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A complicated three-dimensional (3D) transient computational fluid dynamics (CFD) model was estab-
lished to simulate the biotreatment of toluene waste gas in a lab scale airlift loop reactor (ALR), with
multiphase flow, mass and momentum transfer and bioreaction coupled together. Multiphase flow and
bioreaction were bridged by mass transfer. The model simulations were verified by the local averaged
axial liquid velocities, the toluene removing efficiency (RE) and the local transient liquid phase dis-
solved toluene (DT). The predictions of the system shock resistance and the local transient dispersions
of variables including the hydrodynamic parameters and the component concentrations were given.
Furthermore, the relationship between mass transfer and bioreaction in ALR and in the draft tube were
discussed quantitatively to determine the rate-limiting step. Toluene bioreaction and oxygen mass trans-
fer are the limiting steps in the whole ALR; toluene and oxygen bioreactions are the rate-limiting steps in
the draft tube. The conclusions disclose that rate-limiting step for the biotreatment process is complex
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and multivariate with the components and the regions in ALR.
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1. Introduction

Biological purification for polluted air stream has been proved
to be a cost-effective, efficient and environmentally safe way for
removal of volatile organic compounds (VOCs), which are high toxic
and carcinogenic pollutants threatening the environment even at
low concentrations [1-4].

Biotrickling filter has been widely applied for waste gas
bio-purification but has several disadvantages such as clogging
problem. Since Cox et al. [5] showed rapid degradation of toluene
in the recycled liquid with suspended biomass in the biotrickling
filter, gas-liquid airlift loop reactor (ALR) with suspended microor-
ganism for toluene waste gas purification is an alternative for
biotrickling filter. The low energy cost and the good fluid circu-
lation also contribute to the popularity of ALR in scientific studies
and chemical industry. Although the structure of ALR is simple, the
hydrodynamics, mass transfer and bioreaction in ALR are complex
and they strongly couple together, making it necessary to under-
stand the transient performance and the inner mechanism of the
three aspects in the biotreatment process in ALR.
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Hydrodynamics in ALR have been thoroughly studied with the
aid of the CFD method. Vesvikar and Al-Dahhan [6] studied the
flow pattern of ALR digester using the computational fluid dynam-
ics (CFD) to evaluate the effect of the drift tube geometry on fluid
circulation and dead volume. Roy et al. used a two-fluid CFD model
to predict the flow pattern and the gas holdup in an external
loop airlift reactor and good agreement was observed between
the predicted and the experimental data [7]. Van Baten et al. [8]
established a CFD model with Eulerian descriptions for gas-liquid
flow in ALR and the model results agreed excellently with measure-
ments.

Biotreatments of waste gas carried out in ALR have achieved sat-
isfactory results. Wen [9] removed ethyl acetate from air streams
using active sludge in an internal ALR with a removing efficiency
of 98% under ethyl acetate loading of 150 mg/m?3. Livingston [10]
treated 3,4-dichloroaniline (34DCA) in a similar bioreactor with a
degradation efficiency of 95% and developed a steady-state biofilm
kinetic model for the process to predict the rate-limiting transi-
tion from 34DCA to oxygen limitation. Lo and Hwang [11] treated
toluene waste gas in ALR with the removing efficiency (RE) from 50
to 90% depending on the operating parameters and set up a regional
model according to the ALR structure. The above reports have con-
tributed to reveal the mechanism of polluted air biotreatment in
ALR, but flow and bioreaction were studied separately. In fact tran-
sient flow affects oxygen and contaminant mass transfer greatly
and instantaneous bioreaction directly relates to the removal effi-
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Nomenclature

a specific surface (m~1)

B source term of bubble birth (kg/m3/s)

By specific breakup rate of bubbles (s~1)

C component concentration (kg/m3)

Cg constant

Cp coefficient of drag force

G specific coalescence rate of bubbles (s—1)

C coefficient of lift force

Cvm coefficient of virtual mass force

Crp coefficient of turbulence dispersion force

Ce1, Cep  coefficients in turbulence closure model

Cu, Cup coefficients
source term of bubble death (kg/m3/s), kinetic dif-
fusion coefficient (m?2/s)

d diameter (mm)

E(og) correction term

Eo Eotvos number

f size fraction of bubbles groups

fov bubble breakup fraction

g gravity acceleration (m/s2)

Gy turbulence birth term (kg/m/s3)

h thickness of liquid membrane (mm)

k coefficient of mass transfer (m/s), turbulence kinetic
energy (m2/s2)

K; inhibition coefficient of toluene (kg/m3)

Ko half-saturation coefficient of oxygen (kg/m3)

Ks half-saturation coefficient of toluene (kg/m3)

Mp drag force (N/m?3)

M; interphase force (N/m3)

M, lift force (N/m?3)

M7p turbulent dispersion force (N/m?3)

My virtual mass force (N/m?3)

m mass (kg)

n density of number (m—3)

p pressure (Pa)

Re Reynolds number

Reg bubble Reynolds number

Rem mixture Reynolds number

Tij equivalent radius (m)

Rolim  rate comparison of oxygen mass transfer and reac-
tion

Rtlim rate comparison of toluene mass transfer and reac-
tion

S source term of component reaction (kg/m?3/s)

Scr turbulent Schmidt number

Sij collision square (m?)

t time (s)

tij bubble coalescence time (s)

Ugo superficial velocity (m/s)

u velocity vector (m/s)

Uy turbulent velocity (m/s)

v bubble volume (m?3)

X X dimension (m)

Xiki mass fraction in bubble coalescence model

Y component mass fraction

Y Y dimension (m)

Yys biomass yield coefficient based on substrate

Z Z dimension (m)

Z|D height to diameter ratio

Greek letter

o

volume fraction of phases

B coefficient

e turbulent dispersion rate (m?2/s3)

njj collision efficiency

" molecular viscosity (Pas), specific growth rate (s~1)
Meff effective viscosity (Pas)

Mg bubble induced liquid viscosity (Pas)
Mmax maximum specific growth rate (s~1)
s solid particle induced liquid viscosity (Pas)
AT turbulence induced viscosity (Pas)

0 density (kg/m3)

o surface tension (N/m)

o coefficient

O¢ coefficient

T real collision time (s)

v kinetic viscosity (m?2/s)

& isotropic turbulence inert sub-range eddy
Superscript

* saturation state

j component

Subscript

0 initial state

a algenate calium gel

g gas phase

i bubble size group i

j bubble size group j

j component

k bubble size group k

l liquid phase

m mineral salt

n nitrogen

0 oxygen

s solid phase

t toluene

X biomass

ciency (RE). However, the transient waste gas biotreatment models
are limited in ALR due to the complexity of the treatment pro-
cess.

Since Jia etal. made a successful attempt to set up an 3D transient
CFD model for phenol waste water biodegradation by immobilized
cells in a pilot scale ALR [12], it is possible to establish a similar
model for waste gas biotreatment in ALR.

In this paper, toluene is used as the agent for VOCs and a
pure culture of strain is used for toluene biodegradation. This
work aims to establish a 3D transient CFD model for the biotreat-
ment of toluene waste gas in gas-liquid two-phase IALR to
reasonably disclose the interaction of hydrodynamics and mass
transfer and biodegradation in the process. The multiple size
group (MUSIG) model is used to describe gas phase motion as
the bubble size distribution (BSD) [13,14] theory which can pro-
vided good simulation results. The validity of the model was
done by the hydrodynamic experiment and the toluene treat-
ing experiments. The inner mechanism between mass transfer
and bioreaction was discussed as well as the effect of mesh
partition on the simulation results, the prediction of the shock
resistance and the local transient toluene and oxygen disper-
sions.
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2. Materials and methods
2.1. Hydrodynamic experiment

The ALR used in this study is made of plexiglass, with
an outer tube of 0.12mx0.12mx1.5m, a draft tube of
0.08 m x 0.08 m x 0.8 m, and the clearance between the bottom
and the drift tube of 0.02m. The square gas distributor of
50 mm x 50mm at the bottom has 25 holes with a diameter of
4.5mm on it. The superficial gas velocity varies from 0.0075 to
0.02 m/s. The liquid level is 1.2 m.

Mineral salt medium is the liquid phase and air is the gas phase
while the biomass concentration is set to be zero. The local lig-
uid velocities are quantitatively measured by a backward 3D Laser
Doppler Anemometer (LDA) system (DANTECH, 2017-LD 2550).
LDA is a non-contact optical measurement for the liquid velocity
in reactors, avoiding shortcomings of the contact methods, and has
been adopted by many researchers for the airlift reactors like bub-
ble column and ALR [15-18]. As Mudde et al. [19] and Groen et al.
[20] found that the gas holdup up to 25% made the LDA system mea-
surements credible in a two-phase bubble column, in this study the
gas holdup falls in this range. The measurement for time-averaged
velocity at the test point lasts for 4 min. The data is collected and
processed by (FIND) software of TSI Company.

2.2. Microorganism intrinsic kinetics

Pseudomonas putida WQ-03, with a serial number of 1.1130
in China General Microbiological Culture Collection Center (CGM-
CCC), can use toluene as the sole carbon and energy sources and
can degrade toluene thoroughly to CO, and H,O according to
experimental measurements. The mineral salt medium contains
(mg/L): NH4Cl: 400, KH,PO4: 200, MgSO4-7H,0: 100, FeSO4-7H,0:
20, CaCly: 20 and trace amount of MnSO4-2H,0, ZnSO4-2H,0,
CuS04-5H;0, CoCl,-6H,0 and NaMoO4-2H,0. In batch experi-
ments, the toluene in the headspace of the flasks is analyzed by the
gas chromatography every hour until toluene could not be detected.
All the experiments involved in this paper are conducted at room
temperature of 25°C, at an initial pH of 7.2 and at atmospheric
pressure.

2.3. Biotreatment experiment

For toluene waste gas treatment in Fig. 1, mineral salt medium
with the strain of P. putida WQ-03 is used as the liquid phase while
air and toluene are mixed in different ratios to prepare the simu-
lated effluent gas. The initial biomass concentration is 3.7 g/L and
toluene is injected after 24-h air injection. Gas and liquid sam-
ples are taken and kept in medical syringes of 60 mL every 2 min.
Gas samples were directly measured by a gas chromatography
(GC9800, Kechuang) and liquid samples were centrifuged and the
supernate was then measured by the same GC.

3. Model development
3.1. Model assumption

The multiphase is composed by toluene waste gas, the min-
eral salt medium and suspended biomass. The waste gas is the gas
phase and mineral salt with suspended biomass is the liquid phase.
The initial dissolved oxygen is saturated and uniformly distributed
in the ALR at 25°C. Biomass growth and toluene degradation are
related to the concentrations of toluene and oxygen in the liquid
phase while the impact of other medium like the mineral salts are
not considered. The lag phase of the cell growth is neglected and
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Fig.1. Schematicdiagram of the biotreatment of toluene in IALR: (1) air compressor;
(2) toluene gas generating tank; (3) flow meter; (4) buffer tank; (5) IALR; (6) gas
sparger; (7) mineral salt medium; (8) peristaltic pump; (9) electric heater; (A, C) gas
sample points at inlet and outlet; (B) liquid sample point at 0.6 m.

the biomass starts form the logarithm phase. Heat transfer is not
taken into account for this isothermal process.

3.2. Continuity and controlling equations

The continuity equations for the two phases are the same:

Aeip;)
at
where t, o, p and u are the time, volume fraction, density and veloc-
ity of each phase, respectively. The subscripti=g or [ represents the
gas or liquid phase and the two volume fractions sum to unity as

the controlling equation.
The momentum conservation is:

+V‘(ot,‘,o,~ui):0 (1)

9
g(ami“i) + V- (ai( pjuju;))
= — VP + ;g + V - (ifheri( VU + (Vu)")) + M, (2)

where p is the pressure, g is the gravity acceleration vector and
efi is the effective viscosity for phase i. The term M; on the right
of Eq. (2) represents the interfacial forces considered in the model
that determine the distribution of liquid and gas phases in the flow
domain. The closure of M; is described below.

3.3. Interphase forces

Interaction of dispersed and continuous phases is implemented
by introducing momentum exchange terms into the respective bal-
ance equations. The interfacial forces between two phases are equal
and opposite and the total interfacial forces acting on two phases
include the interphase drag force, lift force, virtual mass force and
turbulence dispersion force.

M; =MP + M} + MM + M[P = —M, (3)
The drag force is caused by the movement between the two

phases [21,22]:

3C
Mp = My = Zﬁ“gpllug —u|(ug —u) (4)
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where d;, is the mean bubble diameter and Cp is the drag coefficient
proposed by Ishii-Zuber [23]:

Cp = max (%(14—0.15&3&687), min (%E'o]/zE(ag), g(l—otg)z))
(5)

where Rey, is the mixture Reynolds number, E¢ is the Eotvos num-
ber and E(ag) is the correction term defined as:

1+17.67f(ag)®”

%) = 5 677 (ay)

(6)
flag) = %(1 — ag)'/? 7)

where [, is the mixture viscosity.
Due to bubbles motion in the flow with shear stress, lift force
acts on the direction vertical to the direction of the bubble motion:

Mj, = =My = agpiCi(ug —up) x (V x ) (8)

where C; is the lift coefficient and its value is 0.5 [24,25].

Virtual mass force is caused by the acceleration of the bubbles.
In this work the virtual force is mainly represented as the resistance
of the liquid phase on the rising bubbles.

Deu D
MM = MM = agpiCons (=52 — 1) (9)

Dt Dt
The virtual mass coefficient Cyy; depends on shape and particle
concentration and it’s value for inviscid flow around an isolated
spherical particle is 0.5 [26,27].
The model of Lopez de Bertodano [28] was one of the first models
for the turbulent dispersion force:

M[P = —M[P = —CrppikVey (10)

where k is the turbulence kinetic energy and the turbulent disper-
sion coefficient Crp is between 0.1 and 1.0 for spherical particles
[29] and is set to be 0.3 in this model.

3.4. Turbulence closure model

The eddy viscosity hypothesis is assumed to hold for each tur-
bulent phase. Diffusion of momentum in each phase is governed by
an effective viscosity [30]:

Meffl = M1+ Me 1+ Mgl (11)
Meffg = Mg + Mtg (12)

where u and i are the molecular viscosity and turbulence induced
viscosity, respectively, while w4 is the bubble induced viscosity of
the liquid phase [31].

k2
Mt = C/L/)I? (13)
Mg = Cupprotgdglug —uy| (14)

where C, and Cyp are constants and the values are 0.09 and 0.6,
respectively.

The standard k-¢ model presented by Launder and Spalding [32]
is used to close the turbulence model.

w-y-v‘(p,u,k):v‘ Ku,—i—ﬂ) Vk} + G — pig (15)
t Ok
A pie)

e, £
P v (pwe) = V- | (i + B Vo] + £Ca G - Care)
(16)

where k is the turbulence kinetic energy and ¢ is the turbulence
eddy dissipation. The constants are C,1 =1.44, C;»=1.92, 0,=1.0

and o, =1.3. The turbulence production due to viscous forces, G is
computed from:

2
Gy = i Vuy(Vay + (Vay)') — §V01(3Mr,1V“1 + pik) (17)

3.5. Bubble size distribution theory

The dispersed gas phase is described by multiple size groups
(MUSIG) model for the motion, breakup and coalescence of the bub-
bles. The bubble population with a diameter range of 1-15 mm is
divided equally by diameter difference into 10 groups. The diame-
ter of each bubble groupis 1.7, 3.1,4.5,5.9,7.3,8.7,10.1,11.5, 12.9,
14.3 mm, respectively.

The population balance equation represents the continuity of
particles of size v. The function n(v, t) represents the number den-
sity of particles of size v at time t. Then the population balance
equation is:

d(ag pgf)
Hesleh) | g (agpgushi) =5, (1)
Si = BBreakup - DBreakup + BCoalescence - DCoalescence (19)

where f; is the volume fraction of size group i and S; is the source
term of mass transfer because of bubble breakup and coalescence,
with two constrains:

10
D fimo (20)
1

10

Zsi =0 (21)

1

where BBreakupv DBreakup- BCoalescence and DCoalescence are the rate of
birth and death of bubble breakup, birth and death of bubble coa-
lescence, respectively.

The net source due to breakup for size group i is:

Bi=cgps | Y Bifi—fiy By (22)

Jj>i j<i

where Bj; is the ratio breakup rate of size group i into size group j
which sums to zero over all the groups.

By~ B / v (23)
fev
_m
fov = s (24)

where m; is the mass of size group i.

Luo and Svendsen [33] developed a theoretical model for the
breakup of drops and bubbles in turbulent suspensions based on
the theory of isotropic turbulence and probability.

1/3  p1 2
L € (1+8)
By = Gs(1 —"‘g)(d,_z> /Smm £11/3
1277 + (1 = fay)** =)o
x exp | -—2Y T8 dg (25)
Igplgz/adi £11/3
where £ is the dimensionless eddy size, the minimum value is:
bmin = 1147 (26)
1
1 1/4
1= (%) (27)
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The value of constants used in Eq. (25) is Cg=0.932, f=2. v, is
the liquid phase kinematic viscosity.
The net source due to coalescence for size group i is:

DY H L

j=<i k<i

G = (pgag

" X~ ZCqufj (28)

where Cj; is the ratio coalescence rate of size group i into size group
jand Xjy; is the fraction of mass due to coalescence between groups
j and k which goes into group i:

(m; +my)—m;_q .
# if m;_q <mj+mk<mi

Xiki = 4 Mip1 — (29)

if mj <mj+my, <my,
otherwise

The model of Prince and Blanch [34] assumes that the coales-
cence of two bubbles occurs in three steps. First, the bubbles collide
with a small amount of liquid trapped between them. This liquid
film then drains until it reaches a critical thickness. Then the film
ruptures and the bubbles join together. The coalescence is modeled
by a collision rate of two bubbles and a collision efficiency relating
to the time required for the coalescence. The coalescence only due
to turbulent effect is:

The collision efficiency 7; is modeled by comparing the time
required for coalescence t;; with the actual time during the collision
'L'iji

nu—eXp( ”) (31)
Tj
1/2
Piry; ho
tj = (160) In <hf> e

r2/3

LY
Tij = pSTE (33)
where hp is the initial film thickness and hy is the crit-
ical film thickness when rupture occurs, which are set to
1x107% and 1 x 10~8 mm, respectively, and r;; is the equivalent
radius:

-1
1/1 1
o= (3(3+7)) oY

The turbulent contribution to collision frequency is modeled as:

0 = Z(di+ P2 +u3)"” (35)
where uy; is the turbulent velocity given by:
i = V2(ed)' (36)

3.6. Component interphase mass transfer

0
g(“g/’gyj,g) + V- (agpgugYjq)

M, j *
=V {“g (pgDJg T3 g> (Vy;, g)] — kgaigarg py(Y; | — Y1)
(37)

Bioreaction

Concentration

Mass transfer

Fig. 2. Flow chart of relationship among the models of hydrodynamics, mass trans-
fer and bioreaction.

0
&(alplyj,l) + V- (aouYj)

M1 i «
=V. {az <10le,1 + Sci,) (Vyj,l)} + k]lgalgagpl(yj,l -Y;i)+S;
(38)
d
§(¢¥1P1Yx,l)+ V(oo Yy ) = Sx (39)

where Sc is the Schmidt number, j is the component species in each
phase, S is the source term of the consumption or production of
the component due to the bioreaction, while Yj; and Y}, are the
mass fraction of component j in the liquid phase, the saturated
mass fraction of component j in the liquid phase due to their gas
phase concentration, respectively; k;g is the interphase mass trans-
fer coefficient for component j from the gas phase to the liquid
phase:

0.5
. D: 0.25
_ il EMY
k;g_2<ﬂ) (Pl) (40)
where D; is the diffusivity of species j.

3.7. Microorganism kinetic

Haldane’s model is employed for toluene and Monod equation
is used for oxygen. The bioreaction rate of the biomass in BC is
expressed as that of Livingston [10], and Lo and Huang [11]:

dx UmaxS 0

_ A X = . X 41
VX =g T Ks+S+S2/K, Ko+0 (41)

where 1 is the specific growth rate of microorganism, jtmax is the
maximum specific growth rate; Ks and Ky are the half-saturation
constant for toluene and oxygen, X, S and O are the concentrations
of biomass, toluene and oxygen in the medium, respectively; K;
is the inhibitory constant for toluene, Ky is 0.26 g/m3 as used by
Livingston [10].

The constant values of (max, Ks and K; are obtained from batch
experiments. The degradation rate of toluene is:

ds Mx 1 dX

VS:E:MS'X:—W/S'X:—W/SE (42)

Integrate Eq. (42) to get the yield coefficient Yy;s=0.57.
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Fig. 3. Local time-averaged axial velocity from experiments and simulations.

The biomass specific growth rate is:

MmaxS

= maxs 43
Ks +S+S2/K; (43)

I

The value of ptmax, Ks and K; were got from the curve fitting of ©
and S. The values are 0.28 h~1,9.6 g/m3 and 31.4 g/m3, respectively.
The bioreaction is written with biomass defined by Bailey and Ollis
[35]:

C;Hg + 6.880; + 0.41NH;3 — 2.05CH1,8400,55N0_2(bi0mass)
+4.95C0, + 2.73H,0 (44)

The oxygen reaction rate can be calculated by:
Yo = 2.39ys (45)

Fig. 2 showed how hydrodynamics, mass transfer and bioreac-
tion were coupled together by several key parameters including
the volume fraction ¢, the mean bubble diameter dg, the effective
viscosity (.q the concentration and the volumetric mass transfer
coefficient kjga.

3.8. Initial and boundary conditions

The boundary condition for the walls is defined as no-slip for
the liquid phase and free-slip for the solid and the gas phases. The
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Fig. 5. (a and b) Profiles of the simulated transient results and the experimental
data of RE.

domain outlet is defined to allow gas to leave the domain only. In
the flow simulation the mineral salt medium is the liquid phase
and the treatment simulation the mineral salt medium added the
biomass is used as the liquid phase.

The bubble diameter at the inlet is 8.7 mm which is the diameter
of the sixth bubble group, calculating from the following equation
[36]:

1/3
) (46)

dy — 2.9(
b gp1

as in this study (d}-3Ugo g% /o) < 1, where d, is the orifice diam-
eter.

3.9. Numerical solution

The partial and ordinary differential equations described above
are numerically solved in a coupled multigrid solver based on
a finite volume scheme implemented in the commercial CFD
code CFX, by the high resolution discretization which enable
the blend factor values vary throughout the domain based on
the local solution field to enforce a boundedness criterion [37].
The meshed domain with a total number of 14.520 unstructured
grids of 10mm x 10 mm x 10 mm, 15mm x 10 mm x 10 mm and
15mm x 15mm x 10 mm is selected after considering both com-
putational accuracy and the time required compared with a finer
mesh of 27,000 cells. The time strategy used is the same as that

0.20
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Fig. 6. Predicted shock resistance of the waste gas treating system.
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Fig. 7. Predictions of local transient variable dispersions.

described by Feng et al. [37]. The solver running over 100 s of com-
puted time for the purification process took about 10 h on T5400
Dell Precision working station with Intel xeon inside. Convergence
is good at the criteria of 1 x 10~ for all the variables.

4. Result and discussions
4.1. Model verification

The validity of the model simulations of local axial liquid veloci-
ties was done by hydrodynamic experiments without biomass (the
initial biomass concentration and toluene loading was set to be zero
in simulations correspondingly), and dissolved toluene concentra-
tions (DT) and RE were done by the waste gas treating process.

The local time-averaged axial velocities of liquid phase from
simulations and LDA are compared in Fig. 3 under different super-
ficial gas velocities (Ug =0.01, 0.015, 0.02 m/s) at various positions

(x=—-6 to 6cm, y=0, z-axis scale to diameter ratio (Z/D)=2, 4, 6).
In the draft tube, the time-averaged velocities near the central line
decline with higher locations but increase as the superficial gas
velocity rises for all cases. When Z/D increases, the difference of
time-averaged velocities at locations on the same horizontal line in
the drift tube diminishes. The liquid time-averaged axial velocity
had slight increase at a fixed point when the superficial gas velocity
goes up from 0.01 to 0.02 m/s. The change of height affects the liquid
velocity more than the superficial gas velocity does. In the follow-
ing section the local time-averaged velocities turn to the opposite
direction as downward and the liquid velocity is almost stable when
either the gas velocity or the geometry position changes. This is
similar to the results obtained by Feng et al. [38] at Z/D =2 and the
difference at Z/D =4, 6 can be explained that a higher Z/D value leads
to a more uniform distribution of the liquid velocity. The CFD sim-
ulation results agreed well with the experiments at a deviation of
10%.
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The liquid dissolved toluene (DT) concentrations were mea-
sured at the sampling point B (0, 0, 0.6 m) to verify the simulations.
The quantitative comparison of the measurement and the com-
puted results was shown in Fig. 4. Reasonable agreement was
obtained through comparison of the two results with a deviation
about 8%. The computed local transient DT at point B first rose up
sharply in a short time period less than 100 s and then kept fluctuat-
ing around a certain value during the rest time. DT and its transient
fluctuations increased with the growing toluene loading and super-
ficial gas velocity. The fluctuations were due to turbulent flow and
transient mass transfer which reflected the dynamic system.

RE is the most important variable in characterizing the treat-
ment process and is calculated from the area-averaged gas phase
toluene at the outlet surface. Transient RE is calculated from the
following equation:

CtO - Ct,out

RE =
Ceo

x 100% (47)

The gas phase at the inlet and the outlet was measured for
verification of the simulated transient RE in Fig. 5. When C;y was
500 mg/m3 and Ugo varied from 0.01 to 0.02 m/s, RE ranked from
88 to 94%. When Uy was 0.0075m/s and Cyg varied from 500 to
2000 mg/m?3, RE was around 93%. The experimental data had a good
coincidence of 99% with the simulated results. RE went down as the
superficial gas velocity increased from 0.01 to 0.02 m/s in Fig. 5a and
RE changed little when the toluene loading in Fig. 5b ranged from
0.5 to 2 mg/L. Thus the superficial gas velocity affected the treat-
ment more than the toluene loading did under the current range of
operating parameters. The elimination capacity ranges from 2.9 to
11.6 mg/m3/s calculated by the equation:
EC = RE x Cyp x % (48)
where Qg is the inlet gas volume velocity and V is the working
volume of the IALR.

Figs. 3-5 have showed that the proposed CFD model can well
predict the fluid hydrodynamics and provide good agreement
between the treatment experiment and the simulations.

U_=0.0075m/s
g0

—— 500mg/m® —— 1000mg/m’
15 —— 2000mg/im®
0 100 200 300 400 500 600

Volume-averaged Rolim in ALR (kg/m3)

C,,=500mg/m’

—— 0.01m/s 0.015m/s
-5 | —— 0.02m/s
0 100 200 300 400 500 600
Time (s)

4.2. Model prediction

The experimental measurements in waste gas biotreatment pro-
cess are limited by the sampling positions and the design of the
bioreactor such as the verification in the above section. The estab-
lished CFD model can predict more information by simulation in
the reactor.

Shock resistance for transient toluene loadings of the system
is predicted through the simulations as toluene loading gradually
increases from 1, 2, 4 to 6 mg/L with each condition simulated for
500s. The volume-averaged DT and RE for the shock resistance
were shown in Fig. 6 under Uy =0.01 m/s. The volume-averaged
DT grew with the increase of Cyy and it took about 200s for the
volume-averaged DT to reach a new equilibrium when Cyg changed.
RE decreased sharply when Gy increased.

The local distributions of the liquid phase velocity and the local
transient dispersions of DO, DT and biomass concentrations in ALR
were predicted in Fig. 7 under Cyo=1.0mg/L and Ug =0.01m/s at
t=120, 240,360,480 and 600 s, as well as the dispersions of toluene
and oxygen in the gas phase. The liquid velocity is almost bilateral
symmetry and has two circles on the central plane. The concen-
tration of biomass increased slightly from 3.676 to 3.683 kg/m3
during the simulation. DO at 120's was a little higher than the rest
dispersions from 240 to 600s. The biomass concentration and DO
distributed uniformly in the whole domain. DT at different time
scale had no great change but the dispersions in the draft tube were
always larger than those in the other sections. The dispersions of gas
phase oxygen were almost the same at all time scales and the val-
ues in the following section were the lowest in the whole domain.
The local toluene concentration in the gas phase decreased with
the increasing height except in the following section where the gas
phase toluene was uniformly small as that at the outlet.

The inner mechanism of the biotreatment process is discussed
through definition of two variables, Rolim and Rtlim, the quanti-
tative comparison of the interphase mass transfer rate and the
reaction rate of oxygen and toluene, respectively:

1= Co,1) = (=T0)

. 6 .
Rolim = k;’g@ag(Cm (49)

15
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Fig. 8. Profiles of volume-averaged Rolim in ALR and the draft tube.
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Fig. 9. Profiles of volume-averaged Rtlim in ALR and the draft tube.

¢ 6

Relim = kig - erg(C;) = Cer) = (=10) (50)

where k;’g, k,tg, C;,l, C;‘J, Cot» Ceph To and 1 are the interphase mass
transfer coefficient, saturated concentration, actual concentration,
the reaction rate of oxygen and toluene in the liquid phase, respec-
tively. Rolim and Rtlim can tell the rate-limiting step in the treating
process by their values.

Profiles of volume-averaged Rolim and Rtlim in IALR and in the
riser tube are displayed in Figs. 8 and 9. In the whole domain Rolim
decreases quickly first and then goes up to be slightly higher than
zero while Rtlim declines rapidly in the first 100 s and maintains
around zero in the rest computed time. Figs. 8 and 9 show that
the oxygen mass transfer rate is smaller than oxygen reaction rate
and the toluene mass transfer rate is larger than the toluene reac-
tion rate in the unsteady period and then the mass transfer rate
and the reaction rate are close to each other. Thus it is deduced
that the limitation in the toluene waste gas treatment are the oxy-
gen mass transfer and the toluene reaction and the oxygen mass
transfer limits the treatment longer than the toluene reaction.

In the draft tube Rolim and Rtlim has the similar trend as those in
the whole domain but differences also exist. Rtlim is always larger in
the draft tube than in the whole reactor while Rolim in the draft tube
and in the whole domain are close to each other in the first 100s
and the draft-tube-averaged Rolim values are larger than those in
the whole domain from 100 to 600 s. This prediction discloses that
the in the draft tube the toluene reaction limits the treatment all
the time while for oxygen limitation changes from mass transfer to
bioreaction as the process went on.

The simulation results of RE, DT and volume-averaged Rolim and
Rtlim show that when biomass is in the logarithm phase and no
interference is presented, the waste gas treating system rapidly
goes from unsteady state to a dynamic equilibrium.

5. Conclusion

The CFD method is applied in toluene waste gas treatment pro-
cessinagas-liquid two-phase IALR and a 3D transient CFD model is
established in which bioreaction, hydrodynamics and mass trans-

fer are coupled together. The model has been validated by LDA and
treatment experiments and a good agreement has been achieved.
Shock resistance of the system and transient distributions of the
liquid velocities and the component concentrations can be pre-
dicted. Rate-limiting steps of the treatment are also discussed. The
model can be utilized to optimize the operating parameters which
saves manpower. When the pollutant and biomass have changed,
this model can also be applied with a new bioreaction. Provided a
more precise mesh of the geometry structure, this model can be
more accurate and the fluctuations of the results can be reduced.
Future development of computer will make computing time less
and simulate longer period of the biotreatment.
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