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Abstract In this work, the experimental evidence is pre-
sented for two basic issues including oxygen mass trans-
fer and shear analysis on the microorganism containing
medium on the most prominent sections of the bioreactor.
Computational fluid dynamics (CFD) methodology repro-
duces shear rate values for specific impeller designs using
the commercial code (Fluent 6.2). CFD calculates volu-
metric mass transfer coefficient based on the Higbie’s
penetration theory. Four types of impeller are used. The
spherical probe is used to measure flow hydrodynamic
parameters to obtain shear rate by electro-diffusion (ED)
method. The obtained results are validated experimentally
and it is shown that a fully axial pattern impeller repre-
sents more enhanced results than partially axial and radial.
In this regard, experimental results for volumetric oxygen
mass transfer coefficient (kla) confirm CFD predictions by

acceptable deviations of 2.65, 8.90, and 9.20 for 0.15, 0.2,
and 0.3 VVM, respectively. These results collaboratively
indicate that LIGHTNIN–C 200 type operates more effi-
ciently by reflecting the flow to the bottom corner stag-
nation areas with the minimum tolerable shear and the
most velocity distribution uniformity. Furthermore, the
values of kla improve by aeration rate. Conversely, in-
creasing the rotational speed of impeller creates difficul-
ties for cell growth due to the generated harsh shear con-
dition. CFD provide a better understanding of how oper-
ational and geometrical variables may be manipulated to
achieve a moderate shear rate and acceptable level of
mass transfer.

Keywords Shear rate . Microorganism . Electro-diffusion
method . Experimental . CFD .Mass transfer

Introduction

The presence of phenol as a typical toxic contaminant in
many industrial wastewaters at lower concentration levels
adds an unpleasant taste to drinking water (Juang et al.
2012). These organic pollutants are being degraded even
at lower concentrations in the bioreactors by microorgan-
isms (Juang et al. 2012). Biodegradation by microorgan-
isms is a promising environmentally friendly alternative
for the costly and inefficient physical and chemical
methods in terms of removing pollutants from water re-
sources. The process of phenol partitioning from the
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organic phase into the cell medium for biodegradation has
the following steps:

Phenol in kerosene Phenol in cell medium

Final products 

(H2O, CO2)
Par��oning Biodegrada�on

Oxygen aerated to the medium for the growth and meta-
bolic activity of microorganisms is a key substrate in most of
the microbial oxidative bioconversions in industry
(Moutafchieva et al. 2013; Sungkorn et al. 2012; Zokaei-
Kadijani et al. 2013). Biodegradation takes place in a multi-
phase system including gas phase and two immiscible liquid
phases (Melgarejo-Torres et al. 2011). The aqueous phase cul-
ture containing microorganisms and mineral salts extracts pol-
lutant substances at low levels from the organic solvent, which
is the concept of the two-phase partitioning bioreactors
(TPPBs). The idea of TPPB is first proposed by Daugulis and
Collins for the case of phenol degradation by Pseudomonas
putida strain in 1996.

Oxygen mass transfer is a function of many variables such
as the geometry of the impeller and operational conditions
(Labík et al. 2017; Puthli et al. 2005; Scargiali et al. 2014;
Trad et al. 2017). Therefore, mass transfer is sufficiently af-
fected by the type and speed of impeller in addition to the gas
flow rate used (Gogate and Pandit 1999). Efficient gas distri-
bution and higher residence time for oxygen bubbles in the
cell medium are achievable by excellent mixing, which is in
direct correlation with the appropriate selection of impeller
design in bioreactors. Prediction of oxygen mass transfer co-
efficient is of vital importance, as it is a limitation for
bioreaction kinetics owing to the low solubility of oxygen.
Studying various operational and geometrical parameters of
bioreactors is essential to make suggestions for better gas-
liquid mass transfer (Puthli et al. 2005). Oxygen solubilization
and diffusion rates into the target medium and nutrient transfer
to maintain cells in suspension are expressed in terms of vol-
umetric mass transfer coefficient (kla) that comprises the
liquid-side mass transfer coefficient (kl) and specific gas-
liquid mass transfer area (a) (Moutafchieva et al. 2013).
CFD capability to predict local kla values would be valuable
for making suitable decisions for impeller selection and more
robust scale-up and design purposes.

Microorganisms cannot generally survive in organic medi-
um with severe conditions. This issue is often referred to as
bioavailability (Juang et al. 2010; Juang et al. 2012). In bio-
chemical processes, shear rate is not important by itself; how-
ever, interfacial shear rate affects system efficiency due to its
adverse impact on biomass concentration. Excessive shear is
known to damage suspended cells, which lead to the loss of
viability and even disruption (Wase et al. 1985). Therefore,
minimum agitation speed is preferred, especially in the

impeller region, for inherently stress-sensitive microorgan-
isms (Laurenzi et al. 2009). P. putida is a stress-sensitive fila-
mentous phenotype in response to environmental stress con-
ditions during its natural life cycle. The aerobic rod-shape
bacterium is sensitive to filament-inducing conditions
(Mallevre et al. 2016). P. putida strain is selected as a bacterial
model which is able to degrade a wide range of organic
chemicals, making it a good candidate for environmental en-
gineering studies. The study of mixing key parameters mainly
agitation along with aeration due to their impacts on the pro-
curement of oxygen for microorganisms during bioprocesses
has attracted the attention of researchers (Dey et al. 2016;
Zhao et al. 2017). According to many studies about the me-
chanical damages of freely suspended cells, agitation and aer-
ation are two main causes of shear-sensitive cell death which
takes place by bursting bubbles at the air–liquid interface
(Scargiali et al. 2014). Consequently, bioreactors have to be
designed according to the shear tolerance of biological sys-
tems, which means the acceptable level of shear rates that
provide a gentle culture environment (Contreras et al. 1999).
Therefore, in addition to kla value, the performance and be-
havior of bioreactors can be estimated by shear rate analysis in
different geometrical and operational conditions calculated by
velocity gradients. The dynamic mechanical behavior of a
single biological cell can be investigated by mechanical
methods such as micro-fluid and shear stress devices
(Kohles et al. 2009). This can lead to large localized forces
of shear to the cell wall surfaces resulting in cell rupture
(Doulah 1977). Doulah et al. (1975 and then Doulah (1977)
have described the theory of shear stress as a primary cause of
microorganism rupturing. Wilson and Kohles (2010) identi-
fied in their recent simulation research a range of potential
mechanical strains that can be produced in multi-axial fluid-
induced stress.

CFD techniques use numerical solutions of flow trans-
port conservation equations to cover a wide range of con-
ditions going on in industrial units to achieve acceptable
predictions. CFD has proved to be affordable for model-
ing of complex multiphase bioreactions taking place in
stirred vessels with inherent complicated configurations
(Moradkhani et al. 2016).

In the present study, a variety of impeller selections
based on shear rate experimental measurements is consid-
ered by the electro-diffusion technique. Data obtained
from the study of various impellers could be used for
confirming the CFD shear analysis in the mixing
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bioreactor. CFD simulation could be helpful to obtain ve-
locity gradient in order to calculate shear values in differ-
ent positions of bioreactor. These results could be used to
identify locations where the probability of microorganism
rupture is the most. After a comprehensive literature re-
view, it is essential to mention that it has been less
discussed about the application of CFD in shear analyzing
of microorganisms in the literature and should be further
much focused on. As a novelty feature, the comparative
study of oxygen mass transfer issue besides shear sensi-
tivity in different operational and geometrical conditions
of aerobic bioreactor designs has been conducted. As a
result of this approach, the survival conditions of organ-
isms can be considered in process modeling and optimization.

Materials and methods

Experimental

In order to respond to the validation recognizance of the work,
experimental measurement of the shear rate was performed to
come along with CFD model.

Shear rate determination by electro-diffusion measurement
method

The velocity field in the boundary layers of moving solid
objects in bioreactors can hardly be investigated by com-
mon visualization tools such as particle image velocimetry
(PIV) method to get linked with shear rate. Direct measurement
of shear stress is a difficult task due to the sensitivity limitations
of sensors. One of the well-known techniques for wall shear
measurements is the current limitation electro-diffusion
method, which can be used for moving parts as well as
the stationary. In this method, mass transfer is employed
to calculate the hydrodynamic parameters of the flow,
which means that wall shear rate over the surface boundary
of the probe is calculated using the local diffusion limiting
current, Id, resulting from the fast reduction of ferricyanide
ions. On the account of sturdiness, this technique can be
applied for measurement in high viscosity aerated stirred
bioreactors. Because of high turbulent intensities in such
bioreactors, the flow parameters must be detected in each
direction (Franz et al. 1984; Menzel et al. 1985). The probe
types described in the literature could report the sign and
magnitude of one component of shear rate vector. These
probes are restricted to one directional flows such as pipe
flows. However, there are other types of probes that are
able to determine absolute values of shear rate regardless
of flow direction (Pauli et al. 1989). In the current study,
the spherical probe is used to measure flow hydrodynamic
required parameters and obtain shear rate by interrelation

to the measured data according to the following equation
(Pauli et al. 1989):

γ ¼ 1:477
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where Deff is the molecular diffusivity of ferric ions in the
solution, n denotes the number of transferred electrons, F
is the Faraday constant (96,485.3329 s A/mol), C0 is the
concentration of reacting component, Id is the sum of cur-
rents, and de represents the electrode diameter.

Microorganism and nutrient medium

P. putida Bioresource Collection Research Center (BCRC)
14365 was obtained from Food Industry Research and
Development Institute, Hsinchu, Taiwan. The microorgan-
isms were stored at 4 °C. The bacteria grew on a mineral
medium prepared with deionized water with phenol as the sole
carbon and energy source (Table 1).

Freemicroorganism cultivation process Phenol of 100 g/m3

was added to the mineral medium containing activated
P. putida cells for adaptation at 30 °C for 24 h. The cells were
collected after centrifugation and re-suspended in the phos-
phate buffer. The activated cells were cleaned by centrifuga-
tion and inoculated into the culture medium to give the initial
concentration of 57 g/m3, corresponding to the optical density
of 0.120 at 600 nm. The number of colonies was determined
by the serial dilution of the culture, and 0.15 cm3 of the diluted
culture was spread on a plate. The plate was then incubated
overnight at 30 °C. Afterwards, the number of colonies was
counted.

Experimental determination of oxygen mass transfer
coefficient (kLa)

The experimental set-up, as depicted in Fig. 1, was accord-
ing to the experimental work by Juang et al. (2010).
Dimensions of the bioreactor used for the removal of phe-
nol are illustrated in Fig. 2. A dissolved oxygen electrode
(Extech, DO600-k, USA) was installed in different posi-
tions of the reactor (Fig. 3). The volumetric oxygen trans-
fer coefficient (kLa) was obtained by continuous gassing-
out procedure (Ferreira et al. 2012; Michelin et al. 2013).
The transient variations of the inlet oxygen concentration
resulted in the time-depended consequences of dissolved
oxygen concentration in the cell culture medium. These
incremental changes were used to calculate the mass trans-
fer coefficient according to the following equation
(Ramezani et al. 2015):

ln C*−CL
� � ¼ ln C*−C0

� �
−kLa:t ð2Þ
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In the case, where C0 = 0:

ln
C*−CL

C*

� �
¼ −kLa:t ð3Þ

where C* is the saturation concentration of oxygen (7.33 g/
m3) and CL is the local oxygen concentration. The volumetric
mass transfer coefficient was determined by the variation of
ln(C*-CL) value against time (t).

Development of CFD simulation

Eulerian model

This research applied the Eulerian multi-fluid method to
predict the behavior of the gas and liquid interactions in
an aerobic biodegradation system. In this paper, data from
the very basic and standard CFD simulation of a number
of single impellers operated in a small-scale gas-liquid
mixing vessel were presented. A significant assumption
in the CFD is that the bubble size is spatially uniform,
whereas we know from the experiments that the bubble
size distribution is slightly heterogeneous in small-scale
bioreactors. Therefore, CFD method with average bubble
size distribution is suitable if we overlook to explore the
change of bubble volume in the up-moving process. On
the other side, this phenomenon of bubble size changes is
rather important and significant only in large-scale biore-
actors. According to this model, the Eulerian governing
equations of fluid motion are separately solved for each
phase (Fluent 2006). The continuity equation for phase i
is as follows:

∂
∂t

αiρið Þ þ ∇: αiρiU ið Þ ¼ 0 ð4Þ

where αi, ρi, and Ui represent the volume fraction, densi-
ty, and Reynolds-averaged velocity, respectively.

∑2
i¼1αi ¼ 1 ð5Þ

The momentum conservation equation in the time-
averaged form for each phase yields (Anderson and
Wendt 1995):

∂
∂t

αiρiU ið Þ þ ∇: αiρiU iU ið Þ ¼ −αi∇Pi þ αiρig

þ ∇: αiτeff
� �

þ Fii

þ Fci ð6ÞFig. 1 Experimental set-up: lagged bioreactor (a). DO meter electrode
(b). Spherical probe for electro-diffusion method

Table 1 Composition of the synthetic medium

Phase Components Concentration
(g/m3)

Phase
volume
fraction

Phase
viscosity
(kg/m.s)

Phase
density
(kg/m3)

Aqueous Water Solvent
Microorganism 57
Phenol 300 0.66 0.0016 162
KH2PO4 420
K2HPO4 375
(NH4)2SO4 244
NaCl 15
CaCl2·2H2O 15
MgSO4·7H2O 50
FeCl3·6H2O 54

Organic Kerosene Solvent 0.34 0.0008 950.11
Phenol 910.11
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where τeff is the effective viscous stress tensor considering
the turbulent effects related to the mean velocity gradient
and τi is the ith phase stress-strain tensor.

τlam , i = μi[∇Ui + (∇Ui)
T] + λ(∇ .Ui)I (7)

τ tur;i ¼ μtur;i ∇Ui þ ∇Uið ÞT
h i

−
2

3
∇:Uið ÞI

� 	
−ωρikiI ð8Þ

The parameter λ is defined as

λ ¼ −
2

3
μi ð9Þ

and ki is the turbulent kinetic energy for phase i. The
terms τlam and τtur are the laminar and turbulent viscous
shear stress terms in the momentum equation, respective-
ly. In addition, T is the superscript in the form of tensor to
indicate the transpose of ∇.U. The parameter ω is equal to
2/3 for the continuous phase whereas its value for dis-
persed phases depends on their volume fractions
(Ahmadi and Ma 1990).

The term τeff is the effective molecular viscosity, which is
the summation of the viscosity and turbulent viscosity of each
phase.

τ eff ¼ τ tur;i þ τ lam;i ð10Þ

The effective viscous stress tensor is determined by the
following equation (Anderson and Wendt 1995):

τ eff ¼ μlam;i þ μtur;i

� �
∇Ui þ ∇UT

i

� �
−
2

3

3

2
ωρiki þ μlam;i þ μtur;i

� �
∇:Ui

� �
I

ð11Þ

Fig. 2 Dimentions of the
bioreactor used for removal of
phenol

Fig. 3 Bioreactor and impeller configuration and computational grid
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The term Fii in Eq. (6) is the interphase force acting on
phase i due to the presence of the other phases. The term Fc
represents centrifugal forces applied to the impeller region in
the rotating reference frame for the multiple reference frame
(MRF) model.

In the stationary frame:

F
!

ci ¼ 0 ð12Þ

In the rotating frame:

F
!

ci ¼ −2αiρi N
!� Ui


!−αiρi N
!� N

!� r!
� �

ð13Þ

where N is the number of rotations around the impeller axis in
1 min.

MRF solves the equations of motion in both stationary (for
absolute velocity) and rotating (velocity in the rotating refer-
ence) frames.

Among the interphase momentum exchange source terms
of the participant forces, drag force plays the most influential
and controlling role, since it is predominant over the lift and
virtual mass. The interphase force can mainly be expressed by
Ishii and Zuber (1979) model:

Fii ¼ ∑Fii− j

¼ 3
�
4

� �
∑N

j
CD;i− j

di
ρiα j U j−Ui

�� �� U j−Ui
� �� �

ð14Þ

The subscript j in Eq. (14) denotes the dispersed phase
number. The drag coefficients are obtained by the standard
correlation of Schiller and Neumann for the spherical bubbles
and organic phase droplets with diameter of dj (Bartrand et al.
2009; Qi et al. 2013).

CD;i− j ¼ max
24

Re
1þ 0:15Re0:687
� �

; 0:44

� �

Re ¼ ρid j U j−Ui
�� ��

μi þ Cμt;i

8>><
>>: ð15Þ

where C stands for the model parameter introduced to
account for the effect of the turbulence in reducing slip
velocity (Bakker and Akker 1994). Bakker recommend-
ed the value of 0.02 for C which depends on the hy-
drodynamic of stirred gas-liquid dispersions (Bakker
1992). The Bpressure outlet^ boundary condition was
specified for the atmospheric pressure above the liquid
surface level for the gas phase. Furthermore, for the
liquid phases, no-slip boundary condition is defined
for the solid moving walls, namely the shaft and impel-
ler blades and in the same way for the stationary walls
of the baffles and the rest parts of the vessel. Similarly,
free-slip condition is selected for the gas bubbles. The
value of gravitational acceleration vector in negative Z

direction is 9.81 m/s2. Different gas flow rates with
volume fraction equal to unity and with defined axial
rise velocity of gas bubbles are defined as the velocity
inlet boundary condition at orifice surfaces (mark 1 in
Fig. 3), whereas the normal liquid rise velocity is given
zero. Turbulent intensity at gas inlet is set to moderate
value of 15% in turbulence boundary conditions.

Shear rate calculation

The characteristic value for the shear rate, the modulus of the
rate of strain tensor, is according to the following definition
(Anderson and Wendt 1995):

γ ¼ ∂Ui

∂x j
þ ∂U j

∂xi

� �
ð16Þ

Friction is determined as:

τ ij ¼ −μturγij ð17Þ

Turbulent shear flow is a modification of completely
homogeneous flow to allow for shear stresses and for
well-defined mean velocity gradients, such as those found
in a jet, a mixing layer, or a boundary layer. One or two of
the Reynolds shearing stresses are usually zero (Paul et al.
2004).

Oxygen mass transfer model

Mass transfer coefficient kL in bioreactors can be estimated
by theoretically based models. According to the Higbie’s
penetration theory which is proposed to predict the mass
transfer coefficient, there are some resistance to oxygen
transfer for small molecules with diffusion coefficient in
the gas phase much greater than in the liquid phase and
with very low solubility in the most liquid phases. The
value of kL depends on the distribution of the energy dis-
sipation from viscous mixing. Consequently, oxygen mass
transfer depends on the local value of, ε, the kinetic energy
dissipation rate.

The mass transfer coefficient for gas-liquid penetration
is calculated by the following correlation used by Lamont
and Scott (Kawase et al. 1992; Laakkonen et al. 2007;
Lamont and Scott 1970):

KL ¼ 2ffiffiffi
π

p D0:5 εaqsρaqs
μaqs

 !0:25

ð18Þ

where D is the diffusion coefficient which has been eval-
uated from the Wilke-Chang correlation (1.78 × 10−5 m2/s)
(Cox and Chapman 2001).

Mean bubble size is assumed 2 mm in diameter. Also, this
value is probably important from the viewpoint of velocity
and turbulence field predictions, but it is critical in estimating
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a local interfacial area ɑ which is calculated using the
followiing:

ɑ ¼ 6� αbub

dbub
ð19Þ

Prediction of the value of kla can be done from the corre-
lation given below.

Kl ɑ ¼ KL � ɑ ð20Þ

Results and discussion

Microorganisms are living creatures, sensitive to environmen-
tal conditions for their growth and survival and to continue
their metabolism activities. Therefore, it is necessary to truly
predict the impact of the shear caused by mixing rate, type of
impeller and especially aeration intensity on those types of
aerobic microorganisms.

CFD is a useful tool to get sufficient knowledge about the
two major factors which affect the activity of aerobic micro-
organisms, namely, the oxygen mass transfer coefficient and
shear rates on different positions of bioreactors. Cell growth
rate has a direct relationship with oxygen mass transfer and on
the other hand inversely effected by shear rate. Confirming of
this claim from CFDmodeling by experimental results for cell
concentration during bioreaction process time are very useful.
The optimized conditions can be predicted from CFD calcu-
lations when considered besides cell growth profiles.

A number of simulations for different operational condi-
tions of aeration rate and impeller agitation speed are run for
different types of impeller blade configurations by using the
CFD code Fluent 6.2. For the grid independency issue, results
from CFD calculations for energy dissipation (ε) were first
tested with 678,453 number of relatively voluminous and then
815,694 moderate cells. Finally, the comparison of these con-
verged results of the chosen mesh sizes with the much finer
one with 1,004,945 number of cells confirms the mesh inde-
pendency satisfaction with a slight difference of 0.7% in the
maximum possible extent. Since there are limitations to report
all of the contours of variables, the results are only illustrated
for some of the conditions and the rest are summarized in
plots. Figure 3 shows the essential features of the computa-
tional domain and the types of impeller used. The measure-
ment probe positions are selected corresponding to the more
notable points from the flow study viewpoint (Fig. 3). In order
to justify impeller selection, four impellers of different types
are used: a flat six blade standard Rushton, a half pipe circular
six blade impeller, a pitched flat six blade impeller, and a
LIGHTNIN-C 200 impeller, abbreviated as RT, HPC, P6B,
and LIGHTNIN-C 200, respectively. Our focus on impeller
selection is due to the fact that they create different fluid flow

patterns as they rotate. These flow patterns are the primary
considerations and critical to achieve the desired result. The
most common flow patterns in mixing are axial and radial.
Axial mixing is important when addressing the most common
challenges in the mixing of solid particle contained solutions.
Also, the camber of the blade in LIGHTNIN-C 200 increases
the efficiency of the impeller, reducing its power to pumping
ratio. The most technical benefit of this type is the laminar
flow created by the camber of this impeller. This camber re-
duces turbulence (shear) substantially, which is the reason for
selecting this type for shear-sensitive applications.

Distribution of velocity magnitude is a very important fac-
tor in bioreactors, which shows how well the species are dis-
tributed in the vessel. The influence of operational conditions
and geometrical parameters is predicted by the CFD model.
Figure 4 depicts velocity profiles colored by velocity magni-
tude in the central axial cross section of the bioreactor in
addition to volumetric values of velocity distribution for two
conditions of without air sparging and with high aeration rate
for all types of impellers used. According to Fig. 4, there is no
stagnation zone by air sparging to the aqueous phase. An
adequate mixing in several parts of the tank subjected to the
acceptable distribution of velocity is good evidence to ap-
prove the claim for the satisfactory distribution of species. A
complete homogenous system would maximize the surface
area of contact between the cells and aqueous medium for
better mass transfer. The column charts next to the velocity
counters provide information for us to have a wider vision to
assess the distribution intensity of species. Furthermore, this
chart is able to provide us the prospective for the determina-
tion of the suitable flow pattern by correct selection of impel-
ler type. As it is shown, the impellers produce the radial flow
of fluid, except the last type, in which the generated flow turns
out to be of downward axial type.

In the case of non-aeration condition, there are some stag-
nation points in several sections of the culture medium, and
the columns show inadequate distributions, while as the sparg-
ing is performed, the columns are rather well-distributed in
comparison to the mentioned condition. Wang et al. in their
work have demonstrated that the larger velocity gradient dis-
tribution from gassing out may be beneficial for culture
mixing and homogenization which placed emphasis on our
results (Wang et al. 2010). By comparing the height of the
velocity bars in the column charts, it is possible to evaluate
the geometric parameters of the impellers on the distribution
qualities of species for the stirred tank bioreactor.

The least amounts for the minimum ranges of velocity are
more obvious in Fig. 4g, h. This amount is further diminished
when the LIGHTNIN-C 200 type is used as the stirrer. Hence,
it may be concluded that the stagnation zone decreases as the
axial component of velocity predominates. This conclusion is
in accordance with the work of Ibrahim et al. introducing the
axially pumping stirrers as the best for solid suspension at
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Fig. 4 Velocity field and distirbution for four types of impeller at 1000 rpm; 0 VVM-RT (a); 0 VVM-HPC (b); 0 VVM-P6B (c); 0 VVM-LIGHTNIN-C
200 (d); 0.2 VVM-RT (e); 0.2 VVM-HPC (f); 0.2VVM-P6B (g); 0.2VVM-LIGHTNIN-C 200 (h)

22434 Environ Sci Pollut Res (2017) 24:22427–22441



their optimal impeller-to-tank diameter ratio. The impellers
used were axially downward pumping ones of different diam-
eters, including a pitched six-blade mixed flow turbine. At
their optimal D/T ratios, these impellers have been shown to
be efficient for the suspension of denser particles (Ibrahim and
Nienow 1996). This feature is considerably important when
the performance of the conventional reactor is the objective of
intention.

By elimination of the stagnation points in the reactor, the
acceptable distribution of species that resulted from the poten-
tially desirable degree of mass transfer would be achievable.
Nevertheless, there are other limitations and problems
confronted whenwe deal with biological systems. Shear stress
is an important parameter in bioreactors which strongly influ-
ences the medium rheology and the microorganism morphol-
ogy. Further, it is expected that the systems containing micro-
organisms are not able to tolerate more turbulences that can be
generated when the mixing condition in bioreactor is too
harsh. Therefore, the uniform distribution of velocity leads
to better conditions from the viewpoint of shear analysis.
This uniformity as well as oxygen delivery is undoubtedly
an advantage for the growth of aerobic shear-sensitive micro-
organisms. Hence, a sensitive balance between mass transfer
and shear stress has to be maintained by selecting a suitable
and adequate operational condition, in which stirring rate is
not that high to hurt the microorganism, but not that low to halt
the rate of oxygen mass transfer. Therefore, it is strongly im-
portant to take the impeller type into account, which deter-
mines the flow regime and velocity distribution in the biore-
actor. Figure 5 illustrates the experimental results related to the
effect of impeller type selection on cell growth which is a
fairly significant criterion to assess the performance of the
bioreactor. The selected impeller should take the positive ef-
fect of oxygen transport to the greatest extent possible, and at
the same time, undesirable effects of shear stress on microor-
ganism morphology have to be reduced to the lowest level.
According to the figure, it is obvious that the maximum cell
growth is for the LIGHTNIN-C 200 type, which is in accor-
dance with the concept of low shear producing design and
downward directing forces which reduce the of possibly stag-
nation areas of the LIGHTNIN-C 200. At a recent time, Buffo
et al. have quantified the average shear rate for a number of
systems to find a combination that is the least harmful to the
cell growth. The combination of EEDP and EEUP impeller
types which are similar to LIGHTNIN-C 200 in topology was
proved to be the most suitable case for the growth of the shear-
sensitive aerobic microorganism, ensuring adequate mass
transfer and minimizing cell damage (Buffo et al. 2016).

In non-aeration conditions, the influence of impeller blade
topology is investigated as the only preferential factor. As can
be seen in Fig. 4a–d, using the LIGHTNIN-C 200 type of
impeller, the velocity distribution is better than the three other
types. As shown in Fig. 4e–h, the LIGHTNIN-C 200 type

exhibits the least portion of maximum velocity in the distribu-
tion, which is good evidence to prove that the microorganism
experiences less shear than the other types of impeller. On the
other hand, the velocity distribution consists of a very low
portion of the minimum velocity, which demonstrates that
the mass transfer of oxygen from the bubble to the cell medi-
um is not negatively affected when compared to the other
types. Therefore, the maximum influence of the mass transfer
process on the phenol biodegradation is observed when the
LIGHTNIN-C 200 type is used. It can be concluded that uti-
lization of the mentioned type by itself could lead to promising
results from the shear analysis perspective. In this regard, aer-
ation is an inevitable factor when it comes to aerobic micro-
organisms presented in the bioreaction medium. Now, the re-
sults obtained for the velocity profile in the case of aeration
with the intensity of 0.2 volume of air per volume of medium
per minute (VVM) can be discussed and compared with the
corresponding column charts. Generally, the highest shear
stress occurs in the locations where velocity increases inten-
sively (Kaya et al. 2014). The effect of different impeller con-
figurations on the contribution of aeration to velocity distribu-
tion is based on the different flow patterns developed by the
type of impellers, as described in Fig. 4e–h. As far as the
height of the maximum velocity bar is lower, the damages
caused by shear stress are reduced. On the other hand, given
that the definition of shear rate is based on the local velocity
variations, the monotonous columns can be of vital impor-
tance as well as the height of the very first and last columns
are in the assessments. As it is observed, RT and HPC impel-
lers show more stagnation zones, but with less difference in
the column height distributions. However, as the flow pattern
turns to axial flow from the radial using P6B and LIGHTNIN-
C 200, less stagnation points and more decreasing trends are
observed at higher velocities. Moreover, by comparing the
two latest impeller types, LIGHTNIN-C 200 comprises a
smaller area of both maximum and minimum values of the
velocity, which is a good evidence for LIGHTNIN-C 200 to
be considered as the most promising option in terms of hydro-
dynamic characteristics.

The value of shear rate is measured as a function of agita-
tion speed for the most four prominent sections including
sparger domain, impeller region, top territory, and baffle near-
by, respectively (Fig. 3).

Figure 6 simultaneously illustrates the results obtained by
CFD calculations along with the experimental measurements
by limiting current electro-diffusion method for the four types
of impellers.

As commented above, the presented calculations refer to
the local shear rate of the liquid and do not take into account
velocity fluctuations generated from internal coordinates such
as bubble size distribution. The greatest value of shear rate
occurs over a narrow region in the vicinity of the rotating
impeller blades. As can be seen, this trend is the same for all
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types of the impellers. The influence of the gas sparger on the
generated shear stress is found to be obvious as point 1 in Fig.
3 in the very nearness of the sparger orifices, which allocated
the second highest value of all to itself. The reason for the
sharp reduction of shear around the surface level is perfectly
understandable. The above-discussed behavior has the same
trend for all types of impellers used (Fig. 6). The results from
CFD shear analysis are confirmed by the experimental mea-
surements using electro-diffusion method with good agree-
ment. The separate cases of the four types of impeller are
simulated and post-processed by CFD and two types of im-
pellers corresponding to complete radial flow (RT impeller)
and complete axial flow (LIGHTNIN-C 200) are analyzed.
Figure 7 reveals a similar trend in terms of shear rate iso-
surfaces and visualizes the results reported in Fig. 6 in an
example condition of 300 rpm 0.2 VVM for five selected
shear rates.

Shear rate profile in the radial direction at the aeration rate
of 0.2 VVM and agitation speed of 100 rpm is shown in Fig. 8.
The data averaging is justified for two reasons: to average the
velocity gradient components dominating in various measure-
ment positions and to minimize the flow fluctuation effect on
the time course of the limiting current. From the mentioned
diagram, it is clear that as much as the flow pattern goes to the
axial type from the radial, the shear value takes a more mo-
notonous state. From Fig. 4e–h, when aeration comes along
with agitation in the bioreactor, the main direction of the flow
is upward which is dominated by the direction of sparged
oxygen bubbles. The rule of impeller is to distribute the flow
in the radial direction to cover all the points of the medium.
However, there is still some stagnation points in the lower
edges of the bioreactor, which needs the flow to turn over to
this area. Downward axial mixing by the LIGHTNIN-C 200
impeller eliminates this problem. According to Fig. 8, lower

Fig. 6 Shear rate for four types of impellers in four points of the bioreactor as a function of agitation velocity at 0.2 VVM

Fig. 5 Comparison of the
measured cell growth in the cell
medium for different impeller
configuration
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values of the shear rate can be seen for the LIGHTNIN-C 200
type. The dependence of the volumetric mass transfer coeffi-
cient on aeration rate is shown in Fig. 9. This figure simulta-
neously illustrates the results obtained by CFD calculations
along with the experimental measurements. It can be observed
that, with an increase in the rate of aeration, the magnitude of
kLa increases for all types of impellers without exception. The
slope of the curves decreases at higher gas flow rates by get-
ting closer to the saturation of the dissolved oxygen concen-
tration. The value of kLa is obtained for different gas aeration
rates, all types of impellers depicted in Fig. 3, and in a wide
range of impeller rotational speed from 0 to 1000 rpm. As can
be seen, P6B provides the best oxygen mass transfer.
However, other types represent the adequate amount of kLa.
Recently, in a similar work by Scargiali et al., the influence of
impeller geometry on oxygen mass transfer performance was
investigated for an un-baffled system. Their experimental re-
sults showed that a simple pitched blade turbine type among
the impeller geometries was found to provide the most inter-
esting oxygen transfer performance and can therefore be

regarded as a particularly suitable impeller for shear-
sensitive cultures (Scargiali et al. 2014).

The results include both CFD and experimental data. All
the results are collected in order to evaluate data confirmation
in Fig. 10. The DO measurements are all in agreement with
each other and, thereby, kLa analysis is based on the average
value of kLa from DO values in the reactor. The paper com-
pares globally averaged kLa (spatially averaged value of the
four retrospectively selected points) from experiments with
the integration results of all CFD local kLa values (globally
averaged kLa) in Figs. 9 and 10. To be more precise, according
to Fig. 10, the experimental kLa turns out to lie within the
experimentally measured values. The residual sum of squares
between CFD and experimental values of kLa in the parity
diagram (Fig. 10) shows the simulation validity for the
Eulerian model. The deviation from the kLa value was low
in the 0.15 VVM (around 2.65%) but higher in the 0.2 and
0.3 VVM sparging rates (8.9 and 9.2%, respectively). This can
be explained by the error magnitude of presumably bubble
volume changes that occurred by bubble interactions in the

Fig. 7 Iso-zones corresponding to different strain levels for radial and axial distirbutions; RT impeller (a); LIGHTNIN-C 200 impeller (b)

Fig. 8 CFD profiles for shear rate
corresponding to different types
of impellers at 0.2VVM and
100 rpm
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up-moving process of oxygen transfer. The CFD average vol-
umetric values reported in Fig. 10 are obtained from the inte-
gration of the local values in the reactor domain. The mea-
sured cell concentration growth in Fig. 11 approves the con-
tributing effect of aeration rate on the proper execution of
oxygen mass transfer to get contact with the microorgan-
ism surface. The same trend has been reported in the work
of Scargiali et al. (2014). The reverse trend is observed by
increasing the agitation speed in Fig. 12. As can be seen,
the impeller rotational speed has a reverse correlation with
the cell growth, which can be attributed to the generated
harsh shear conditions, which threatens the life of micro-
organisms. In agreement with the present work, the same
trend has also been demonstrated in a diagram of the aver-
age shear rate as a function of operating condition by Buffo
et al. (2016). Therefore, the point of this paper is that the
CFD model is capable to predict the local quantities which
could not all be measured. Although the ability to predict
the volumetric kLa which is integrated from the calculated
local values in agreement with an experimental measure-
ment does not represent much of an advance, but is the new

knowledge that opens a new window to clearly estimate
mass transfer coefficient from CFD. The simulation results
are comparable with the volumetric mass transfer kLa from
the gassing out experiments. This can approve our model
for further applications when there are some limitations in
operating experimental measurements. The CFD-predicted
local value of kLa is of vital importance once we face some
practical limitations in experiments. One of the limitations
is to conduct experimental measurements where there is no
access to insert the probe (e.g., in the impeller region) to
determine shear rate values. Another limitation is attribut-
ed to the fermenters which are operated at high density and
in the presence of high levels of complex particles that
restricts the available measurement techniques. This limi-
tation in the complex media is typically due to microbial
growth on probe surfaces. Such growth leads to substantial
calibration and linearity problems. Alternately, CFD simu-
lation based on the validated models is capable to provide
the necessary information of the total mass of cells and
give an accurate description of shear rate conditions for
the microorganisms to grow and survive.

Fig. 9 CFD calculation and
experimentally measured
volumetric mass transfer
coefficient as a function of
sparging gas velocity at 100 rpm

Fig. 10 Comparison between
calculated kLa and experimental
kLa for impellers of RT, HPC,
P6B, and LIGHTNIN-C 200 in
three aeration rates of 0.15, 0.2,
and 0.3 VVM and from 100 to
1000 rpm
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Conclusions

This paper improved an aerated stirred bioreactor design
and studied the effects of impeller type on velocity distribu-
tion, shear rate, and oxygen mass transfer to optimize cell
growth. The rate of shear stress in different sections of the
bioreactor and the overall oxygen mass transfer coefficient
were calculated and compared with the microorganisms’
growth rate from the experiments. The measured results of
cell growth could be attributed to two main factors: (1) ox-
ygen mass transfer coefficient representing how much oxy-
gen was supplied to maintain the metabolic activity of mi-
croorganisms and (2) shear stress generated from different
operation conditions and affecting microorganism morphology.

Evaluation of the experimentally compared CFD calcu-
lations showed that more axial flow patterns led to mini-
mum stagnation zones. Therefore, LIGHTNIN-C 200 rep-
resented more enhanced results by reflecting the flow to
the bottom corner stagnation areas of the bioreactor com-
pared to partially axial (P6B) and radial (RT and HPC)
patterns. Although LIGHTNIN-C 200 took the back seat
for high viscosity flow-controlled applications, it could be
suitable for low- and medium-viscosity fluids as in our
case. For the low-viscosity cases, gas dispersion typically

requires a high power input per unit volume. Nevertheless, due
to the sensitivity of the microorganism for higher values of
parallel acting forces between the sliding layers coming from
velocity variation which leads to shear stress, the axial type of
LIGHTNIN-C 200 was selected for shear-sensitive applica-
tions. It is obvious that, with an increase in the aeration flow
rate, kLa values increased, which is why cell growth rate in-
creased by increasing aeration. Moreover, the created stagna-
tion zones due to improper mixing process in the vessel led to
poor oxygen mass transfer. By contrast, cell rupture was more
prevalent in the positions where the higher values of velocity
led to intolerable shear stress on the cell surfaces. Hence, it
would be beneficial to use LIGHTNIN-C 200, since the distri-
bution of velocity shows more uniformity.

α, volume fraction; ε, turbulent dissipation energy (m2/s3);
μ, viscosity (kg/ms); ρ, density (kg/m3); τ, shear stress (kg/
ms2); τeff , effective viscous stress tensor (kg/ms2); μ, laminar
molecular viscosity(kg/ms); μtur, turbulent viscosity(kg/ms);
γ, shear strain rate (1/s); ɑ, interfacial area per unit volume
(1/m); C0, bulk concentration of the ions (mole/m3); CD, drag
coefficient; CL, oxygen concentration (mole/m3); D, diffusiv-
ity (m2/s); de, circular microelectrode diameter (m); Deff, dif-
fusion coefficient of active ions in the solution(m2/s); di,
Droplet diameter (m); F, Faraday constant (s A / mol); FC,

Fig. 11 Experimental cell growth
vs submerged aeration rate for the
LIGHTNIN-C 200 geametry

Fig. 12 experimental cell growth
vs rotational speed for the
LIGHTNIN-C 200 geametry
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centrifugal force (N/m3); Fi, phase interaction force (N/m
3); I ,

unit tensor; Id, local diffusion limiting current; KL, mass trans-
fer coefficient(m/h); KLa, volumetric mass transfer
coefficient(1/h); N, frequency of rotation (rpm, r/min); nz,
number of exchanged electrons; P, pressure (Pa); U,
Reynolds-averaged velocity (m/s)
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