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� A resonance phenomenon can occur
in Wave bioreactor.

� This resonance phenomenon can
create higher shear stress for lower
agitation speed.

� The fluid hydrodynamics is
characterized for 9 operating
conditions by CFD.

� The studied shear stress range can be
detrimental for adherent cell cultures.
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Culture of mammalian or human cells in Wave bioreactor is widely used for cell expansion or for biolog-
ics manufacturing. Wave bioreactor cultivation of sensitive cells such as stem cells, immune cells or
anchorage-dependent cells, is recognized as an attractive option for culture in suspension or adherently
on microcarriers. A systematic optimization of the mixing, oxygen transfer rate and shear stress, most
favorable for the cells requires a deep understanding of the hydrodynamics inside the Wave bioreactor
bag, i.e. cellbag. Numerical simulation by Computation Fluid Dynamics (CFD), is considered as an
inexpensive and efficient tool for predicting the fluid behavior in many fields. In the present study, we
perform numerical simulations by Ansys-FLUENT to characterize the flow conditions in a 10 L cellbag.
The numerical simulations are carried out to investigate the fluid structures for nine different operating
conditions of rocking speed and angle. The influence of these operating parameters on the mixing and the
shear stress induced by the liquid motion are studied. We find that the mixing and shear stress increase
with the cellbag angle from 4� to 7� but that increasing rocking speeds are not systematically associated
with increasing mixing and shear stress. It is concluded that a resonance phenomenon is responsible for
the fact that the lowest studied rocking speed, 15 rpm, generates the highest fluid velocity, mixing and
shear stress compared to the higher speeds of 22 and 30 rpm.
� 2018 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The interest in single-use equipment has tremendously
increased since the introduction of the disposable bioreactors. This
technology reduces the procedures of cleaning and sterilization,
the cross-contamination validation, the risk of contamination, and
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Nomenclature

A rocking angle, �
Aarea surface area, m2

C� saturated dissolved oxygen concentration in liquid
phase

CL oxygen concentration
f
!

body force exerted on fluid, N
g gravity, m/s2

H height between two outer plates to measure the cellbag,
m

H1 distance between the upper cellbag surface and the
upper plate, m

H2 distance between the lower cellbag surface and the low-
er plate, m

h height of liquid phase in the tank, m
KLa oxygen transfer rate coefficient, h�1

L characteristic length of the bag, m
P pressure, Pa
Re Reynolds number
S rocking speed, rpm
t time, s

T cycle time of rocking motion, s
u! fluid velocity vector
ux fluid velocity in x direction, m/s
uy fluid velocity in y direction, m/s
uz fluid velocity in z direction, m/s
Wo Womersley number

Greek letters
a volume fraction
b arbitrary parameter
Dx the maximum fluid element displacement in the vessel

during one cycle, m
l liquid dynamic viscosity, Pa s
m kinematic viscosity, m2/s
x vorticity, s�1

q density, kg/m3

sij shear stress tensor, Pa s
_h angular speed of the rocking motion, rad/s
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enhances the process safety (Eibl et al., 2009). It has been estimated
that the cost savings are larger than 60% with single-use systems
compared to stainless-steel based equipment in biopharmaceutical
manufacturing (Morrow, 2006). An ideal bioreactor should be per-
fectlymixedhoweverwith shear stress not damageable for the cells.

In 1999, Singh (1999) introduced the disposable wave-induced
bioreactor, consisting of a bag on a rocking tray agitating the cell
culture with a back and forward wave-like movement. The Wave
bioreactor, designed to provide excellent mixing and gas transfer
with reduced shear stress, can provide an interesting alternative
for the culture of cells highly sensitive to hydrodynamic condi-
tions. The design of this bioreactor is simpler than the stirred
bioreactor due to the absence of a sparger and, presently, these sys-
tems are available up to working volumes of 500 L.

Various examples demonstrating the possibility to adapt pro-
cesses performed in stirred tank bioreactors or roller bottles to the
Wave bioreactor have been reported for the culture of animal cells
(Hundt et al., 2007, Okonkowski et al., 2007, Lohr et al., 2009,
Clincke et al., 2013a,b). The Wave bioreactor is often used for the
production of immune cells, stem cells or viral vectors for cell ther-
apy, gene therapy or vaccine, since it is disposable and it generates
satisfying culture homogenization, potentially at low shear stress
(dos Santos et al., 2013, Liu et al., 2014, Schnitzler et al., 2016).
Among these, cells adhering on a support such as microcarriers are
much more sensitive to shear stress than suspension cells, as
reviewed by Chalmers (2015). Ma et al. (2002) experimentally
demonstrated that CHO cells, i.e. single cells, in suspension are four
to five orders of magnitude less sensitive to energy dissipation rate
(asmeasure of extensional and shear stress) thanCHOcells adhering
on microcarriers of 200 lm diameter. Wave bioreactors have been
shown to be very adequate for the cultivation of cells onmicrocarri-
ers (Chen et al., 2013, Liu et al., 2014, Genzel et al., 2006).

Computational Fluid Dynamics (CFD), also known as ‘numerical
experiments’, is considered to be an inexpensive and effective way
to analyze and visualize the impact of hydrodynamic forces and
shear stress (Sharma et al., 2011). Its potential for flow optimiza-
tion without performance of expensive experimental studies
increasingly attracts scientists. CFD modeling can overcome exper-
imental limitations and enables a full characterization of three-
dimensional flow fields in bioreactors with simple and complex
geometries. Williams et al. (2002) applied Fluent CFD models to
calculate flow fields, shear stress, and oxygen profiles around non-
porous constructs, which simulated the cartilage development in a
concentric cylinder bioreactor. Their mass transport modeling for
oxygen demonstrated that the fluid-phase oxygen transport to
the constructs was rather uniform, leading to the conclusion that,
in this bioreactor, chondrocyte growth would not be subject to
oxygen limitation. Other examples can be found for instance in
the review of Singh and Hutmacher (2008).

Numerical simulations of the Wave bioreactor (e.g. cellbag)
hydrodynamics have confirmed CFD as a reliable method (Öncül
et al., 2010). This group numerically investigated the key flow
properties in the Wave bioreactors for two reactor sizes (2 L and
20 L cellbags) at the agitation of 15 rpm and 7�motion angle, using
the CFD code ANSYS-FLUENT 6.3. Their results showed that the
flows stayed in the laminar regime, confirming that gentle mixing
conditions took place. These authors also found that the shear
stress levels were below known threshold values leading to dam-
age of animal cells.

The purpose of the present study is to provide a better under-
standing of the effect of the agitation and the rocking angle on
the key flow properties in the Wave bioreactor using CFD. CFD
numerical simulations are performed using Ansys-FLUENT 13.0
in a 10 L cellbag of a Wave bioreactor to study the fluid velocity,
mixing, shear stress and vorticity in different operating conditions.
The distribution and intensity of the high stress regions are numer-
ically computed for different agitation conditions. Finally, the oxy-
gen transfer coefficient, KLa, is measured and compared to a
simulation of the amount of gas held in the liquid phase, i.e. gas
hold-up.

2. Numerical methodology and measurement of oxygen
transfer rate

In this section, the numerical methods and models used for the
simulation of the fluid flow in a Wave bioreactor cellbag are
presented.

2.1. Simulation domain and mesh

The first step, essential for the precision of the numerical
simulation, is to establish the geometry of the simulation domain.



Fig. 2. Unstructured mesh of 1 707 248 cells used for the numerical simulation of
the cellbag.
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We manually measure the geometry of an inflated cellbag (10 L
cellbag of a Wave bioreactor 20/50, GE Healthcare). This bag is con-
sidered as rigid body in the simulations (Öncül et al., 2010). The
bag is made with a rather stiff plastic sheet and in operation it is
constantly under overpressure by a continuous gas inlet and reduc-
ing outlet gas valve. Consequently, for a small volume bag such as
used in the present study, the geometry does not noticeably
change and considering the bag as a rigid body has a negligible
effect on our simulation results for this bag volume. The method
to measure the geometry is illustrated in Fig. 1.

A 10 L cellbag filled with 5 L water is placed on the bottom plate
(Plate 1), where a uniformly distributed grid is drawn. A second
similar board (Plate 2) is placed above the bag at a given height
H (0.5 m). For all the nodes of the grid, the vertical distance
between the upper plate and the bag upper surface (i.e. upper
height H1), as well as the vertical distance between the lower plate
and the bag lower surface (i.e. lower height H2), are measured by
calipers and recorded. The measurements are performed in tripli-
cates of which an average value is taken. Once the measurements
of all the nodes are done, the simulation domain of the cellbag is
generated by ICEM-CFD. By defining the lower surface as a XZ
plane, the lower and upper surface of the cellbag are generated
with the values of y1 = H2 and y2 = H–H1, respectively. The geome-
try is in the simulation domain of (�0.23, 0.23) � (0, 0.0854) �
(�0.15, 0.15) m. To achieve a good numerical resolution, a fine
unstructured mesh of 1 707 248 cells shown in Fig. 2, is generated.

2.2. Governing equations

The time-dependent, three-dimensional Navier-Stokes equa-
tions together with relevant boundary conditions contain all the
physics of a given fluid flow. It is assumed that the cellbag system
consists of two incompressible and immiscible fluids, the liquid
phase and the gas phase. The transport of momentum for the
incompressible, isothermal flow of Newtonian fluids can be
described as:

ru!¼ 0 ð1Þ

@ u!
@t

þ u!ru!¼ �rP
q

þ mr2 u!þ f
! ð2Þ

where u! is the fluid velocity vector, m is the kinematic viscosity, P is

the pressure, q is the density and t is time. f
!

is an additional body
force, the gravity in the present case. During the wave motion of the
bag, the gravity force g is decomposed into x and y direction.

x direction : �g sin h ¼ �g sinð _htÞ ð3Þ

y direction : �g cos h ¼ �g cosð _htÞ ð4Þ

where _h is the angular speed of the rocking motion, calculated from
the rocking speed and angle as follows:
(a)
Plate 2 

Plate 1      

Fig. 1. Illustration of the method used to
_h ¼ 4A2p
360T

¼ ASp
2700

ð5Þ

with the rocking angle A and the oscillation period T = 60/S, where S
is the rocking speed expressed in revolution per minute (rpm).

The volume of fluid (VOF) method, which relies on the fact that
two or more fluids (or phases) are not interpenetrating, is widely
used as a free-surface modeling technique since several decades
(Noh and Woodward, 1976). For each additional phase added to
the model, a new variable is introduced: the volume fraction of the
phase in the computational cell. In each control volume, the volume
fractions of all the phases sumtounity. Thefields for all the variables
and properties are shared by the phases and represent volume-
averaged values as long as the volume fraction of each phase is
known at each location. Thus, the variables and properties in any
given cell are either purely representative of one of the phases, or
representative of a mixture of the phases, depending upon the vol-
ume fraction values. Mathematically, this model can be written as
follows:

Xn
k¼1

ak ¼ 1 ð6Þ

@ak

@t
þ urak ¼ 0 ð7Þ

q ¼ a2q2 þ ð1� a2Þq1 ð8Þ
where ak is the volume fraction of the kth phase (k = 1, 2). In the VOF
model, a single momentum equation is solved throughout the
domain and the resulting velocity field is shared among the phases.
This method is adopted in the present simulations to track the
interface between liquid and gas, i.e. between two phases, during
the wave motion in the cellbag.

2.3. Numerical methods

All the simulations are performed using the CFD code ANSYS-
FLUENT 13.0. In order to describe the free liquid surface in an
unsteady manner, the three-dimensional calculations employ the
(b)              Plate 2

              Plate 1lPlatte 1

measure the geometry of the cellbag.
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VOF method, leading to higher computational costs. The VOF
method enables to solve the governing equations on a fixed mesh,
without the need of conforming to the interface deformation. In this
approach, the liquid surface is identifiedby the value of the local vol-
ume fraction.

The PRESTO! (Pressure Staggering Option) scheme is used for
the pressure-velocity coupling. The PRESTO! discretization calcu-
lates the pressure on the liquid surface using a staggered grid
where the velocity and pressure variables are not ‘‘co-located”.
Notice that the PRESTO! discretization gives very accurate results
since the interpolation errors and pressure gradient assumptions
on boundaries are avoided. The solver is implicit and segregated
with a time integration being first order implicit.

In order to specify the state of the flow inside the cellbag, we
need a non-dimensional number to quantify the onset of turbu-
lence. During the operations, the Wave bioreactor has a one-
dimensional rocking motion. Kurzweg et al. (1989) proposed to
estimate the turbulence onset in unsteady oscillating flow as a
function of the Womersley number (Wo) and of the parameter b,
defined as follows

Wo ¼ L
2

ffiffiffi
_h
m

s
ð9Þ
Fig. 3. Phase distribution in a Wave bioreactor cellbag with a speed of 30 rpm and angle
at time 0.25 T (top figures) and time 0.5 T (lower figures).

Fig. 4. 3D simulation results of (a) interface height and (b) liquid velocity spatial distribu
speed 30 rpm and angle 7� and the geometry generated in the present study, denoted ‘C
b ¼ Dx

ffiffiffi
_h
m

s
ð10Þ
where L denotes the characteristic length scale of the flow (which is,
in our case, given by length of the cellbag), Dx indicates the maxi-
mum fluid element displacement in the vessel during one cycle, and
_h is the angular speed of the oscillations calculated in Eq. (5).

The operating conditions considered in the present work
assume angles between 4� and 7� and speeds between 15 rpm
(rpm) and 30 rpm, based on the most common operating condi-
tions used in the field with this equipment and corresponding as
well to the supplier recommendation. In this range, the angular
speed, _h, lies between 0.0698 and 0.2443. The cellbag is filled with
5 L liquid, resulting in Dx of 0.038 m. In these conditions, the max-
imum value of Wo is 9.39. A value Wo > 1 corresponds to a flow
strongly modified by unsteady effects, which is the case in the pre-
sent configuration. In the definition of the parameter b (Eq. (10)),
Dx indicates the maximum fluid element displacement in the ves-
sel during one cycle and is taken as the length of the cellbag, lead-
ing to a maximal value of b of 22.74. Turbulence first appears in
oscillating flows when b exceeds 700 for Wo � 8.5 (Kurzweg
et al., 1989). Thus, with the selected settings, the present system
of 7� in 5 L volume captured by filming an experiment (a) and by 3D simulations (b)

tion in 2 L cellbag using the simulation geometry from Öncül (Öncül et al., 2010) for
J’.
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cannot be considered as turbulent and the simulations do not
include any turbulence model.

The rocking motions in the different conditions are defined by
user-defined functions (UDF), given by Eqs. (3) and (4).

2.4. Measurement of oxygen transfer rate

The oxygen transfer rate coefficient KLa is measured in pure
water. The oxygen concentration is monitored in the liquid phase
by a dissolved oxygen probe calibrated at 100% air. The rate of oxy-
gen transfer from the gas phase to the liquid phase can be
described by the equation

dCL

dt
¼ KLaðC� � CLÞ ð11Þ

where CL is the oxygen concentration and C� is the air-saturated dis-
solved oxygen concentration in the liquid phase. In the experi-
ments, a constant air flow is maintained at all times.

3. Results and discussions

3.1. Validation of the model

The numerical models and simulations are qualitatively and
quantitatively validated by comparing the simulations of the liquid
motion in the Wave bioreactor cellbag with phase capture images
taken during the experiments on one hand and with the results
using the geometry from the study of Öncül et al. (2010) on the
other hand. For the latter, our simulations are performed using
the simulation domain in the geometry of Öncül et al. and for
the same operating conditions.

Fig. 3 shows a qualitative comparison of the air-water interface
from experimental images and simulation results taken at the
same time point, with the same conditions of speed 30 rpm and
angle 7�. A good agreement of the air-water interface between
the simulation and the images is observed.

For a quantitative validation purpose, the simulation results
generated by our geometry and numerical model are compared
to the results of Öncül using the geometry of their study (Öncül
et al., 2010), which has been kindly provided by Prof. D. Thevenin’s
group. Fig. 4(a) shows a comparison of the water-air interface
height. It can be seen that the trend is similar, however, there
are larger oscillations in our model. This could be due to the
smaller mesh size used in our simulations, leading to a higher
Fig. 5. Velocity of the points (a) p1 (0, 0.01, 0) and (b) p2 (0.05, 0.02, 0) defined at time zer
as a function of time from the second cycle 2 T.
numerical resolution. Fig. 4(b) presents the average velocity in
the liquid phase and shows that the general trends of the velocity
as function of time are similar. The difference between the two
numerical models, the one developed here and the one presented
by Öncül, is 20% on average. Since smaller time steps are used in
the present simulation compared to the model of Öncül, smoother
variations are observed in our results.

The complex geometry and the large amount of nodes make
the 3D simulations highly time consuming and not practically
feasible for a large number of operating conditions. For this rea-
son, taking advantage of the symmetric shape of the cellbag, it
is evaluated if the present study can be performed with 2D
(two dimensional) simulations instead of 3D. The 2D simulation
domain is taken as the cross section of the cellbag along a vertical
plane at the middle of the bag breadth with outer dimensions
(�0.23, 0.23) � (0, 0.0854) m. The 2D simulation is compared to
3D simulation for a speed of 30 rpm and angle of 7�. The evolu-
tion of the velocity of two points, p1 and p2, working as virtual
probes in the cellbag is represented for 3D- and 2D simulations
from the second cycle time in Fig. 5. The points p1 and p2 are
taken in the liquid phase at (0, 0.01, 0) and (0.05, 0.02, 0) defined
at time zero. The velocities obtained by 2D- and 3D simulations
have similar trends and are in phase. The average difference
between both simulations is 20%, which can be attributed to
the complex geometry of the cellbag. It is deemed that the 2D
simulation can be used as a valid tool to simulate the trends of
the liquid hydrodynamics in the cellbag. Following this, 2D simu-
lations are performed as listed in Table 1 at working volume of 5
L with nine combinations of three values of speed (15, 22 and
30 rpm) and three values of rocking angle (4�, 5.5� and 7�).

3.2. Mixing and shear stress

The mixing and the shear stress are important parameters to
obtain a satisfying culture homogenization but can potentially
generate cell damage. In this section, these parameters are studied
for different operating conditions and their behavior is analyzed
using the simulation data.

3.2.1. Mixing
In a bioreactor, the mixing is a physical process aiming at reduc-

ing the non-uniformities in the fluid by eliminating the gradients
of substrates, by-products, temperature, pH, dissolved oxygen con-
centration, etc. To a very large extent, the mixing determines the
o, at speed 30 rpm and angle 7� in 5 L volume by 3D and 2D simulations represented



Table 1
Operating conditions for 2D simulations.

Speed (rpm) Angle (�) Volume of fluid

15 4, 5.5, 7 5 L
22 4, 5.5, 7 5 L
30 4, 5.5, 7 5 L
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performance of a bioreactor. It can be described as a combination
of three physical important factors: the distribution, the dispersion
and the diffusion. The process whereby materials are transported
to all the regions of the vessel by bulk circulation currents is the
distribution, which is generated by the fluid circulation. In the cell-
bag, the rocking motion generates a rocking force responsible for
the fluid circulation. The velocity distribution is very important
for the bioreactor mixing.
Fig. 6. 2D simulation of the velocity distribution for speed 30 rpm and angle 7� in 5 L volu
the 4th cycle.

Fig. 7. Reynolds number (calculated as u�L
m ) during the 5th cycle (a) for speeds of 15, 22 or

in 5 L volume.
Fig. 6 shows 2D simulation of the velocity distribution forced by
the rocking motion of the cellbag during the 4th cycle, at speed
30 rpm and angle 7�. The region of high velocity lies along the
gas–liquid interface and is more likely located in the gas phase.
This is due to the conservation of the momentum along this inter-
face. Since gas has a lower density compared to liquid, it has a
higher velocity.

To further characterize the fluid properties, the Reynolds num-
ber, Re, is computed based on 2D simulation. As illustrated in Fig. 7,
Re is mostly determined by the speed and varied between 3000
and 20,000 during the 5th cycle. It is most of the time highest for
15 rpm speed while it is in a lower and similar range for the speeds
22 and 30 rpm (Fig. 7a). Re increases with the angle as exemplified
in Fig. 7b. According to the analysis in Section 2.3, the liquid flow in
the present system is not turbulent but laminar. In light of this, the
observed large Reynolds numbers, in particular at 15 rpm, imply
me, where the dark blue lines represent the gas-liquid interface, at different times in

30 rpm and angle 7�; (b) for angles 4�, 5.5� and 7� at speed 30 rpm by 2D simulation



(a) (b)

(c) (d) 

Velocity magnitude
(m/s)

Fig. 8. 2D simulation of the average velocity for different operating conditions of cellbag speeds (15, 22 and 30 rpm) and angles (4�, 5.5�, 7�) in 5 L volume (a) and (b); and in 4
L volume (c) and (d). Shadows indicate the potential error of 20% generated in 2D simulation compared to 3D simulation.
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complex small-structure and chaotic fluid conditions. The continu-
ous high Reynolds number indicates that a chaotic fluid motion
occurres at all times in a laminar flow and that efficient mixing
can be achieved.

The average velocity simulated for different operating condi-
tions at time 5 T is shown in Fig. 8. The rocking speed is the dom-
inant effect deciding the velocity magnitude inside the cellbag as
observed from Fig. 8a and b for 5 L liquid volume. Surprisingly,
the lowest speed of 15 rpm generates the highest average fluid
velocity and the higher speeds, 22 rpm and 30 rpm, result in lower
and similar velocity in this volume. Increasing the angle leads to an
enhancement of the velocity at constant speed. Notice that the
average velocities obtained at 15 rpm differ from the ones at the
other speeds by a value larger than 20% as indicated by the shadow
zones drawn 20% away from the simulated values. Therefore the
trends observed with these 2D simulations will be conserved for
a 3D simulation in 5 L volume.

To support the present observations, a similar 2D simulation
exercise is given in Fig. 8c–d for a volume of 4 L. In a previous
report (Clincke et al., 2013b), we have studied the effect of differ-
ent filling volumes on the formation of bubbles in the liquid phase
in preparation for high cell density culture and showed that filing
volumes of 4 L and 5 L (which is the full capacity of this equipment
according to the manufacturer) result in different outcomes.
Fig. 8c–d shows that for a volume of 4 L, the average velocity is also
the highest at 15 rpm for all angles compared to 22 and 30 rpm.
Notice however that for the smallest angle of 4� the difference is
not significant taking into account the potential error of 20% of
2D compared to 3D simulation. For all the cases, the average veloc-
ity is higher in 4 L volume compared to 5 L. This is expected since
the ratio of the liquid volume to the total volume is larger in the
case of 4 L vs. 5 L. In other words, the liquid has a larger volume
for its displacement in the cellbag and is submitted to a larger vol-
umetric power input in the case of the smallest volume.

To quantify the mixing, the vorticity, defined as the curl (or
rotational) of the flow velocity vector u!, is investigated. By defini-
tion, the vorticity x! can be expressed as (Kundu and Cohen, 1990):

x!¼ r� u! ð12Þ
The components of the vorticity for the flow velocity vector

u!ðux; uy;uzÞ in Cartesian coordinates are:

x1 ¼ @uz

@y
� @uy

@z
x2 ¼ @ux

@z
� @uz

@x
x3 ¼ @uy

@x
� @ux

@y
ð13Þ

For a two-dimensional flow, the vorticity is different from zero
only in the out-of-plane direction

x ¼ @uy

@x
� @ux

@y
ð14Þ

In this last case, the vorticity is always perpendicular to the XY-
plane of the flow, and is the line integral around a closed curve of
the velocity vector u!.

The vorticity magnitudes in the liquid phase for 15 and 30 rpm
speeds with angle 7� are represented in Fig. 9. The highest vorticity
occurs along the interface of the gas and liquid phases and along



Vorticity magnitude
(1/s)

(a) (b)

Fig. 9. Vorticity magnitude in the liquid phase for angle 7� and (a) speed 15 rpm (b) speed 30 rpm by 2D simulation in 5 L volume.
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the wall, indicating that, in these regions, the largest rotational
flow takes place. Comparing the two different rocking speeds, it
is observed that the flow generated by a speed of 15 rpm has
higher vorticity values and larger gradients in the flow. The mixing
level for this speed is thus higher than for 30 rpm speed.

The average vorticity magnitudes, represented in Fig. 10, are
calculated for different operating conditions. At constant speed,
increasing the angle causes a larger vorticity, and consequently
enhances the mixing. Similar to the trends observed for the veloc-
ity, the maximal vorticity occurs at 15 rpm speed with an angle of
7� while further increasing the speed to 22 rpm and 30 rpm
decreases the vorticity and thus the mixing. As discussed above,
this is counter-intuitive.

What is mechanism behind this phenomenon? Why can the
lowest speed generate the highest velocity? Here the phenomenon
of resonance has to be considered. Resonance happens when an
object is excited at a frequency close to its natural frequency. Not-
ing that a liquid tank of constant depth is ‘homogeneous’ with
respect to the wave speed, the nth resonance frequency f in a rect-
angular tank can be approximated as follows (Romero et al., 2005):

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ng
4pL

tanh
phn
L

� �s
ð15Þ

where L is the length of the tank and h is the height of the liquid
phase in the tank.

In an elliptical tank, the equivalent fluid depth heq is determined
as a function of the liquid cross-sectional area and the length L as
follows:

heq ¼ Aarea

L
ð16Þ
(a) (b

Fig. 10. Average vorticity for different operating conditions at speeds 15, 2
In our case, Aarea is the elliptical surface area of a longitudinal
section of the cellbag, which can be calculated as Aarea ¼ pab,
where a is the major radius and b is the minor radius. For the pre-
sent case of half-filled 10 L cellbag, the bag dimension is 0.46 m by
0.0854 m with a liquid height of 0.04 m, and the 1st excitation fre-
quency, i.e. first resonance, occurs at 0.6 Hz, calculated by Eqs. (15)
and (16). Romero et al. (2005) observed that this approach intro-
duced a difference with the experimental results of about 5–10%,
depending on the filling level. They measured the natural fre-
quency experimentally and showed that it increased from about
1.2 Hz up to about 1.8 Hz as the filling fraction increased from
1/8 to 7/8, for the elliptical tank (of dimension 0.302 by 0.22 m)
and was 1.4 Hz for a half-filled tank. In the present case, the differ-
ent rocking frequencies are 1.5 Hz, 2.3 Hz and 3.14 Hz, (corre-
sponding to 15 rpm, 22 rpm and 30 rpm rocking speed,
respectively). Among these, the rocking speed of 15 rpmwith a fre-
quency of 1.5 Hz, is the closest to the natural frequency of 0.6 Hz
according to the theoretical approximation of a half-filled perfect
ellipse or 0.55 Hz in the case of 4 L volume. From these calculations
and the particular behavior observed at 15 rpm speed, it is con-
cluded that at this speed, a phenomenon of resonance occurs and
thus the highest velocity amplitudes are created.

3.2.2. Shear stress
Efficient mixing is indispensable for bioprocesses to avoid gra-

dients of substrates, by-products, pH or dissolved oxygen concen-
tration. In the previous section, the mixing has been improved by
more violent flows, however this introduces high stress from chao-
tic flow structures. Mammalian cells are sensitive to shear or
mechanical force, and many studies have shown that high levels
of shear affect the viability and growth of cells (Garcia-Briones
)
Vorticity (1/s)

2 and 30 rpm and angles 4�, 5.5�, 7� by 2D simulation in 5 L volume.



Fig. 11. Shear stress contours for speed of 30 rpm and angle 7� (the dark blue lines represent the air-water interface) at (a) t = 6 s, (b) t = 6.5 s, at (c) t = 7 s, (d) t = 7.5 s by 3D
simulations in 5 L volume, with water viscosity constant and equal to 1.002 � 10�3 Pa s.
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and Chalmers, 1994, Mollet et al., 2007). Shear stress should there-
fore be carefully considered for the choice of the operation condi-
tions to obtain sufficient homogenization without harming the
cells.

In the present simulations, the cells are considered as small par-
ticles and therefore passive tracers following the fluid flow. The
velocity of a cell is the fluid velocity at a given point and can be
expressed as uc ¼ uij, where uij is the velocity of fluid at the node.
The stress tensor has nine components, each of which depends on
position and time.

sxx sxy sxz
syx syy syz
szx szy szz

2
64

3
75

where sxx; syy and szz are the three normal stress components.
The Newtonian model of fluid response is based on three

assumptions:

(a) The shear stress is proportional to the rate of shear strain in
a fluid particle;

(b) The shear stress is zero when the rate of shear strain is zero;
(c) The relation of stress to rate of shear strain is isotropic, i.e.

there is no preferred orientation in the fluid.

In Newtonian fluids, the shear stress tensor sij can be written as

sij ¼ l
dti
dxi

þ dtj
dxj

� �
ð17Þ

The shear stress acting on a cell in the XY-plane is now
considered

sxy ¼ l dtcx
dx

þ dtcy
dy

� �
ð18Þ

where l is the liquid viscosity (which is the kinematic viscosity m
multiplied by the fluid density q or l ¼ mq) and tcx and tcy are the
two components of the liquid velocity at the location of a cell.

In the case of laminar flow of Newtonian fluids, the shear stress
is proportional to the fluid strain rate. The shear stress is calculated
here from the rate of shear strain from the 3D simulations. As
shown in Fig. 11, high stress regions occur along the gas-liquid
interface with sharp velocity gradients due to the large velocity dif-
ference, and to a lower extent along the bag wall.

To study the effect of the speed and the angle on the shear
stress, 2D simulations are performed in different operating condi-
tions and the maximal shear stress in the cellbag, shown in Fig. 12,
is computed. It is found that increasing the rocking angle enhances
the shear stress at constant speed. This increasing trend is not sys-
tematically observed with the speed, as the lower speed of 15 rpm
is associated with an increased maximal shear stress as seen in
Fig. 12(b), (d) and (f). At higher speeds of 22 and 30 rpm, the max-
imal shear stress is comparable and smaller than that at 15 rpm
speed for a given rocking angle.

In the normal operating conditions of 15–30 rpm speed and 4–
7� angle, the Wave bioreactor agitation introduces a shear stress in
the range of 0.005–0.06 Pa. This range is much lower than the
shear stress over 1 Pa observed in a 1.4 L stirred tank bioreactor
using marine impellers by Joshi et al. (1996). The critical damage
shear stress for cells in suspension as single cells can be high.
The death of suspended hybridoma and CHO cells occur when
the cells are exposed to an energy dissipation rate of 1–
5 � 104 kW/m3 from tubing walls (Ma et al., 2002). This corre-
sponds to shear stress values of 100–400 Pa, and is significantly
higher than the values encountered in the present study.

Gregoriades et al. (2000) has observed that CHO cells attached
to microcarriers are significantly more sensitive to energy dissipa-
tion rates than CHO cells in suspension. The energy dissipation rate
leading to cell damage is around 1 kW/m3, which is four orders of
magnitude lower than for suspension cells.

The shear stress can also have non-lethal influence on cells cul-
tures. The effect of shear stresses between 0.05 and 0.8 Pa on
anchorage-dependent CHO cells producing human growth hor-
mone (hGH) has been investigated by Keane et al. (2003), showing
no morphological change on the cells. However the cells subjected
to 0.10 Pa shear stress cease to produce hGH in absence of shear
protectant pluronic or serum while this production is recovered
in presence of one of these protectants. At a higher shear stress
of 0.80 Pa, in presence of pluronic, the hGH cell specific productiv-
ity decreases to 49% compared to the absence of shear and the glu-
cose uptake increases, witnessing an altered metabolism. Motobu



Fig. 12. 2D simulations of the maximum shear stress at speed of (a) 15 rpm, (c) 22 rpm, (e) 30 rpm and at angle (b) 4�, (d) 5.5�, (f) 7� during the 5th cycle in 5 L volume.
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(Motobu et al., 1998) has reported as well that the shear stress can
cause cell growth arrest in G0/G1 phase for more than 60% of CHO
cells, which grow on the bottom of a flow chamber, after exposure
to shear stress of 0.02 or 0.082 Pa for 24 h.

Finally, in some cases, an optimal shear stress is desirable for
the formation of aggregates or embryoid bodies of stem cells or
primary cells in a cell specific manner as reviewed by King and
Miller (2007). They mention the examples of the mouse embryonic
stem cells forming cell aggregates under an optimal shear stress of
0.61 Pa and undesired excessive clumping under a shear stress of
0.45 Pa (Cormier et al., 2006) while the optimal shear stress for
the formation of aggregates in mammary epithelial stem cell cul-
ture is 0.21 Pa (Youn et al., 2005). In either cases, the shear stress
range of the Wave bioreactor as reported here are too low, so that
it would be recommended to form the cell aggregates in another
system generating higher shear stress before continuing the cul-
ture in a Wave bioreactor for these type of cultures.

The present study indicates that at speed 15–30 rpm and angles
4–7�, the range of shear stress is potentially damageable for cell
adherent on microcarriers while it is not for single cells in



Fig. 14. (a) 2D simulation of the mean shear stress as function of the rocking angle at speeds 15, 22 and 30 rpm; (b) Shear stress and KLa as function of the angular velocity
calculated by Eq. (5) for all the conditions of speeds and rocking angles in 5 L volume – Error bars indicate the standard deviation of triplicates.

Fig. 13. (a) 2D simulation of the gas hold-up and KLa measurements as function of the rocking angle at speeds 15, 22 and 30 rpm (b) Gas hold-up and KLa as function of the
angular velocity calculated by Eq. (5) for all the conditions of speeds and rocking angles in 5 L volume – Error bars indicate the standard deviation of triplicates.
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suspension. This is even more critical at a speed of 15 rpm, where
the shear stress is higher and can be more damageable.

3.2.3. Oxygen transfer
In this section, the oxygen transfer is simulated as well as mea-

sured in the cellbag to evaluate the potential impact of the operat-
ing conditions on the culture. Fig. 13 shows the oxygen transfer
rate coefficient KLa obtained by measurements and the gas holdup,
which is the ratio of the gas phase volume in the liquid phase to the
total volume of the liquid phase, obtained by 2D simulations.

It is observed that both the KLa and the gas holdup increase
with the angle for a given rocking speed. The maximal values of
the shear stress and the KLa occur both at 15 rpm speed and the
largest angle, i.e. 7�. However, at angle 5.5�, the highest KLa are
observed for 15 and 30 rpm speeds, and at angle 4� the KLa
increases with the speed. In other words, at angles �5.5�, the
trends of the gas holdup and the KLa do not coincide. This can be
due to some factors occurring in the real system but omitted in
the simulation; for instance, the VOF model cannot take into
account the gas transfer of the bubbles entering the liquid phase,
which is occurring, in particular at higher agitation speed
(Clincke et al., 2013b).

The angular velocity (Eq. (5)) includes the effects of the speed
and the velocity of an element in an oscillating system. The values
of the KLa and the gas hold-up are represented for the different
studied conditions as function of the angular speed in Fig. 13b. It
can be seen that the trends of the gas hold-up and the KLa as func-
tion of the angular speed are comparable; the highest gas hold-up
leading to the largest oxygen transfer, coincides with the highest
measured KLa. In addition, these results confirm also the reliability
of the numerical models and simulations of the present study.

More violent flows can improve the fluid mixing, but this can
also introduce high stress from chaotic flow structures. The shear
stress presented in Fig. 14 is largest at a speed of 15 rpm, where
the highest mixing level and thus oxygen transfer are generated.

As discussed in Section 3.2.1, a resonance phenomenon causes a
higher amplitude of the fluid motion at lower rocking speed. At
15 rpm speed with 5 L working volume (i.e. half-filled volume),
the frequency is close to the natural frequency of the cellbag, and
the highest amplitude of the fluid motion occurs, leading to chaotic
flow with complex structure. At given speed but not systematically
at maximal speed, increasing the rocking angle, i.e. increasing the
motion amplitude, can enhance the mixing level and the shear
stress.

4. Conclusions

In this paper, we have studied the fluid dynamics in the cellbag
of a Wave bioreactor by 3D and 2D numerical simulations. Several
important factors for bioreactor cell cultivation, i.e. the mixing, the
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shear stress and the oxygen transfer, are investigated by numerical
simulations. It is found that 2D simulation, which requires signifi-
cantly lower computational costs, can be used to capture the ten-
dencies in time and phase simulated in 3D, although the
simulation quality is lower. Therefore, these 2D simulations should
be used for a qualitative interpretation of the liquid motion rather
than quantitative.

Mixing is important in bioprocesses. It can be improved by cre-
ating a chaotic fluid flow. This means either that the flow regime is
turbulent or involving complex fluid structures. Turbulent flows
are chaotic in nature, but chaotic flows are not always turbulent.
In laminar flows, chaotic trajectories and mixing can occur
although the flow is non-turbulent. In this case, the fluid surfaces
are exponentially stretched and folded, which is termed ‘chaotic
mixing’.

These complex fluid structure introduced by chaotic flow can
lead to shear stress. Although the shear stress level is lower in a
Wave bioreactor compared to stirred tank bioreactor (Joshi et al.,
1996), the fluid shear stress can have a profound influence on
the cells, ranging from altered metabolism to cell lysis (Croughan
et al., 1987, Frangos et al., 1988, Ziegelstein et al., 1992). Referring
to the shear stress levels reported in Keane et al. (2003) and in
Motobu et al. (1998), in the operating conditions presently investi-
gated (speeds 15, 22 or 30 rpm, angles 4�, 5.5� and 7�, volumes 5 L
or 4 L), the encountered shear stress can lead to decreased produc-
tivity or cell growth arrest in the case of CHO cells adherent on
microcarriers but not for single cells in suspension. Harsher shear
stress conditions are obtained for the speed of 15 rpm due to the
phenomenon of resonance and should thus be avoided for micro-
carrier culture in this Wave bioreactor size.

In the present operating setting, the range of shear stress neces-
sary for the formation of aggregates or spheroids is too low accord-
ing to our simulations. Therefore it seems suitable to use another
system than the Wave bioreactor generating a higher shear stress
for the aggregate formation and then to use this type of bioreactor
for their culture.

Our results point out that a resonance phenomenon can take
place in a Wave bioreactor and have a predominant effect on the
fluid motion. It is shown here that the natural frequency of the
bioreactor is an important factor in the dynamics, the mixing and
the shear stress of the fluid in this type of reactor. It can provoke
non-intuitive behavior such as high fluid motion at lower rocking
speed. This could explain a phenomenon that experienced opera-
tors have observed when they tune the rocking parameters of a
Wave bioreactor. The rocking and angle tuning is done manually
nowadays. The approach presented here can help the selection of
the operating settings generating favorable hydrodynamic condi-
tions of oxygen transfer while minimizing the shear damage. For
the cellbag sizes other than10 L studied here, it can be recom-
mended to calculate an approximation of the natural frequency
by Eqs. (15) and (16) for the tuning of the rocking speed in order
to either seek to work close to this frequency if increased shear
stress is favorable for the process or to avoid it in the contrary.
The present study paves the way towards a systematic method
to select these parameters as function of the desired mixing and
shear tolerance of the cells. Finally, it can be mentioned as well
that the phenomenon of resonance can have an impact on the
Wave bioreactor power input and brings important information
for the requirement in terms of the cellbag mechanical resistance
or for the bag design.
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