas holdup measurements

Conductivity probes, employing silver-coated acupuncture
needles, were used to measure local gas holdup in the bubble-
column bioreactor, just as has been used by Feng et al.?> The
analog output signals of this probe were sampled by an A/D
converter. Following digitization, status data were sent to the
computer and stored for later analysis. A sampling time of
300 s proved satisfactory data for statistical analysis with
sufficient number of samples for most conditions.

Based on the assumption that the trigger level was indepen-
dent of X-directional position, a technology of self-adjusted
level iterative routine and slope-phase discrimination scheme
for raw signals3>- 3940 was adopted in this work. The probe
analog signal was converted into a binary signal 8(x,t), which
equaled one in the gas phase and zero in the liquid phase. To
digitize the signal, with total sample number N, the local
time-averaged gas holdup can be expressed as

1

&, =

N
> 8(x, 1) (30)
i=1

Z|
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Phenol Biodegradation Experiments
Microorganism

The yeast Candida tropicalis was isolated from acclimated
activated sludge, which was collected from a municipal gas-
works in China. Detailed information can be found in the
literature of Jiang et al..!> The strain was identified by the
Institute of Microbiology, Chinese Academy of Sciences, Bei-
jing, China. Pure culture of yeast Candida tropicalis was used
throughout this work.

Phenol biodegradation experiments

Batch-phenol biodegradation experiments were also carried
out in the rectangle bubble-column bioreactor with Candida
tropicalis in the liquid phase. The bubble column was sterilized
with 3% hydrogen peroxide solution and washed with sterilized
deionized water prior to phenol biodegradation experiments.
After washing with deionized water and sterilized mineral salt
medium, 24 L fermentation culture containing salt medium, the
initial phenol concentration of 800—1,600 mg/L, and the initial
cell concentration of 34—102 mg/L was added into the bubble
column. The temperature was kept at 30°C by circulating
thermostated water in the water jacket. All of the experiments
were carried out at the initial pH of 6.0. The fermentation broth
was sampled periodically to measure the broth concentrations
of phenol and cells.

Analytical procedures

Phenol concentration was measured using high-performance
liquid chromatography (HPLC, model Series III, LabAlliance,
USA) equipped with a C18 column (250 X 4.6 mm, LabAlli-
ance, USA). The absorbance of the effluent solution was con-
tinuously measured at 280 nm. The flow rate was 1.0 mL/min,
and the mobile phase was 57.1% (V/V) of methanol. The
culture broth was centrifuged at 7,500 rpm for 10 min, and the
supernatant was analyzed. The retention time of phenol was
5.04 min. Cell concentration was monitored spectrophotometri-
cally by measuring the absorbance at the wavelength of 600
nm. Cell concentration on a dry weight basis was measured by
filtering the cell suspension with a filter and drying the filter
article and cells to a constant weight for 24 h at 105°C. A linear
relationship between dry cells weight and the optical density
(OD) was obtained: cell concentration (mg/L) =
346.78 XODg,,—0.6923. All the experiments were performed
in triplicate and the average error was within =5%.

Results and Discussion
Model validation

The proposed 3-D model can simulate the local instanta-
neous hydrodynamic and biodegradation behaviors of batch-
phenol biodegradation processes in bubble-column bioreactor
by coupling the fluid dynamic model with the kinetics of
phenol biodegradation. It should be very perfect for the exper-
imental dynamic parameters of the hydrodynamic and phenol
biodegradation characteristics to be utilized for validating the
developed model. However, the fermentation broth will disturb
the measurement of the LDA system and conductivity probe,
affecting the measurement veracity of the hydrodynamic char-
acteristics. In order to effectively evaluate the developed
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Figure 2. Simulated and experimental results of the lo-
cal time-averaged axial liquid velocities with
different superficial gas velocities (u, ), Z/D =
2.0.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

model, the validation of local hydrodynamic characteristics,
and the validation of phenol biodegradation behaviors were
adopted, respectively. First, under the condition that no cells
were added into the mineral salt medium, the developed model
was simplified to the fluid dynamic model only. The measured
local time-averaged and transient liquid velocities, local time-
averaged gas holdups were used to validate the hydrodynamic
characteristics predicted by this proposed model. Second, in the
actual phenol biodegradation processes, the experimental phe-
nol and cell concentrations were adopted to validate the dy-
namic behaviors of batch-phenol biodegradation processes
simulated by this proposed model.

Hydrodynamics validation

In order to validate the model simulation for the local hy-
drodynamic characteristics, quantitative comparisons between
the measured and calculated time-averaged axial liquid veloc-
ity and gas holdup profiles of the air-mineral salts solution
two-phase flow, including phenol concentration of 1,200 mg/L
were performed in the bubble-column bioreactor. The effects
of operating parameters, such as superficial gas velocity, axial
position were also discussed. The simulated and experimental
local time-averaged gas holdups were obtained from Eq. 30,
and the local time-averaged axial liquid velocities were ob-
tained directly from the LDA measurements or transient sim-
ulations by ensemble averaging as given by

N

1
() = 2 i) (31)

i=1

where u, (i) represented the local axial instantaneous liquid
velocity at time i, and N was the total number of samples in a
sampling period.

Figures 2 and 3 showed the simulated and experimental
results of the local time-averaged axial liquid velocity and gas
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Figure 3. Simulated and experimental results of the lo-
cal time-averaged gas holdups with different
superficial gas velocities (u, /), Z/D = 2.0.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

holdup profiles at different superficial gas velocities, respec-
tively. It was found that the local time-averaged axial liquid
velocity and gas holdup increased with increasing superficial
gas velocity, and the profiles showed a manner of having a
maximum in the center and a minimum near the wall. The
model simulations agreed well with the experimental data.
The comparison results of the simulated and experimental
local time-averaged axial liquid velocity and gas holdup pro-
files at different axial positions were illustrated in Figures 4 and
5. With the increase in the axial distance from the bottom, the
flow became more and more uniform, and the local profiles of
the time-averaged axial liquid velocity and time-averaged gas
holdup became more and more flat owing to the increase of
lateral mixing and momentum exchange between bubbles and

0.35

{ Exp. Cal. ZD
0304 @ L5
1 v — 20
[1.251 5 25

0.204
0.15 1
0.10 4

0.054

.05

Local axial liquid velocity [m/s]

0,10 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

XDI-]

Figure 4. Comparisons of the simulated and experimen-
tal local time-averaged axial liquid velocities at
different axial positions (Z/D), u, ¢ = 0.02 m/s.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5. Comparisons of the simulated and experimen-
tal local time-averaged gas holdups at differ-
ent axial positions (Z/D), u, = 0.02 m/s.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

the liquid phase.*! It was clear that the simulated results were
in consistent with the experimental data.

As a powerful tool, the LDA system can provide the detail
transient information of the liquid velocity at a specific point in
the bubble-column bioreactor. The quantitative comparison of
the measured and calculated time history plot of the axial liquid
velocity at one point (X = 0.02 m, Y = 0 m, Z = 0.4 m) over
a time interval of 180-240 s was indicated in Figure 6. It was
noted that the calculated time series of the axial liquid veloc-
ities agreed well with the measurements.

For the purpose of further quantitative comparisons, the
experimental and calculated time-averaged axial liquid velocity
fluctuations can be calculated as follows

[m/s]

Lz

u

0.4

-0.6

T T T T T T
180 190 200 210 220 230 240
Time [s]
Figure 6. Time histories of modeling simulation and LDA

experiment at the point of (0.02m, 0 m, 0.4m),
uy s = 0.02 m/s.
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Comparison results were demonstrated in Figure 7. It was
observed that the minimum axial liquid fluctuations occurred in
the center area, which is in correspondence with the LDA
experimental results of Deen.?* In addition, Figure 7 also
showed that the maximum axial liquid fluctuations moved
toward the walls along the axial direction, which was also
validated nicely by the experimental data.

From Figures 27, it can be observed that the simulated local
hydrodynamic characteristics agreed well with the experimen-
tal data, indicating that the proposed model could be convinc-
ingly used to predict the hydrodynamic behaviors of the bub-
ble-column reactor in the absence of bioreaction.

Validation of phenol biodegradation behavior. To investi-
gate the dynamic behaviors of phenol biodegradation by yeast
Candida tropicalis, and to validate the proposed model, the
simulated results and experimental data of phenol biodegrada-
tion in the 40 L bubble-column bioreactor were obtained and
compared. Effects of different superficial gas phase velocities,
initial phenol concentrations and initial cell concentrations on
the degree of phenol biodegradation were investigated at the
centerline of the column, at a height of Z/D = 2.0.

Figure 8 showed the influences of the superficial gas veloc-
ities on the distributions of the cell and phenol concentrations
with time under the conditions, such as the initial phenol
concentration of 1,200 mg/L and initial cell concentration of 68
mg/L. It was evident that the presence of superficial gas phase
velocities resulted in the increase of cell concentration, and the
decrease of phenol concentration comparing with the intrinsic
ones due to the effect of the hydrodynamic characteristics. The
cell concentration slightly increased and phenol concentration
slightly decreased with increasing in the superficial gas veloc-
ities. It was also observed that the simulated results were in
good correspondence with the experimental data.

Figure 9 was the effects of different initial phenol concen-
trations on the simulated and experimental profiles of cell and
phenol concentrations at the fixed initial cell concentration of
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Figure 8. Simulated and experimental profiles of the cell
and phenol concentrations at different super-
ficial gas phase velocities (u, ), Cso = 1,200
mg/L, Cx, = 68 mg/L.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

68 mg/L. It can be seen that the initial phenol concentration of
800, 1,200 and 1,600 mg/L could be completely degraded by
yeast Candida tropicalis within 11.5, 16.5 and 21.8 h, respec-
tively. It was attributed to the fact that, with the increase of
initial phenol concentration, the effect of the substrate inhibi-
tion increased remarkably, especially at the high phenol con-
centration.*? It also revealed that the experimental data agreed
well with the simulated results.

500] Exp. Cal Cgy [mg] o
5001 o —— 800

Y 1:200)
400 | 2

— 1600
300

o

Phenol concentration [mg/1] Cell concentration [mg/1]

18 20 22

Time [h]

Figure 9. Effects of different initial phenol concentra-
tions (Cs ) on the simulated and experimental
profiles of cell and phenol concentrations,
Cx,0 = 68 mg/L, uy = 0.02 m/s.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 10. Simulated and experimental profiles of cell
and phenol concentrations as a function of
the initial cell concentrations (Cx,), Cso =
1,200 mg/L, ug,s = 0.02 m/s.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

The typical results of cell and phenol concentrations as
functions of the initial cell concentrations at the same initial
phenol concentration of 1,200 mg/L were given in Figure 10,
respectively. With the increase in initial cell concentration, the
capability of cells to overcome the substrate inhibition in-
creased, and manifested higher phenol-degrading velocity.
Phenol was entirely degraded within 25 h at the initial cell
concentration of 34 mg/L, which was 8.8 h and 10.4 h longer
than that at the initial cell concentrations of 68 and 102 mg/L,
respectively. The reason may be the result from the fact that
more cells would consume more phenol and then more nutri-
ents (including phenol) in broth is utilized to synthesize new
cells.!> It can be observed that the calculated results of cell and
phenol concentrations were in reasonable agreement with ex-
perimental data.

From Figures 8§10, it was clear that the agreements between
the simulated results and corresponding experimental data of
phenol and cell concentration profiles in the bubble column
bioreactor were very good. It is indicated that this proposed
model can be adopted for simulating the dynamic behaviors of
batch phenol biodegradation processes using free cells of the
yeast Candida tropicalis in the bubble-column bioreactor ef-
fectively.

Model Prediction
Lab-scale model prediction

It was very necessary and important that the developed
model was used to predict the local instantaneous flow and
phenol biodegradation features in the bubble-column bioreac-
tor. Snapshots of the local instantaneous gas holdup, gas ve-
locity, liquid velocity, phenol concentration and cell concen-
tration under the condition of superficial gas phase velocity of
0.02 m/s, initial phenol concentration of 1,600 mg/L, and initial
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cell concentration of 68 mg/L in a lab-scale bubble-column
bioreactor were shown in Figure 11.

It can be observed that the flow is driven by a bubble plume
moving through the column in an oscillatory manner. Large
vortices alongside the bubble plume are engendered not only in
the liquid velocity fields, but also in the gas velocity fields, and
the bubbles were carried downward by the liquid circumflu-
ence. Such unsteady flow behaviors have been experimentally
observed by Becker et al.*> and Chen et al..*

Phenol concentrations in the bubble-column bioreactor were
almost uniform because of high-efficient interphase mixing.
However, for each snapshot of the phenol concentration field,
there still was a very little difference in the values of the phenol
concentrations which should be caused by the transient flow
behaviors. Furthermore, it was also seen that the transient
distributions of the phenol concentration field were in relation
to the corresponding transient flow fields. Same phenomenon
also can be found in the cell fields due to the full coupling of
flow and bioreaction.

r=002h

dy

Figure 11. Transient model predictions of lab-scale bub-
ble column (a) gas holdup, (b) gas velocity, (c)
liquid velocity, (d) phenol concentration, and
(e) cell concentration at the time of (1) 0.02 h,
(2) 6.0 h, (3) 15.0 h, (4) 21.8 h, u, ; = 0.02 m/s,
Cs,0 = 1600 mg/L,. Cx, = 68 mg/L.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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With the proceeding of phenol biodegradation by yeast Can-
dida tropicalis, the concentration of phenol decreased, and the
cell concentration increased, leading to the fact that liquid
density decreased and the surface tension of the liquid phase
increased gradually according to Eq. 23 and Eq. 25. Thus, the
coalescence efficiency of small bubbles in the bioreactor en-
hanced with the proceeding of phenol biodegradation, which
resulted in a slight increase of the local transient gas velocity
and a slight decrease of the local instantaneous gas holdup as
shown in Figure 11.

Large-scale model prediction

Because of their complex hydrodynamics, large-scale bubble
columns have gained considerable attentions in recent years.
The traditional scale-up methods usually depended on empiri-
cal guidelines, scale-up rules and dimensional analysis.*> With
the development of CFD technology, the dynamic simulation
and model prediction will play an important role in the design
and scale-up of bubble-column reactors.

Instantaneous predictions of the hydrodynamic characteris-
tics and phenol biodegradation behaviors were also carried out
in a virtual square large-scale bubble-column bioreactor, with
the size of 2 X 2 X 6 m, where a square gas distributor plate,
centrally located at the bottom of the column, was 0.5 m in
width and contained 16,900 holes with the diameter of 1.0 mm.
The predictions of the earlier large-scale bubble column were
under the same operation conditions as the lab-scale one,
namely, superficial gas velocity of 0.02 m/s, initial phenol
concentration of 1,600 mg/L and initial cell concentration of 68
mg/L. The snapshots were shown in Figure 12.

From the hydrodynamics predictions in Figure 12, it was
found that the flow structures in the large-scale bubble column
were more regular than those of the lab-scale one, and there
were three main regions in the large-scale bubble-column re-
actor, the up-flowing region in the center area (Region I), the
descending flow region near the wall (Region II), and the
transition region (Region III) between above two regions. In
Region I, the gas and liquid velocities were much higher than
those of the lab-scale bubble-column bioreactor, which may be
attributed to the fact that more large bubbles occurred in the
bubble up-flowing region.*>4’ In Region II, bubbles were
dragged and carried downward by the liquid phase, the liquid
and gas phases flowed downward, showing that the liquid and
gas velocities are negative. In Region III, some gas vortices in
the air velocity fields, and the liquid circumfluence in the liquid
velocity fields were seen.

From the predictions of the phenol biodegradation in Figure
12, more obvious nonuniform concentration profiles of phenol
and cell were observed in the large-scale bubble column, than
those in lab-scale bubble column. However, the differences in
phenol and cell concentration distributions were still very
small, and it may be due to the fact that the bioreaction was the
controlling step compared to the fluid flow in the proceeding of
phenol biodegradation.

Conclusion

In this work, a coupled 3D model, combining hydrodynam-
ics with biochemical reaction, was developed for the predic-
tions of the flow patterns and phenol biodegradation behaviors
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Figure 12. Transient model predictions of large-scale
bubble column: (a) gas holdup, (b) gas veloc-
ity, (c) liquid velocity, (d) phenol concentra-
tion, and (e) cell concentration at the time of
(1) 0.01 h, (2) 11.5 h, (3) 22.6 h, ug ; = 0.02 m/s,
Cs,0 = 1,600 mg/L,. Cy , = 68 mg/L.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

by yeast Candida tropicalis in the bubble-column bioreactor.
In order to validate the proposed model more effectively, the
validation of hydrodynamic characteristics and the validation
of dynamic phenol biodegradation behaviors were adopted,
respectively.

The hydrodynamic validation of the air-mineral salts solu-
tion two-phase flow including phenol concentration of 1,200
mg/L. was performed in a square-sectioned bubble-column
bioreactor using LDA and conductivity probe. It was found that
the simulated and experimental local time-averaged axial liquid
velocity, and local time-averaged gas holdup increased with
increasing superficial gas velocity, and decreased with increas-
ing axial distance from the bottom of the bubble column, which
were in correspondence with the tendencies of traditional gas-
liquid two-phase fluidization. The model simulation results
were in good agreement with the experimental data.

The validation of phenol biodegradation behaviors by yeast
Candida tropicalis under different initial concentrations of
phenol and cell was carried out in the same bubble-column
bioreactor. With the increase of initial cell concentration and
the decrease of initial phenol concentration, the simulated and
experimental cell concentration increased and phenol concen-
tration decreased. In addition, the effects of superficial gas
velocities on the profiles of cell and phenol concentrations with
time were also investigated. The presence of superficial gas
velocity enhanced the cell growth and phenol biodegradation
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comparing with the intrinsic ones. The model simulations of
cell and phenol concentration profiles were in reasonable con-
sistency with the experimental data.

Finally, the lab-scale and large-scale of modeling predictions
of the local instantaneous flow structures including phenol
biodegradation behaviors such as gas holdup, gas velocity,
liquid velocity, phenol concentration and cell concentration at
different time in the process of phenol biodegradation by yeast
Candida tropicalis were successfully predicted by this pro-
posed model, which will provide the strategies for the optimum
design and scale-up of the bubble-column bioreactors.
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Notation

C,, = drag coefficient, dimensionless
C, = lift coefficient, constant, 0.76
C\,, = virtual mass coefficient, constant, 0.5
CPL = constant, 0.09
C,,prr = constant, 0.6
C ;p = turbulent dispersion coefficient, constant, 0.3
dy = Sauter mean bubble diameter, mm
D = the side length of the square cross-sectioned bubble-column
reactor, 0.2 m
Eé = Eotvos number (= gApda/o), dimensionless
[ = mass fraction of kth species in the liquid phase, dimensionless
F, = blending function
F,
g
H

= second blending function
= gravitational acceleration, = 9.81 m/s>
= height in axial direction (Z-direction)
H/D = dimensionless axial position
M,, = drag force per unit volume, N/m?
M, = interface force between the gas phase and suspension phase,
N/m®
M, = lift force per unit volume, N/m*
M,,, = virtual mass force per unit volume, N/m>
M., = turbulent dispersion force per unit volume, N/m?
P = pressure, Pa
Rey = bubble Reynolds number, dimensionless
S = phenol concentration, mg/L
[S] = unit concentration of phenol, mg/L
Siner = area of gas inlet, m?
Sc = Schmidt number (= w, /(p,D)), dimensionless
T = temperature, K

t = time, s
u, = gas Velqcﬁy, m/s .
u, . = superficial gas velocity, m/s

u; = velocity of ith phase, m/s
u, = liquid velocity, m/s
u,. = local axial liquid velocity; liquid velocity component of Z-
direction, m/s
(u,.) = time-averaged axial liquid velocity, m/s
(uj.) = time-averaged axial liquid velocity fluctuation, m/s
ug;, = slip velocity, m/s
X = X-direction position, m; cell concentration, mg/L
[X] = unit concentration of cell, mg/L
X/D = dimensionless transversal position, m
Y = Y-direction position, m
Z = Z-direction (axial) position, m

Greek letters
a, = constant, 5/9
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o, = constant, 0.44
B, = constant, 3/40
B, = constant, 0.0828

= constant, 0.09

& = volume fraction, dimensionless

= volume fraction for ith phase, dimensionless

W = viscosity, kg/m - s
Wy, = viscosity of the mineral salt medium without phenol and cells,

kg/m - s

p = density, kg/m®
p;o = liquid density of the mineral salt medium without phenol and cells,

kg/m?

o = surface tension, N/m
0, = surface tension of the mineral salt medium without phenol and cells,

N/m

0y, = constant, 0.85
0y, = constant, 1

= constant, 2

o,, = constant, 1/0.856.
8 = binary signal converted from the conductivity probe signal, dimen-

sionless
= the source term accounting for the production rate or biodegrada-
tion rate

Subscripts and superscripts

B = bubble
cell = cells
= drag
eff = effective
g = gas phase

i = ith phase

i
inlet = gas inlet

| = liquid phase
L = lift; laminar

phenol = phenol

= superficial
= phenol

VM = virtual mass

TD = turbulent dispersion
= cell
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