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a b s t r a c t
The relationship between shear environment and physiological characteristics of plant cells is always
a crucial and challenging aspect in the scale up of suspension cultivations. In this work, we propose
a quantitative method for evaluating the lethal effects of hydrodynamic on Carthamus tinctorius L. cell
with computational ﬂuid dynamic (CFD) technology and online capacitance viable cell detection. The
study towards the effect of short term shear force on C. tinctorius L. cells was carried out in 5 L bioreactor
under various overall shear intensities (0.02–1.82 w/kg), in which an online capacitance electrode was
applied to count the dynamic vital cell. A ﬁrst order kinetic model was achieved to describe the death
rate in a time span of 60 min based on the capacitance. A product of the maximum shear stress and
shear frequency (SSF) parameter, which is an evolution of energy dissipation/circulation function, was
established to relate cell death rate to the shear environment. A good correlation between cell death
kinetics and the SSF parameter was observed in the veriﬁcation test in a 15 L STR bioreactor. SSF can be
used to determine the maximum operating range of hydrodynamic stress, and improve the design and
optimization of the of C. tinctorius L. cultivation in scale-up process.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Abbreviations: D, impeller diameter (mm); T, tank diameter (mm); EDR, energy
dissipation rate (m2 s−3 or w kg−1 ); H, liquid high (mm); N, agitation speed (rpm
revolutions per minute); OUR, oxygen uptake rate (mmol kg−1 h−1 ); CER, carbon
dioxide evolution rate (mmol kg−1 h−1 ); Reimp , impeller Reynolds number (−); P0 ,
power number (−); qco2 , speciﬁc carbon dioxide evolution rate (mmol dcwg−1 h−1 );
dcell , diameter of the cell aggregation (mm); kd, ﬁrst order cell death rate or membrane potential lost rate (min−1 ); tc , circulation time (s); tm , mixing time (s); ,
dynamic viscosity (Ns m−2 ); , density of ﬂuid (kg m−3 ); p , density of particle
(kg m−3 ); k , kolmogorov length scale (m); , kinematic viscosity (m2 s−1 ); , local
turbulent energy dissipation rate (m2 s−3 ); ave , volume average turbulent energy
dissipation rate (m2 s−3 ); max , maximum turbulent energy dissipation rate (m2 s−3 );
t , hydrodynamic stress from ﬂuctuating velocity gradient (Pa); d , hydrodynamic
stress acting on opposite sides of the cell (Pa); ave , average shear stress (Pa); max ,
maximum shear force (Pa).
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Plant cell suspension cultivation has proven to be an effective
method for producing many valuable bioproducts continuously
and stably with independence from geographical or environmental variations and constraints [1–4]. Carthamus tinctorius L. is one
of the most commonly used Chinese herbal medicines to prevent
and treat cardiac disease in clinical practice [5]. With the quickly
increasing market demand, suspension callus cultures of C. tinctorius L. have become one of the most potential methods for C.
tinctorius L. production. However, in industrial scale-up in stirred
tank bioreactors on C. tinctorius L. cells cultivation, fragile and slowgrowing effects have always been a serious problem [2,3,6]. In
stirred tank bioreactors, the major problem is posed by the hydrodynamic shear stresses generated from the turbulent ﬂow [7]. Some
theories about the effects of shear stress on plant cell have been proposed decades ago [8,9]. However, Justen et al. proposed that P/V
or shear force was a poor correlating parameter for evaluating the
cell damage in different scales and impeller geometry [10]. Therefore, the simple application of maximum operating range of shear
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force theory which based on the mean or maximum speciﬁc energy
dissipation rate is inappropriate to fully describe the correlation
between shear stress and cell damage [11–13].
Most previous works about the sensitivity of plant cell to shear
forces are evaluated in the well-deﬁned ﬂow environments with
short duration under a range of laminar and turbulent conditions
[14–17]. For example, Couette type viscometers, capillary devices,
and submerged jet apparatus. These sorts of devices provide easy
and accurate insight into the ﬂow ﬁeld, and various biological
responded well with the shear force [14–17]. However, turbulent
dissipation rates are far from homogeneous in stirred tank bioreactors, because of the high values encountered in the vicinity of the
impeller and the relatively smaller values in the bulk ﬂow [18]. It is
always questionable on whether this correlation is applicable in the
ﬂuctuating shear environment [19,20]. On the other hand, rotation
speed, impeller tip speed and volumetric power input were used
to assess the effects of hydrodynamic stress on plant cell in stirred
tank bioreactors [21–23]. Obviously, such studies will depend too
much on the reactor geometry and are far from universal.
Several works showed that both the maximum shear force
in the high-energy dissipating impeller region and frequency of
cells circulating through are important on assessing the shear
stress to plant cells [19,24–26]. The energy dissipation/circulation
function (EDCF) is the results of the speciﬁc energy dissipation
rate in the impeller swept volume (P/kD3 ) and the frequency of
particle circulation (1/tc ) through that volume [10]. A good relationship between mycelial fragmentation and EDCF has been reported
[27–30]. Compared with previous studies, computational ﬂuid
dynamics (CFD) has been extensively used to illuminate the ﬂuid
dynamics characteristics in bioreactors [31–33]. We believe that
the most straightforward way to assess the shear damage in shear
environment is to use an Euler–Lagrange framework, which could
simulates both the local shear environment and the displacements
of the cells [34].
In this work, the effects of short term shear on C. tinctorius L. cells were evaluated in 5 L bioreactor equipped with an
online capacitance electrode to count dynamic vital cell numbers
under various overall shear intensities (0.02–1.82 w/kg). An EulerLagrange framework was applied to get insight into the shear rates
experienced over time. In the relationship between the shear environment and shear damage analysis, a new parameters-the product
of maximum shear stress and shear frequency (SSF) was employed
to establish the relationship between the shear environment and
the cell death rate. Furthermore, these results were effectively veriﬁed in 15 L scale up of STR bioreactor, with a good correlation
between cell damage and the computational results observed.

2. Theory and calculation
2.1. CFD methods
The ﬂow behavior was characterized by using commercial software ANSYS Fluent 12.0. Grid mesh was built with ANSYS ICEM
software, and the grids were reﬁned near the impeller and rotation
interface to increase resolution in regions with steep gradients. Several reﬁnement steps were used to indicate that meshes with about
2.5 × 106 computational elements are good compromises between
calculation time and accuracy. Plant cell aggregations are typically
0.05 to over 2.0 mm in diameter, and are expected to be relatively
insensitive to bubble-based shear forces, due to their larger size
compared to the ﬁlm around bubbles. Consequently, simulations
were performed as single phase ﬂow to simplify the hydrodynamic
setup without a considerable loss of accuracy. MS medium is composed of salt solution. So the working liquid could be modeled as
Newtonian ﬂuid with the nominal properties of water (e.g. density

and viscosity). The standard k-ε model combined with sliding mesh
technique was implemented to model turbulence and the impeller
rotation. Beyond numerical convergence based on residuals (10−4 ),
volume average turbulent energy dissipation rates and the impeller
torque were monitored to ensure that the ﬂow ﬁeld was converged
during each time step.
The discrete phase model (dpm) in Fluent was used to capture
the tracks of the cell aggregations moving in the bioreactor. In this
study, 10,000 particles were injected to ensure the results are independent of the particle population size. The initial position of the
particles is uniformly distributed in the tank. It is assumed that
there is no coalescence or breakage of particles, all particles have
the same constant diameter of 0.23 mm and density of 1003 kg/m3 .
The particle time step was set to 0.0025 s (maximum step length
6 mm) to ensure the tracks provide sufﬁcient resolution to capture the variations in shear environment, even in the most critical
regions.
2.2. Hydrodynamics stress acting on cells
The stress to which cells were exposed was estimated using an
approach previously developed by Soos et al. and Tanzeglock et al.
[35,36]. Brieﬂy, stress in the ﬂow ﬁeld depends on cell size relative
to the turbulent eddy length scale (Kolmogorov length scale)  =
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3 /ε
, where  is the local turbulent energy dissipation rate
and  represents the kinematic viscosity.
If cell size is smaller than this length scale (dcell < k ), any cell
damage is controlled by the local hydrodynamics within an eddy.
This type of shear force is described as  t (for more details see
Tanzeglock et al. [35,36]):
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where  is the dynamic viscosity of the liquid.
A different situation arises when k is smaller than the cell size
or the cell resides in the inertial subrange (dcell > k ). The hydrodynamic stress to which the cell is exposed is a result of the difference
between velocity ﬂuctuations at two points separated by a distance
D and is equal to [37]:
d =

1
C2 (εD)2/3
2

(2)

With constant C2 approximately equal to 2 [38]. Assuming that the
separation distance, D, is comparable to the cell size dcell , we ﬁnd:
d = (εdcell )

2/3

(3)

In present work, the diameter of C. tinctorius L. cell aggregates
typically range from 0.1 to 1.1 mm, while the Kolmogorov length
(k ) is between 0.01 (EDR 102 w/kg) and 0.3 mm (EDR 10−4 w/kg).
The diameter of animal cells (6–9 m) and microorganisms are
smaller compared with the Kolmogorov length scale k . The smaller
d demonstrated that t will be much more dominant. Because the
energy dissipation rate has a positive correlation with t , it can
be used as a characteristic parameter to evaluate the shear effect.
However, plant cells always grow in aggregates state with the diameter size from 0.1 mm to 2 mm, so just evaluating shear damage
from the energy dissipation rate will fail to consider the effect of
different diameters.
3. Materials and methods
3.1. Stirred tank geometry and control
The stirred tank geometry that was used for investigation is
shown in Fig. 1, and the detailed geometry information is in Table 1.
The bioreactor’s diameter, T, is 160 mm and the operating volume
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