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ABSTRACT
In this study, a mathematical model of a vertical tubular external loop bioreactor
(VTELB) was used for biomass production from natural gas. gas-liquid separator (top),
bottom of the VTELB were mathematically modeled according to the ideal stirred
reactors, and the vertical parts, riser and down-comer sections were modeled tank-inseries without back flow. Mathematical modeling of biological processes cell growth
including, mass balance and kinetics Model. The kinetic model Monod is used. In this
simulation, a tanks-in-series model describes the mixing characteristics. Acceptable
results between the model used and the experimental data obtained.
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INTRODUCTION
Airlift Bioreactor is main part of every biochemical process that is used to provide a controlled
environment in order to reach to optimal growth and or forming product in a system. The transport
phenomena in these reactors are achieved by pneumatic agitation, and circulation occurs in a defined
cyclic pattern through a loop. Airlift bioreactors usage is increasing because of benefits of this type of
bioreactor such as simple planning[1,2,3], providing adequate mixing[1,2], low pressure[4], high – velocity
transfer mass and temperature[1,3,4], modeling bioreactors is necessary for planning, operation and
accumulation speed control in reactors. The modeling of gad-liquid loop reactors was developed for
airlift reactors with cultivation of microorganism[36,46]. The model is to include mass transfer, reaction
kinetics. The methane is good candidate for biomass production because of its, non-toxicticity,
selectivity, volatility[48]. bacteria which are able to utilize methane as the sole carbon and energy sourced
have been known since 1906[47]. recently, Yazdian et al. (2009) studied biomass production from
methane[41]. In the previous articles, modeling was carried out separately for every section and then
equation were solved. The mixing characteristics of gas-liquid reactors are often intermediates between
the characteristic of plug-flow and well-mixed flow. In this study each segment of the VTLB, such as
bottom, gas-liquid separator (top) was considered based on mixed flow and the vertical parts of the loop,
riser and down-comer were modeled according to a tanks-in series[3,4,46].
EXPERIMENTAL
Microorganism and growth medium
The microorganism (Methylomonas spp.) used in this research was isolated from samples
obtained from an oil field in Iran.
The carbonless growth medium has been optimized by Yazdian et al. (2005)[39].
Bioreactor
A glass made VTELB with a non-line dissolved methane detector was used for the experiments.
The schematic diagram and dimensions of VTELB are shown in Figure 1. And TABLE 1, respectively.
The VTELB is made of a riser, liquid –gas separator, down-comer and gas supply distributor. The
hydrostatic pressure between riser and down-comer (due to gas flow rates) results in circulation liquid.
The length of VTELB was designed in such a way that it could be assembled in a variety of
configurations, such that great flexibility in working volume, separator volume and riser diameter. The
gas flow rates (methane and oxygen) were measured and controlled by two calibrated rotameters
(No.12). Methane and oxygen mixed together, through a sparger (with six holes) located at the bottom
of the riser (No.5). Streams of methane and oxygen could be opened and closed by valves (No.13). For
safety, gases were passed for a single time through the bioreactor and vented out from the out let
(No.14). The O2, CO2, and CH4 content of the exit stream from the separator were continuously
monitored by Mettle Toledo In Pro 6800, Figaro- TGS4160, and FigaroTGS2611 sensors, respectively.
In addition to water cooled condenser (No.1in Figure 1), one side of the loop was jacketed (No.11) to
provide cool exchange capabilities. All experiments were carried out at 30(± 0.5) ◦C. This was done by a
temperature loop controller (TLC) placed inside the methane detector (No.8) and connected to an
electrical heater (No.3) positioned at the top of the VTELB. PH was measured with an online pH probe.
NaOH and HCl were metered in to the loop to control the pH via a peristaltic pump, and the control
circuit having adjustable work and pause time.
Measuring methods
The differential hydrostatic pressures of gas–liquid separator, downstream and upstream of the
bioreactor were determined by an inverted U-tube manometer and was Analyzed precisely by a high
speed camera (Canon power shot S3 IS), too. The differential hydrostatic pressure between two heads of
that zone is gas hold up ( ). The overall volumetric mass transfer coefficients (KLao2 and KLaCH4) were
determined by the dynamic gassing out method (Christi, 1989) In addition to methane detector, two
probes of dissolved oxygen (DO). (With response time of four seconds for 63% saturation), Values of
optical density (DO) were recorded in a spectrophotometer (VARIAN CARRY 50 CONC, Australia at
595 nm).
TABLE 1: Reactor geometry and operational parameters
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Descriptions
Riser diameter, Dr
Down-comer diameter, Dd
Riser height, Hr
Down -comer height, Hd
Bioreactor height, hb
Bioreactor volume, Vb
A r/Ad
Separator diameter, Ds
Liquid level in separator, hs
S = Vs/V d
Holes size in sparger, D0
Number of holes in distributor, N
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Unit
Value
m
0.03, 0.06, 0.09
m
0.03
m
2.20
m
2.20
m
2.40
m
33-22
#
1, 4, 9
m
0.11, 0.18, 0.25
m
0.10
#
0.61, 1.65, 3.11
mm
0.1
#
6

MATHEMATICAL MODELING
The mixing models used in most of the previous investigations dealing with loop bioreactors are
an axial dispersion model and tanks- in – series[5]. The equation between these two models can be shown
by Eq.(1)[3,5]:

1 b + 1/ 2
=
Pe
N

(1)

The b is the back flow. If b=0. The peclet (Pe) number should be calculated in order to select the
modeling method and to estimate the number of tanks.
In investigation the airlift bioreactor system is modeled by dividing it the riser, gas separator (top
section), down-comer, and the bottom section. In this equation, N and Peclet number are parameters
used to identify the reactor behavior in the mixed model and axial model, respectively. In this research
the bottom section and top section are treated as a well-mixed stage. For the riser and the down-comer is
used tanks-in series model of the bioreactor. A tanks-in-series model descries the mixing characteristics.
In this model is ignored b (back flow) in each stage.

Figure 1: A schematic diagram of external airlift loop bioreactor

The following assumptions were considered for the present modeling:
1. Constant temperature, heat balances in the bioreactor.
2. Ideal behavior of the gas phase.
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3. Reaction occurs just in the liquid phase.
4. The gas hold –up in the riser is constant.
5. The variation of hydrostatic pressure is ignored.
6. The Monod kinetics is used for biomass production[7].
7. Mass transfer coefficients constant along riser and down-comer.
Model equation
The equation for pipe sections is[8,9,10]:
∂ 2C
∂C
∂C
+ DL
= −U L
∂x
∂t
∂ x2

(2)

In this research the second term of equation (2) is neglected (without axial dispersion in pipe).
For top (gas-liquid separator), and bottom of bioreactor equation is:
∂ C QL
=
(C sep, in − C sep )
∂ t Vsep

(3)

Where Vsep9= is the gas-liquid separator volume. In bench scale, the axial dispersion for liquid
phase (DG) is neglected[11].
Gas hold-up correlation
Yazdian et al. (2009) derived an experimental gas hold- up equation in EALB equation (4) which
in used in the present model. The amount of gas hold-up changes by variation of gas and liquid
velocity[12,13]:
εgr = 13.19 Usgr1.43 (1 +

vg − 0.52
A r − 0.62
)
(1 + s) − 0.58 (
)
Ad
vN2

(4)

There are linear correlation between gr and gd in external loop bioreactors[13].
This relationship between gr and gd of the EALB is estimated[14] by Eq. (5):
εgr = 0.47 εgd

(5)

Volumetric mass transfer coefficient
K La r = 0.097 Usgr 0.46 (1 +

vg − 0.91 Dg 1.12
A r − 0.63
)
(1 + S) − 0.61 (
)
(
)
DN2
Ad
vN2

(6)

According to Znad et al. (2004), the values of volumetric mass transfer coefficient in riser and
down-comer are satisfied in the following equation[15,16]:
K La d = ψ K La r

(7)

An average amount of 0.34 for fraction of KLad /KLar could be extracted from the experimental
data Yazdian et al. (2009).
Kinetic model
The intrinsic cell growth kinetic of Methylomonas spp. was assumed oxygen limited and the rate
of methane consumption was calculated based on the Monod model. The following relations were
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considered for specific cell growth, cell growth dissolved methane, and oxygen consumption rates,
respectively[17,18]:
⎛
⎞
CO
CM
μ = μm ⎜(
)(
)⎟
⎜ K S, M + C M K S, O + C O ⎟
⎝
⎠

(8)

rM =

dC M
−1 dC x
=
dt
YX / M d t

(9)

rX =

dC X
= μC X − K d C X
dt

(10)

rO =

dC O
−1 dC x
=
dt
YX / O d t

(11)

The kinetic parameters were initially estimated based on the experimental results at constant gas
and liquid flow rates (2and 20 L min) and 2 µmol/L biomass concentration. Methane and oxygen yield
were estimated by stiochiometric relation.
Material balance in different section of loop airlift bioreactor
The VTLB was modeled by dividing it into vertical flow section (riser), gas separator (top
section), down-comer section, and bottom (Figure 1).
The model provides simulation first order partial for biomass concentration, dissolved methane,
and oxygen without axial dispersion.
Vertical flow (riser), down-comer (flow) sections[19]:
Mass balance for biomass:
∂ CX
∂ CX
= −U L
+ rX
∂t
∂x

(12)

Mass balance for dissolved methane and oxygen:
∂ CM
∂ CM
= −U L
+ K L a M (C *M − C M ) + rM
∂t
∂x

(13)

∂ CO
∂ CO
= −U L
+ K L a O (C *O − C O ) + rO
∂t
∂x

(14)

By Henry’s law the saturated methane and oxygen concentration (C*M , C*O ) are calculated:
C*M =

P
yM
HM

(15)

C*O =

P
yO
HO

(16)

Bottom section and separator (top) section with hold up:
For biomass:
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+ rX , i

(17)

For dissolved methane and oxygen:
∂ C M ,i
∂t

∂ CO,i
∂t

= QL

= QL

C M , i −1 − C M , i
A i L i (1 − ε d )

C O , i −1 − C O , i
A i L i (1 − ε d )

+ K L a M , d (C *M , i − C M , i ) + rM , i

(18)

+ K L a O , d (C*O , i − C O , i ) + rO , i

(19)

(a) Initial and boundary condition
It is assumed that methane, oxygen, and biomass concentrations are the same all through the
VTELB for initial condition. Since the process is cyclic, the end point, differentially, is adjacent to the
starting point; therefore, the boundary condition in the ending point could be considered equal to the
condition in the starting point. The mixed model was used for simulation. PDE equations were applied
for dissolved methane and oxygen as well as the biomass concentrations. One initial condition and two
boundary conditions were required for PDE equation. one of the boundary conditions was related to the
circumstances of initial inlet where the concentrations of compositions were equal to the former point
The other boundary condition is the final point of volume control where the concentrations of
compositions equal to the former points. Using the mentioned boundary conditions and the mathematical
method, e.g., Finite difference, the PDE equations will be converted to ODE equations. Only one
condition is required for ODE equations.
In CSTR simulation only one initial condition is required: the system should be at t=0 and every
part of the CSTR should be uniform. It means that at t=0, we know all of the concentrations in the tubes
and any other vessels; therefore, we start from those parts which are modeled by CSTR and, after ∆ , we
know the concentrations in the beginning and the end of the tube. Thereafter, we have the boundary
conditions for the tube especially for the entrance of each tube. At first, the growth rate of
microorganism was low. Therefore, the consumption of methane and oxygen was very low as well.
Also, we assumed that the dissolved methane and oxygen concentrations were the same at initial time.
Therefore, it was assumed that methane, oxygen, and biomass concentrations were identical through the
hole of VTELB for initial conditions.
TABLE 2: The hydrodynamic parameters in VTELB

QL (L / S)

QG (L / S)

εG , u

εG , d

K La O (s−1)

K L a M (s −1 )

D L (cm2 / s)

D G (dm 2 / s)

12

1.2

0.324

0.189

0.0121

0.0104

0

0

(b) Numerical solution
The model equations were solved numerically by the method of lines in MATLAB software. In
each section for PDEs solution in each section which considered mixed flow a set of N first order
equations and three components (biomass, dissolved methane, and oxygen) were supplied. In order to
tune the kinetic parameters, a set of ordinary (ODE) and partial first-ordinary equations (PDEs) were
solved making use of MATLAB.
RESULT AND DISCUSSION
The model parameters
TABLE 2 shows the hydrodynamics and mass transfer parameters. For modeling, the
hydrodynamic parameters, in the VTELB, were obtained experimentally. The values of volumetric
methane and oxygen mass transfer coefficients and gas hold-up were calculated by Esq. (4-7). TABLE 2
shows the hydrodynamics and mass transfer parameters. Moreover, the kinetic parameters are explained
in TABLE 3. The parameters were optimized by the Nelder-mead optimization algorithm. Derived K d is
very low; therefore the death of microorganism is not considered in this model practically. This model
predicted Biomass growth until 35h, and it is not for after growth phase. So the yield coefficient of
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biomass on methane YX/M obtains extraordinary high. This parameter was not obtained from theoretical
or operational predictions. It is estimated of proposed model. It is difficult to decide on single model for
the quantitative description of the process in with range of initial substrate concentration[49].
Simulation of biomass production
Figure 2 shows the model fitting to the experimental data at constant gas and liquid flow rates,
biomass concentration, and oxygen fraction, 1.2 L/min, 12 L/min, 1mg/L, and 0.25, respectively. The
biomass concentration exponentially increased with cultivation time. The graphs in this figure were
obtained based on the suggested kinetic model. Figure 2 shows that oxygen concentration reached
almost zero after 28h. The concentration of methane also became constant at the same time. However, it
shows increase in cell concentrations after 20h from the beginning of reaction. In Figure 3, from 27 to
32 h, the biomass concentration increases fast, because it is resulted from methane and oxygen gases
injection.
TABLE 3: The tuned kinetic parameters obtained by minimizing sum of squares relative error
Kinetic parameters
−1

Value

μ max (h )
K S , M (μM )

0.00058

K S , O (μM )

0.00003

YX / M (g / g)
YX / O (g / g)

101.54

−1

K d (h )
K l (g / L)

0.212

1.0002
0.322
0.00025

Validation of biomass production at various oxygen fractions
Figure 3(a–c) shows the reduction of dissolved methane and oxygen along with time. It is
observed that the values of oxygen fraction in all cases are reduced to the same amount. While the
methane concentration in gas phase was increased from 0.002 to 0.006, the amount of oxygen was
decreased. Therefore, there was an equilibrium condition between gas and liquid concentrations for a
certain gas. This is when the initial concentration of methane changed to the thermodynamic
concentration (based on Henry’s law). Also, if we wish to use the same initial methane concentration in
Figure 3(a–c), we are to utilize the inert gas, which is not economic for applications in industry. In all
the experiments, the growth rate was restricted by oxygen limiting. Utilizing oxygen by microorganism
resulted in the consumption of methane. The amount of methane consumption was dependent on YX M
and KLa. Figure 3 (a–c) shows the comparison of the results of the model with the experimental data at
respective constant gas and liquid flow rates and biomass concentration1.2 L/min, 12 L/min, 1mg/L, and
oxygen fraction from 0.002 to 0.006 (if the air fraction is 0.2, 0.5, 0.75) the remaining is 0.004–0.008 for
methane) using the fitted kinetic parameters. This figure shows the model is able to optimize the gas
fractions for biomass production and these predicted optimum fraction of gases are consistent with the
experimental observation of Yazdian et al. (2009)[41]. 32 h, the amount of biomass production reached
to2.25 mg/L only when oxygen fractions are 0.002–0.004 and 0.006. In order to investigate the biomass
production in terms of optimum gas fraction, Yazdian et al. (2009) designed five experiments[5] where
gas stream was a mixture of oxygen and methane. In the cited study, optical density for every stream
was plotted versus gas fraction. It should be mentioned that the time scale of the experiments was
arranged based on the microorganism growth rate. Therefore, we observed three stages of growth during
35 h. After 35 h, the VTLB was restricted by oxygen limiting and not methane concentration. The values
of R-squared are between 99.4 and 99.8 for dissolved methane and oxygen, and biomass production.
While the methane concentration in gas phase was increased from 0.2 to 0.6, the amount of oxygen was
decreased. Therefore, there was an equilibrium condition between gas and liquid concentrations for a
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certain gas. This is when the initial concentration of methane changed to the thermodynamic
concentration (based on Henry’s law).

Figure 2: Comparison between the model and experimental concentrations versus time. Gas volumetric flow rate = 1.2
L/min, liquid volumetric flow rate = 12 L/min, and oxygen fraction = 0.25. The points show experimental data and the
lines are obtained from the model after first static mixer
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Figure 3: Validation of the model for biomass concentration, dissolved methane and dissolved oxygen versus time. Gas
volumetric flow rate = 1.2 L/min and liquid volumetric flow rate = 12 L/min. The points show experimental data and
the lines are obtained from the model after first static mixer; (A) oxygen fractions 0.25 (v/v); (B) oxygen fractions 0.5
(v/v); (C) oxygen fractions 0.75 (v/v)

CONCLUSION
In this research, the mathematical modeling of biomass production from natural gas was
produced in a vertical tubular loop bioreactor (VTLB) in the vicinity of Methylomonos spp. The present
model has shown the authority of predicting the dynamic behavior of biological process in the loop
tubular bioreactors with gas circulation. The profile of biomass concentration, methane, and dissolved
oxygen can be determined at various liquid flow rates and methane to air ratios. This is valuable
information for scaling up for biomass production process from methane.
Notation
Ar /Ad
riser to down-comer cross sectional a ratio, dimensionless
C*
saturated oxygen concentration, ppm
CL
concentration, ppm
D0
holes size in sparger, mm
Dd
down-comer diameter, m
Dg
diffusion coefficient, m2/s
Dr
riser diameter, m
Ds
separator diameter, m
hb
bioreactor height, m
liquid level in separator, m
hs
Hd
down-comer height, m
Hr
riser height, m
K La CH 4 volumetric methane mass transfer coefficient, s-1
K La O2
volumetric oxygen mass transfer coefficient, s-1
N
number of holes in distributor, dimensionless
OD
optical density, dimensionless
S
separator to down-comer volume ratio, dimension- less
Tc
circulation time, s
tm
mixing time, s
superficial gas velocity in riser, m/s
U sgr
V
bioreactor volume, L
liquid velocity, m/s
VL
Greek letters
Specific growth rate, 1/s
µm
maximum specific growth rate, 1/s
Gas hold- up, dimensionless
ε
Subscripts
d
down-comer
i
number of point
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G
L
M
O
R
X
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gas phase
liquid phase
Methane
oxygen
Riser
biomass
REFERENCES

[1]
[2]
[3]
[4]
[5]
[6]

[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]
[23]

J.Wen, X.Jia, X.Cheng, P.Yang; Characteristics of three-phase internal loop airlift bioreactors with complete
gas recirculation for non-Newtonian fluids, Bioprocess Biosystem Engineering, 27, 193–205 (2005).
H.Nikakhtari, G.A.Hill; Hydrodynamic and oxygen mass transfer in an external loop airlift bioreactor with a
packed bed, Biochemical Engineering Journal, 27, 138–145 (2005).
H.Znad, V.Báleš, Y.Kawase; Modeling and scale up of airlift bioreactor, Computers and Chemical
Engineering, 28, 2765–2777 (2004).
T.Zhang, T.Wang, J.Wang; Mathematical modeling of the residence time distribution in loop reactors,
Chemical Engineering and Processing, 44, 1221–1227 (2005).
H.Znad, V.Báleš, J.Markoš, Y.Kawase; Modeling and simulation of airlift bioreactors, Biochemical
Engineering Journal, 21, 73–81 (2004).
X.Jia, J.Wen, Y.Jiang, X.Liu, W.Feng; Modeling of batch phenol biodegradation in internal loop airlift
bioreactor with gas recirculation by Candida tropicalis, Chemical Engineering Science, 61, 3463 – 3475
(2006).
H.Dhaouadi, S.Poncin, J.M.Hornut, G.Wild, P.Oinas, J.Korpijarvi; Mass transfer in an external-loop airlift
reactor: experiments and modeling, Chem.Eng.Sci., 52, 3909–17 (1997).
A.P.Melo, J.C.Pinto, Jr.E.C.Biscaia; Characterization of the residence time distribution in loop reactors,
Chemical Engineering Science, 56, 2703-2713 (2001).
H.Nikakhtari, G.A.Hill; Hydrodynamic and oxygen mass transfer in an external loop airlift bioreactor with a
packed bed, Biochem Eng.J., 27, 138–45 (2005).
C.H.Vial, S.Poncin, G.Wild, N.Midoux; Experimental and theoretical analysis of axial dispersion in the
liquid phase in external-loop airlift reactors, Chemical Engineering Science, 60, 5945-5954 (2005).
J.Wen, Y.Chen, D.Chen, X.Jia; Removal of ethyl acetate in air streams using a gas–liquid–solid three-phase
flow airlift loop bioreactor, Biochem Eng.J., 24, 135–9 (2005).
M.Liu, T.Zhang, T.Wang, J.Wang, Y.Jin; Flow behavior and mass transfer in three-phase external-loop
airlift reactors with large particles, China Particuol., 4, 178-182 (2006).
T.Zhang, B.Zhao, J.Wang; Mathematical models for macro-scale mass transfer in airlift loop reactors, Chem.
Eng.J., 119, 19–26 (2006).
(a) F.Yazdian, S.A.Shojaosadati, M.Nosrati, M.Pesaran Hajiabbas, E.Vasheghani-Farahani; Investigation of
gas properties, design, and operational parameters on hydrodynamic characterizes, mass transfer and biomass
production from natural gas in an external airlift loop bioreactor, Chemical Engineering science, 64, 24552465 (2009); (b) J.Korpijarvi, P.Oinas, J.Reunanen; Hydrodynamics and mass transfer in an airlift reactor,
Chem.Eng.Sci., 54, 2255–62 (1999).
T.Zhang, J.Wang, T.Wang, J.Lin, Y.Jin; Effect of internal on the hydrodynamics in external-loop airlift
reactors, Chem.Eng.Proc., 44, 81–7 (2005).
A.M.Taweel, J.Yana, F.Azizia, D.Odedrab, H.G.Gomaa; Using in-line static mixers to intensify gas–liquid
mass transfer processes, Chem.Eng.Sci., 60, 6378–90 (2005).
M.L.Shulder, F.Kargi; Bioprocess engineering: basic concepts, Second edition, Prentice-Hall of India
(2004).
K.D.Wendlandt, M.Jechorek, E.Bruhl; The influence of pressure on the growth of ethanotrophic bacteria,
Acta Biotechnol., 13, 111–5 (1993).
H.Dhaouadi, S.Poncin, J.M.Hornut, G.Wild, P.Oinas, J.Korpijarvi; Mass transfer in an external-loop airlift
reactor: experiments and modeling, Chem.Eng.Sci., 52, 3909–17 (1997).
M.Ince, F.Yildiz, G.Onkal Engin, S.N.Engin, B.Keskinler; Respirometric kinetic parameter calculations of a
batch jet loop bioreactor treating leachate and oxygen uptake rate estimation by DMT, Journal of Hazardous
Materials, 153, 991-998 (2007).
G.Nakhla, V.Liu, A.Bassi; Kinetic modeling of aerobic biodegradation of high oil and grease rendering
wastewater, Biosource Technology, 97, 131-139 (2006).
L.Joergensen, H.Deng; Growth rate and methane affinity of a turbidostatic and oxystatic continuous of
methylococcus capsulatus (bath), Biotechnology Letters, 9, 71-76 (1987).
M.Y.Chisti, M.Moo-Young; Airlift reactors: characteristics, applications and design considerations,

BTAIJ, 10(24) 2014

E.L.Motalleb et al.

16017

Chemical Engineering Committee, 60, 195-242 (1987).

[24] H.Blenk; Loop reactor, Advances in Biochemical Engineering, 13, 121-214 (1979).
[25] J.W.Swart, A.de, R.Krishna; Simulation of the transient and steady state behavior of a bubble column slurry

reactor for Fischer-Tropsch synthesis, Chemical Engineering and Processing, 41, 35-47 (2002).

[26] M.Bonizzi, R.I.Issa; A model for simulating gas bubble entrainment in two phase horizontal slug flow,

International Journal of Multiphase Flow, 29, 1685–1717 (2003).

[27] V.C.Samara, D.P.Margaris; Two-phase flow regime maps for air-lift pump vertical upward gas-liquid flow,

International Journal of Multiphase Flow, 31, 757-766 (2005).

[28] N.P.Ekberg, S.M.Ghiaasiaan, S.I.Abdel-Khalik, M.Yoda, S.M.Jeter; Gas–liquid two-phase flow in narrow

horizontal annuli, Nuclear Engineering and Design, 192, 59–80 (1999).

[29] C.Vial, S.Poncin, G.Wild, N.Midoux; A simple method for regime identification and flow characterisation in

bubble columns and airlift reactors, Chemical Engineering and Processing, 40, 135–151 (2001).

[30] Y.Mi, M.Ishii, L.H.Tsoukalas; Vertical two-phase flow identification using advanced instrumentation and

neural networks, Nuclear Engineering and Design, 184, 409-420 (1998).

[31] U.Onken, P.Weiland; Hydrodynamics and mass transfer in an airlift loop fermentor, European J, Application

Microbiology Biotechnology, 10, 31-40 (1980).

[32] Y.Kawase, M.Tsujimur, T.Yamaguchi; Gas hold-up in external-loop airlift bioreactors, Bioprocess

Engineering, 12, 21-27 (1995).

[33] K.Muroyama, M.Yamasaki, M.Shimizu, E.Shibutani, T.Tsuji; Modeling and scale-up simulation of U-tube

ozone oxidation reactor for treating drinking water, Chemical Engineering Science, 60, 6360-6370 (2005).

[34] K.V.Reit, J.Tramper; Basic bioreactor design, Marcel Dekker, INC., (1991).
[35] J.Lin, M.Han, T.Wang, T.Zhang, J.Wang, Y.Jin; Influence of the gas distributor on the local hydrodynamic

behavior of an external loop airlift reactor, Chemical Engineering Journal, 102, 51–59 (2004).

[36] R.Luttmann, M.Thoma, H.Buchholz, K.Schugerl; Model development, parameter identification, and

[37]
[38]
[39]

[40]
[41]

[42]

[43]
[44]
[45]

[46]
[47]
[48]
[49]

simulation of the SCP production process in air lift tower bioreactors with external loop-II, Computers and
Chemical Engineering, 7, 51-63 (1983).
C.Freitas, M.Fialova, J.Zahradnik, J.A.Teixeira; Hydrodynamic model for three-phase internal- and externalloop airlift reactors, Chemical Engineering Science, 54, 5253-5258 (2000).
C.Freitas, M.Fialova, J.Zahradnik, J.A.Teixeira; Hydrodynamic of a three phase external-loop airlift
bioreactor, Chemical Engineering Science, 55, 4961-4972 (2000).
F.Yazdian, S.Hajizadeh, S.A.Shojaosadati, R.Khalilzadeh, M.Jahanshahi, M.Nosrati; Production of single
cell protein from natural gas: parameter optimization and RNA evaluation, Iranian Journal of Biotechnology,
3, 235-242 (2005).
B.T.Sheehan, M.J.Johnson; Production of bacterial cells from methane, Applied Microbiology, 21, 511-515
(1971).
F.Yazdian, S.A.Shojaosadati, M.R.Mehrnia, M.Nosrati, E.Vasheghani-Farahani; Study of geometry and
operational conditions on mixing time, gas hold up, mass transfer, Flow regime and biomass production from
natural gas in a horizontal tubular loop bioreactor, Chemical Engineering Science, 64, 540-547 (2008).
Z.A.Aghamiri, M.R.Mehrnia, S.H.Fatemi, S.A.Shojaosadati, F.Yazdian; Mathematical modeling of a
horizontal tubular loop bioreactor for biomass production from natural gas, Process biochemistry, 45, 13931400 (2010).
I.I.Aghamir; 1388, Evaluation of kinetic models Mtanvtrvf growth of bacteria on natural gas Tehran University
of Chemistry and Chemical Engineering, 29(1).
A.Constantinides, N.Mostoufi; Numerical methods for chemical engineers with MATLAB applications,
PTR. PH, 141 (1999).
F.Yazdian, M.Pesaran Hajiabbas, S.A.Shojaosadati, M.Nosrati; hydrodynamics, mass transfer, energy
consumption, and biomass production from natural gas in a forced-liquid vertical tubular loop bioreactor,
Biochemistry Engineering Jornal, 49, 192-200.
I.Sikula, M.Jurasc, J.Markos; Modeling of fermentation in an internal loop airlift bioreactor, Chem.Eng.Sci.,
62, 5216–21 (2007).
N.L.Sohngen; Ueber Bakterien, welche Methan als Kohlenstoffnahrung and energiequelle gebrauchen,
Zentralbl Bakteriol Parasitik Abt I, 15, 513–7 (1906).
J.Lars; Method and means for the production of a microorganism biomass, EP Patent, 0306466A2 (1989).
G.Birol, P.Doruker, B.Kardar, Z.I.Onsan, K.Ulgen; Mathematical description of ethanol fermentation by
immobilised Saccharomyces cerevisiae, Proc.Biochem., 33, 763–71 (1998).

