[EE

O 00 N O

10
11
12

13

Fluid dynamic characterization of a fluidized-bed perfusion bioreactor
with CFD-DEM simulation
Zheging Huang® %", Akinlolu Oyekunle Oluseun Odeleye?, Hua Ye?, Zhanfeng Cui?, Aidong Yang?
1. School of Chemical Engineering and Technology, Xi’an Jiaotong University, Xi’an, 710049, China

2. Department of Engineering Science, University of Oxford, Oxford, United Kingdom

Corresponding author: Zheqing Huang: huangzheging@mail.xjtu.edu.cn 008617791591629

Akinlolu Odeleye: Akinlolu.odeleye@eng.ox.ac.uk 00441865617915
Hua Ye: hua.ye@eng.ox.ac.uk

Zhanfeng Cui: zhanfeng.cui@eng.ox.ac.uk

Aidong Yang: aidong.yang@eng.ox.ac.uk



mailto:huangzheqing@mail.xjtu.edu.cn
mailto:Akinlolu.odeleye@eng.ox.ac.uk
mailto:hua.ye@eng.ox.ac.uk
mailto:zhanfeng.cui@eng.ox.ac.uk
mailto:aidong.yang@eng.ox.ac.uk

10

11

12

13

14

15

16

17

18

19

20

21

22

Abstract:

BACKGROUND: In the recent development of regenerative medicine, the low yields of progenitor

cells have shown to be among the limiting factors for large-scale clinical applications. To overcome

the limitation, a novel fluidized bed perfusion bioreactor has emerged. However, a detailed

understanding of the fluid dynamics of such a reactor is still lacking.

RESULTS: A three-dimensional modelling approach that couples computational fluid dynamics

(CFD) and discrete element method (DEM) was used to simulate the liquid and solid flows in a

bioreactor being designed for stem cells expansion. The model was validated by comparing the

simulation results with literature experimental data (Chem. Eng. Sci. 60: 1889-1900 (2005)), which

showed a good agreement. Using the validated model, the effects of the superficial liquid velocity,

particle size and particle density on the bed height, solids volume fraction, shear stress on the

particles and liquid-solid mass transfer coefficient of dissolved oxygen and glucose were analyzed.

CONCLUSIONS: Simulation results show that particle size and density have an important impact

on the shear stress distribution, and that the liquid velocity affects the shear stress distribution rather

modestly when its value is beyond the minimum fluidization velocity. The liquid-particle mass

transfer coefficient of dissolved oxygen and glucose can be improved by raising the liquid velocity,

and the adoption of a high-density material allows the reactor to operate with higher liquid velocities

before reaching shear stress heterogeneities. Furthermore, the two objectives, namely (i)

maintaining lower and homogeneously distributed shear stress and (ii) improving mass transfer,

pose conflicting requirements on certain design parameters which need to be carefully considered

in the reactor design.

Keywords: liquid-solid fluidized bed, perfusion bioreactor, CFD-DEM, fluid dynamic
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NOMENCLATURE

d, particle diameter, m

D reactor diameter, m

D. diffusivity of species i, m?/s

e. unit vector from particle i to j

f friction coefficient

F contact force result from the collision of the particles, N
Fd drag force between liquid and particle, N

F'd rate of momentum exchange between the particle and liquid phase, N/m?

Fp pressure gradient force, N

F, virtual mass force, N

g acceleration due to gravity, m/s?

H reactor height, m

k solid liquid mass transfer coefficient, m/s
sl q

K spring constant, N/m

m, particle mass, kg
M o rolling friction torque of particle p, N/m
N pot particle number in cell i at time t

Nt number of time step (dimensionless)
N Fest (t) particle number of shear stress located between =« and zk+1

P liquid pressure, N/m?

Shc, local time averaged Sherwood number in cell i, dimensionless
(l
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Sh,
S particle surface area, m?

t time, s

At fluid time steps, s

T. torques generated by tangential forces, N/m

pJ

" local liquid velocity, m/s

v, particle velocity, m/s

prz’ci local time averaged axial particle velocity in cell i, m/s
prz’ci t local axial particle velocity in cell i at time t, m/s

Vv, superficial liquid velocity, m/s

\Y minimum fluidization velocity, m/s

mf

Vp particle volume, m?
V,_ volume of cell i, m3
(

Dimensionless number

d, (v, —vp) el _ : .
Rep =——— 7/ particle Reynolds number based on the relative velocity
H
. dVip ; e .
Re o= —P 7 particle Reynolds number based on superficial liquid velocity
H
Sc = A Schmidt number
A D
Sh=—P"%  Sherwood number
D.

Greek letters

¥i; interphase momentum exchange coefficient, kg/(mqs)

v.  relative velocity of particle i and j, m/s

local Sherwood number in cell i at time t, dimensionless

5
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/4 damping coefficient

o overlap size, m

& local liquid volume fraction

;’Ci local time averaged liquid volume fraction in cell
yo liquid phase density, kg/m?

n damping coefficient

y7; liquid phase viscosity, kg/(ms)

T shear stress on a particle, Pa

T viscous stress tensor, kg/(ms?)

, particle rotational velocity, 1/s

Subscripts

| liquid phase

p  particle phase
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INTRODUCTION
The development of regenerative medicines, including cell-based therapies such as human
mesenchymal stem cells (hMSCs) to treat defects in the body and tissue replacement, has been
rapidly evolving during the last decade ' 2. However, low yields of progenitor cells due to
suboptimal cell culture strategies have shown to be among the limiting factors for large-scale
clinical applications 2. To overcome the limitation, perfusion bioreactors have emerged as a
valuable tool in improving cell culture processes in terms of the delivery of oxygen and nutrients
and the removal of waste products * °, with benefits demonstrated for various 3D cell culture
purposes * ¢ 7. However, compared to the work on fluidized-bed reactors for other areas, studies
on applications in biotechnology are still rather limited & °. Meissner et al. *° compared two
perfusion systems, fixed bed and fluidized bed bioreactors, with respect to their capability to
support the cultivation and expansion of human hematopoietic cells. Wang et al. 1* showed that a
Cytopilot fluidized bed bioreactor for the use of porous carriers enabled entrapped CHO cells to
reach a high cell density and favorable metabolism for product release. Kinasiewicz et al. ?
investigated the influence of C3A cell culture in alginate beads on the synthetic function in a
fluidized bed. Kong et al. 2 reported the comparison of CHO cell perfusion cultures in a spin-filter
stirred tank bioreactor and a fluidized bed bioreactor; the results demonstrated that the CHO culture
in the fluidized bed bioreactor achieved higher cell density and productivity.
In the fluidized bed perfusion bioreactor considered in this work, carrier particles are used to
provide a large surface area to expand adherent stem cells for autologous cell therapy applications.
The mechanism of stem cells attachment to the surface is via the cell’s integrins (e.g. the triamino

acid sequence, RGD). The integrin on the cells binds to this RGD group via intermolecular forces
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(such as ionic bonds, hydrogen bonds and Van der Waals forces); an enzyme called trypsin can be
used to break these bonds and release cells from their attached surface during the harvest 1415, The
bioreactor is to be operated in a semi-fluidized regime whereby the media, cells and particles are
mixed by fluidization to uniformly distribute the available surface area to the cells, as shown in
Figure 1.

Although fluidized beds have been widely used in many processes such as crystallization,
adsorption, ion exchange, sedimentation and catalytic conversion 6%, the development and
application for 3D culture of stem cells pose a unique set of requirements, especially in terms of
shear stress control and its interplay with some other aspects of the process such as mass transfer
enhancement. The fluid shear force or hydrostatic pressure between the fluid and particle phases
and the transport performance of controlling nutrients and waste products in a fluidized bed
perfusion bioreactor will determine the cells’ mechanical and chemical environment and their
differentiation fate %22, For example, the proliferation and differentiation of osteoblasts were
enhanced in the shear stress range of 0.5-1.5 Pa using 2-D planar plates 2?7, while an average
surface stress of 5 X 10 Pa was found to increase the cells’ viability and proliferation 2-2° in 3-
D constructs. Oxygen tension, on the other hand, has also shown effects on a range of cellular events,
such as cell attachment and spreading 0, proliferation®, migration 32 and differentiation 33-34,
These investigations suggest that an understanding and characterization of the fluid dynamic
behavior and the related transport performance can play an important role in guiding the design and
operation of fluidized-bed perfusion bioreactors such as the one considered in this work which is
for the expansion of mesenchymal stem cells. For this specific application, the intended range of

shear stress is below 1 Pa, determined based on the literature evidence that levels of shear stress
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beyond this range may lead to unwanted induction of differentiation 35 3,

In the studies of complex reactors, computer simulation has proven to be a useful tool, by
providing detailed information about the local velocity field or concentration profile, especially in
the regions where measurements are either impossible or difficult to obtain. In recent years, the
coupled approach of computational fluid dynamics (CFD) and discrete element modeling (DEM)
has been developed. This approach models the fluid phase as a continuum and tracks each particle
by solving Newton’s equations of motion 7. As such, it enables the study of important details such
as the fluid-particle or particle-particle interaction forces. In the applications on a liquid-solid
fluidized beds, Apostolou et al. 8 used this approach to predict the flow of suspensions of particles
in viscous liquids using DEM; the particle-particle and particle-wall colloidal, hydrodynamic and
soft-sphere collision forces and the Stokes drag from the suspending medium were considered in
their model. Di Renzo et al. *" used a coupled CFD-DEM model to simulate the liquid-fluidization
of glass beads and gas-fluidization of Geldart’s Group A particles. Di Renzo et al. ** and Zhou et al.
40 investigated the layer inversion phenomenon in liquid-fluidized beds involving a binary mixture
of particles. Mukherjee et al. ! investigated the significance of the fluid velocity in improving the
separation efficiency using both DEM simulation and experimentation. Wang et al. 42 also applied
the approach to study the flow behavior of both phases in a liquid-solid fluidized bed, with a model
incorporating the lubrication force. These studies show that, for in a liquid-solid fluidized bed
reactor system, CFD-DEM is an effective approach to generating detailed local dynamic
information such as particle trajectories and transient forces acting either on individual particles or
between the particles and the fluid.

The purpose of this study is to use numerical simulation to predict the effect of key design
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parameters on the performance of a novel liquid-solid fluidized bed bioreactor currently being

developed for the expansion of stem cells (and hMSC in particular). As shown in Figure 1, this

apparatus is intended to host particles fluidized in the liquid culture medium that continuously

passes through the reactor. It should be noted that oxygen is supplied with the liquid feed in a

dissolved form, therefore the system contains liquid and solid flows, but not a gaseous phase. The

particles provide the surfaces required for the hMSCs to attach and proliferate, which is affected by

a number of factors, including particularly shear stress and the mass transfer of oxygen, substrates

and metabolites. A three-dimensional CFD-DEM model is used in this work to provide desirable

predictions. The model is first validated by comparing the simulation results with experimental data

in the literature. Subsequently, the effect of the superficial liquid velocity, particle size and particle

density on the liquid holdup, the shear stress on each particle, the shear stress distribution and the

mass transfer coefficient of dissolved oxygen and glucose are investigated, aiming to generate an

understanding of the fluid dynamics and the mass transfer potential of the bioreactor which is

important for its intended application for AMSC culture.

Outlet

Wall\

Cells

Inlet
Figure 1. Physical model (left) and computational mesh (right). Cells growth was not modelled in this work.

NUMERICAL METHODS
10
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As well-documented in the literature 4>, the key aspect of a CFD-DEM model is the
consideration of the particle-fluid, particle-particle, and particle-wall forces, such as the buoyancy
force, drag force, pressure gradient force, as well as the virtual mass force and contact force. In
principle, a CFD-DEM simulation tracks each particle by solving Newton’s equations of the motion,
while the fluid is treated as the continuum and modelled by the Navier-Stokes equations. Focusing
on the interactions between the liquid phase and the carrier particles, this work does not model
explicitly the stem cells attached to the carrier particles. As such, the effect of attached cells on the
drag force is neglected. Besides, the mass transfer resistance modelled is between the liquid phase
and the outer surface of the particles with attached cells; mass transfer within the layer of attached
cells is outside the scope of the current model. Similarly, implications of the process and the

uniformity of cells attachment are not considered.
Governing equations of the discrete particles

Each particle has two types of motion, translational and rotational. The linear and angular

velocities of each particle, vp and wp, are governed by Newton’s 2™ law:

dv,
mpW:FdJer+Fv+mpg+FC 1)

d
Ip%: (Tm""MpJ) (2)

k:
j=1
where M represents particle mass. F, Fp, F, and F, are four forces, namely the drag

force between the liquid phase and the particle phase, the pressure gradient force, the virtual mass

force and the contact force resulting from the collision of the particles, respectively. ij and M o
represent the torque generated by the tangential forces, and the rolling friction torque of particle p,
respectively. In this study, other fluid-particle forces (e.g. Basset force and lubrication force) are

neglected, due to the lack of reliable correlations for such forces in dense systems and the related
11
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difficulties in characterizing the transient fluid-particle momentum exchange 37 3% 49,
The drag force between the liquid phase and the particle phase depends on the relative velocity

between the particles and fluid, and the local solid volume fraction:

BV, (v, —vp)

F =
‘ 1-¢

©)
where Vp, V,, B, & are the particle volume, the local liquid phase velocity, the interphase
momentum exchange coefficient, and the local liquid phase volume fraction, respectively.

The drag model to estimate f is vital for quantifying solid-fluid interactions, with a significant
influence on the behavior of the bed. In this study, the correlation proposed by Gibilaro et al. % was
used to calculate the drag force between the two phases. The correlation, derived based on
theoretical considerations, has previously been compared with experimental results and shown to
represent a significant improvement over the established Ergun equation 5. Therefore, it is
considered to be able to offer a reliable prediction of the interaction between a particle and its

surrounding fluid in a fluidized suspension 5254,

18 PV =V g
ﬂz(R_%Jro.ss]—'up "|(1—g|)g, 28 @)
~v,|pd
Rep:—|v' Vol (5)
H

Rep is the Reynolds number of the particle, p,, 4 and dp are the liquid density, liquid
viscosity and particle diameter, respectively. The virtual mass force is attributed to the particles

accelerating through the fluid and a corresponding acceleration of the fluid, modeled as follows 5

56

d dv
F,=05(-5)p (d—vt'—d—;’] ®

12
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The contact forces due to the particle-particle and particle-wall collisions were calculated
according to the soft-sphere approach based on the spring dashpot collision law 7. The force on
particles i and j (Fc) was calculated as follows:

F = ( Ko + y(vijeij ))eij (7
K is the spring constant, o and V;; are the overlap and relative velocity of particle i to particle j,
respectively; and €; is unit vector from particle i to particle j.
Governing equations of the liquid phase

The fluid phase flow was modelled by a local averaged approximation of the continuity and

Navier-Stokes equations with a scale of the order of the computational cell size (several particle

diameters). The governing equations for the liquid-phase continuity and momentum conservation

are:
M+V-(glplvl)20 (8)
ot
0 Vv .
%+V-(s,p,v,v,):—g,VP+g|p,g +g,V-(T,)-Fd (9)

where Fd' is the rate of momentum exchange between the particulate and fluid phases, 7, isthe
viscous stress tensor (in Newtonian fluid) and given by:
_ 2 T
== (VW) 1 +a (V) +(vw)") (10)
The rate of momentum exchange between the particulate and fluid phases was calculated by
adding up the fluid force acting on the individual particles in a fluid cell; the force depends on not

only the relative velocity between the particle and the fluid but also the presence of the neighboring

particles. The drag force is expressed as follows:

13
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Vear 1 1-¢
Vi isthe volume of cell, N is the particle number in the cell.
Table 1. Parameters and Operational Conditions Adopted in the Simulation

Casel Case2 Case3 Cased Caseb Case6 Case7

d, (mm) 3 5 3 4 5 3 3

p (kg/m?) 1100 1100 1100 1100 1100 1025 1200

1 (kg/m3) 998 998 998 998 998 998 998

1 (Pas) 0.001 0.001 0.001 0.001 0001  0.001 0.001

f 03 03 03 03 03 03 03

N, 17600 6300 17600 9900 6300 17600 17600

K (N/m) 800 800 800 800 800 800 800

ur (cmis) 02,0510, 02,0510, 0.75,1.13, 115,173, 150,225 0.23,0.35, 1.33,2.00,
15,20,25 15,2025 150 2.30 3.00 047 2.66

Ul Uit 044,110, 022,055 166,250, 1.66,250, 1.66,2.50, 1.66,250, 1.66,2.50,
221,331, 110,166, 333 3.33 3.33 3.33 3.33
441,552 221,276

Unf® (CM/s) 045 0.9 0.45 0.69 0.9 0.14 0.80

" 0.9 0.9 0.9 0.9 0.9 0.9 0.9

D (m) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

H (m) 0.2 0.2 0.2 0.2 0.2 0.2 0.2

2 The minimum fluidization velocity (um?) calculated according to Wen and Yu (1966) %8 at £=0.425.

System dimensions, boundary conditions and numerical solution schemes

A three-dimensional liquid-solid fluidized bioreactor was simulated using ANSYS Fluent
software package (ANSYS, USA). The reactor was 0.10 m in diameter and 0.2 m in height. The
computational domain was created using a hexahedral mesh (cf. Figure 1b and 1c). The simulation
parameters and operational conditions are listed in Table 1. The minimum fluidization velocity (Ums)
was calculated by the correlation (Wen and Yu %8, 1966). Three particle sizes were simulated in this
work, while the total particle surface area remained the same in all the cases. Initially, the particles
were regularly distributed in the reactor, the liquid phase velocity and particle velocity was set to
zero. The uniform velocity distribution and the pressure outlet boundary conditions were given at

the inlet and the outlet, respectively. The outlet pressure was set as atmospheric pressure, and the
14



1

2

3

0 N o U»n

10

11

12

13

14

system was isothermal (25 “C). The concentrations of liquid phase at the inlet and outlet were
assumed to be zero. The particle velocity at the inlet was set to zero, and the walls were with the no

slip boundary conditions.
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Figure 2. The effect of the mesh size on the simulation results: (a) averaged solids volume fraction vs. time; (b)
pressure drop  vs. time; and (c) shear stress distribution (particle size: 3 mm; density: 1100 kg/m?3; liquid velocity:
0.015m/s).

In the CFD-DEM method, the information of each particle such as velocity or position was

obtained by solving the equations of particle motion. The solids volume fraction in each

computational cell was calculated from the positions of the particles determined by the simulation.

The differential equation to describe the liquid phase motion was solved using the SIMPLEC

numerical method. The averaged velocity and pressure of the liquid phase in the fluid meshes and

the solids volume fraction were used to calculate the drag force, buoyancy force, and virtual mass
15
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force and pressure gradient force acting on the particles in the meshes. Momentum exchange
between particle and fluid was calculated by averaging over the particles in a fluid mesh. At each
time step, the CFD solver iterated until the flow field converged to a stable solution, and the
corresponding interaction forces between liquid and particle phases were then passed to the next
time step.
Determining simulation resolution

Four different mesh numbers (16800, 5280, 1932 and 816) were considered to investigate the
influence of the mesh size on the simulation results; the averaged mesh sizes (in terms of the edge
length of a cubic cell) were approximately equal to 1.5d,, 2.2dp, 3.1d, and 4.1dp, respectively. The
simulation results for different mesh sizes, including the averaged solids volume fraction and the
pressure drop vs. time and the shear stress distribution (based on the particles from 5 s to 20 s,
calculated via Eqg. (12)), are shown in Figure 2. N7 (t) is the number of particles with a shear
stress located between zx and zx+1, N, is the total particle number in the reactor, N, is the number

of time steps, ANZ* s the percentage of particles with a shear stress falling between = and zy+1.
N

T, :SF—d, where F, is the drag force between the liquid and the particle, and Sp is the particle
p

surface area. The apparent discrepancy of shear stress distribution obtained with the mesh number
of 816, compared to those from the other mesh numbers, can be seen in Figure 2c, which suggests
that this lowest mesh number cannot render a realistic fluid field. It also can be seen the mesh
numbers of 16800, 5280 and 1932 led to similar simulation results. Therefore, the mesh number of

5280 was adopted for all simulations in this study.

AN;:A ~ 1 N, N:km (t)
N N, N

t t p

(12)

16
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Figure 3. The effect of the time step on the simulation results: (a) averaged solids volume fraction vs. time; (b)
pressure drop  vs. time; and (c) shear stress distribution  (particle size: 3 mm; density: 1100 kg/m?; liquid
velocity: 0.015m/s).

In CFD-DEM simulation, the time step for tracking particle was determined by
Vt = z/m/k /5%, which is 1.9x10%s (3 mm in diameter and 1100 kg/m? in density) with the
current computational conditions. A smaller particle time step of 1.0x10*s was used to model the
contact between the particles and the collision between the particles and the bioreactor’s wall.
Generally, the fluid flow time step size is set to be an integer multiple of the particle time step. In
this work, three fluid flow time steps 2.0x10-3s, 1.0x103s and 5.0x10s were considered, to identify
a time step size for better convergence and for accurately capturing the local hydrodynamics of the
liquid-solid fluidized bed. It can be seen from Figure 3 that these time step sizes led to similar

simulation results. Therefore, the time step of 1.0x10-3s was used for all further simulation in this
17



10

11

12

13

study.

N¢
- 1 Z:VDNpclt
£, =—-
i Nt VCi
Np&i-t
1 N, p,z,ci,t(k)
k=
Voro =
Nt t Np,c,t

Table 2. Parameters Used in the Experiments ® and the Present Model for Model Validation
Experiment Simulation

Material Glass beads Glass beads

dp (mm) 3 3

pp (kgim?) 2500 2500

1 (kg/md) 998 998

u, (Pass) 0.001 0.001

f - 0.3

Np 9.7 kg 270000

K (N/m) - 800

u (m/s) 0.07,0.10,0.13 0.07,0.10,0.13

Uit 1.7,24,31 1.7,24,31

n - 0.9

D (m) 0.14 0.14

H (m) 15 15

RESULTS AND DISCUSSION

(13)

(14)

In this section, model validation against literature experimental data is first presented.

Thereafter, simulation results are presented to reveal the impact of superficial liquid velocity,

particle size and particle density on solids volume fraction, shear stress, shear stress distribution and

liquid-solid mass transfer. Unless specified otherwise, the simulations assume the particle size and

density to be 3 mm and 1100 kg/m?3, respectively.

Model validation

The simulation results were compared with the experimental data from the work by Limtrakul

18
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etal. 8, on a solid-liquid fluidized bed with mono-disperse glass beads. In the reported experiments,
the liquid flow was measured by a turbine meter, and computer-aided radioactive particle tracking
(CARPT) and computer tomography (CT) were used for the measurement of solid holdup and solid

motion, respectively. Detailed settings of the experiments®” and the simulation (this work) are listed

in Table 2.
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Figure 4. (a) Averaged solids volume fraction vs. time and (b) pressure drop vs. time, from CFD-DEM simulation.
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Figure 5. Comparison of simulated results and experimental measurement (Limtrakul et al. %) at the liquid
velocity of 0.07 m/s: (a) Profile of time-averaged solids volume fraction, (b) Profile of time-averaged axial
velocity.

Figure 4 shows the averaged solids volume fraction (calculated over only the cells that contain

particles) and pressure drop of the bed vs. time, obtained by simulation. It can be seen that both

quantities initially vary significantly but gradually settle after 10 seconds, suggesting the bed
19
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approaches a steady state. The time-averaged overall solids volume fraction based on the data after
10 seconds was calculated as 0.46, which is very close to the experimental data (0.43) and the overall
solids volume fraction of 0.44 calculated by Limtrakul et al. 8 using bed expansion and pressure
drop techniques at the same operation conditions. Figure 5a compares the time-averaged radial
solids volume fraction between the simulation result and the experimental data at 0.39 m above the

inlet plane. The time-averaged radial solids volume fraction was calculated by the Eq. (13), where

N, is the total number of time step, V, is the particle volume, N is the particle number in

p

celliattimet, V, isthevolumeofcelli, &,  isthetime averaged solids volume fraction. The

P.Gi

simulation result shows a reasonable agreement with the experimental data, with an expected profile

featuring lower values at the center and higher values near the vessel wall.
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Figure 6. Comparison of time-averaged particle axial velocity between simulated results and experimental

measurement (Limtrakul et al. ) at the different liquid velocity: (a) 0.1 m/s, (b) 0.13 m/s.

On the time-averaged axial velocity of the particles, Figure 5b shows comparable trends
between the simulated result and the experimental data. The time-averaged axial velocity of the
particles was calculated by the Eq. (14), where \/p_C is the time averaged axial particle velocity,
N, . is the particle number in cell i attime t, v, is the particle velocity in cell i at time t. In

particular, the simulation correctly predicted that the axial velocity of particles is positive at the
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center and negative near the wall; the radial transition position where a zero time-averaged axial
velocity occurs appears to be between 0.55 and 0.65. This indicates that the particles flow upward

at the center and downward near the wall.
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Figure 7. Profile of particle Reynolds number at different superficial liquid velocities (Casel).

Figures 6(a) and 6(b) further compare the time-averaged axial particle velocity between

simulated results and experimental measurement with the liquid velocity being 0.1 m/s and 0.13

m/s, respectively, Together with Figure 5, the simulation results show a reasonable agreement with

the experimental data, despite the deviation over certain intervals of the dimensionless distance

which may be caused by the omission of the Basset force and the lubrication force in the model and

by the empirical nature of (i) part of the model (e.g. the drag force model) and (ii) some of the model

parameters (e.g. those in the collisional model). The proposed CFD-DEM model was then used to

assess a liquid-solid fluidized bed bioreactor proposed for the expansion of the stem cells, with the
21
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results presented in the following sections.
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Figure 8. Distribution of shear stress on particles at two superficial liquid velocities (Casel): (a) 0.005 m/s (b)
0.015 m/s.

Effect of superficial liquid velocity

Figure 7 shows the snapshots of particles Reynolds number at 40 seconds with different liquid

velocities. Only particles with their centers located in the 10 mm thick central slice of the bed in the

Y direction are shown. It can be seen that the increase of liquid velocity brings a great level of

energy input to the column, leading to the increase of the particles velocity, the Reynolds number

and the bed height.
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Figure 9. Distribution of shear stress on particles for different particle diameters: (a) 3 mm (Casel), (b) 5 mm
(Case2).

The range of shear stress that the stem cells are exposed to can vary considerably due to the
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difference in the bioreactor configuration and the operation conditions. As shear stress plays a key
role in the health, proliferation and differentiation of stem cells, the shear stress distribution in the
bioreactor has been analyzed at different operation conditions in this study. Figure 8 presents the
distribution of shear stress on the particles averaged over each of four different time intervals with
the liquid velocity spanning between 0.005 m/s and 0.015 m/s. The vertical axis is the particles
number density, calculated via Eq. (12) (based on all particles in the time interval), i.e. percentage
of particles falling within a unit interval of shear stress. It can be seen that the change of the shear
stress after 5 seconds is very small at the liquid velocity of 0.015 m/s. The shear stress distribution
also settles to a stable profile after 10 seconds at the liquid velocity of 0.005 m/s. Thus, a comparison
of the shear stress distribution averaged from 10 to 20 seconds was considered for different liquid
velocities, shown in Figure 9. One can see that with both particle sizes (3mm and 5mm) the liquid
velocity affects the shear stress distribution rather modestly after it exceeds the minimum
fluidization velocity (0.0045 m/s and 0.009 m/s, respectively). On the other hand, there is an
apparent difference of the shear stress distribution between the two cases which are different in
particle size, whose importance is discussed in the next subsection.
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Figure 10. Overall Sherwood number of the oxygen and glucose at different liquid velocity (Casel).
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Figure 12. Time-averaged solids volume fraction at different liquid velocities on the y=0 plane (Casel).
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The solid-liquid mass transfer in a fluidized bed has been widely measured in the literature,
and empirical and semi-empirical correlations proposed. The well-known Froessling ¢! correlation
can be used to predict the mass transfer rate in a single sphere; however, for a multi-particle fluidized
bed system, the mass transfer rate around one particle will be affected by the surrounded particles.
In this study, the correlation proposed by Gunn 62 (Eq. (15)) was used to estimate Sherwood number
(Sh) in the reactor, where ¢, is the voidage, Re'p is the particle Reynolds number based on
superficial velocity, Sc is the Schmidt number. The correlation was developed based on data
obtained from experiments with fixed and fluidized beds, and has been shown to offer a reliable
prediction of mass transfer in the simulation of fluid-particle systems®® 6+ 65 and provide a
reasonable estimate of the Sherwood number €6,

Using Eg. (15) and the local information obtained from the CFD-DEM simulation for the
fluidized bed, such as the local liquid velocity and volume fraction, and the velocity and position of
each particle in all CFD-DEM cells (these parameters are assumed being homogeneous in each
computational cell), local mass transfer coefficients between particles and the surrounding fluid
were predicted. The diffusion coefficients for glucose (1.05 x 101 m?/s) and oxygen (1.82 x 10-°
m?/s) (needed for calculating the Schmidt number) were obtained from the literature ¢ 8, The
effective diffusivity in porous media was assumed as identical to the molecular diffusivity; the
porosity effects were not taken into account . It can be seen from Figure 10 that the overall Sh of
the reactor increases monotonically with an increase of superficial liquid velocity. This is due to the
fact that the increase of the superficial liquid velocity intensifies the fluid flow in the vicinity of the
solid-liquid interface and reduces the thickness of the liquid film around the particles, causing an
increase in the mass transfer coefficient. Note that the calculation of the overall Sh shown in Figure
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10 (and Figures 15 and 20 later in the paper) was carried out assuming homogeneous solids
distribution within the reactor. In contrast, the local time-averaged Sh profile was calculated at the
individual cells level, via Eq. (16), where ﬁ is the local time averaged Sherwood number in

cell i, N, isthe number of time steps, and Shci ¢ Is local Sherwood number in cell i at time t. The

t
local time-averaged Sh profile for the oxygen at different liquid velocities on the y=0 plane is shown
in Figure 11 for a particle size of 3 mm. It can be seen that beyond the liquid velocity of 0.01 m/s,
the effect of the liquid velocity on the mass transfer coefficient becomes rather insignificant. The
profile for glucose (not shown) is similar. Figure 12 shows the time-averaged solids volume fraction
(calculated via Eq. (13)) for different liquid velocities on the y=0 plane, indicating that the solids
volume fraction (hence the number of stem cells attached to the particles surface in the bioreactor)
is low in the center and high near wall, at liquid velocities greater than 0.01 m/s. Although the
Sherwood number has a relatively uniform distribution in the reactor, a higher cell density in the
region near the wall may lead to an insufficient supply of oxygen and glucose, particularly with

liquid velocities in the upper-middle range (0.015 — 0.02 m/s), which is an aspect of the bioreactor

operation that requires attention in future experimental studies.

Sh=(7-10¢, +5¢°)(1+0.7Re *?Sc”**)

. (15)
+(1.33-2.40¢, +1.205%)Re 'S

- 1 N¢
Sh, =—>"Sh_, (16)
i Nt : i
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Figure 13. Profile of particle Reynolds number with different particle sizes (Case3, Case4, and Caseb).
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Figure 14. Distribution of shear stress on particles at two different Vi/Vms (Case3, Case4, and Case5): (a) 1.66, (b)
3.30.

Effect of particle size

To investigate the effect of particle size on a comparable basis, a total particle surface area
sufficient for the attachment of 5 X 108 monolayer cells was maintained across all the cases
presented in this subsection, assuming a cell density of 1 X 10° cells/cm?. Thus the particle
number corresponding to a particle diameter of 3 mm, 4 mm and 5 mm are 17600, 9900 and 6300,
respectively. Figure 13 shows the instantaneous particle Reynolds number and particles’ position

for three different particle sizes at the same operational conditionV, /V . = 2.50 (the ratio of
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superficial liquid velocity to minimum fluidizing velocity). Only the particles whose centers are

located in the 10 mm thick central slice of the bed in the Y direction are shown. Owing to the fact

that a smaller particle size leads to a higher specific surface area, the cases with smaller particles

have lower solids volume fractions when offering the same total surface area as assumed here.

Therefore, the solids volume fraction monotonically increases with the increase of particle size.

Figure 14 shows the time-averaged shear stress distribution based on all particles from 10 sto 20 s

for three different particle sizes. It appears that the increase in particle size tends to widen the shear

stress distribution and also shift the distribution towards higher values. Although not very visible

from Figure 14, the simulation results showed that a small portion of the particles of 5 mm for

different operational conditions reach a maximum shear stress of 2.2 Pa. Clearly, a larger particle

size leads to a higher local solids volume fraction, as just discussed, which in turn results in a higher

local relative velocity, hence higher shear stress. On the other hand, a larger particle size required a

higher shear stress to overcome the gravity effect. These results suggest that when a larger particle

size is adopted, special care needs to be given to the monitoring of the unevenness of shear stress

distribution within the bioreactor and of regions of particularly high shear stress, both of which

could lead to local disparity in the proliferation and differentiation of cells in the reactor. In particular,

for the specific application intended by this work, i.e. expansion of MSCs, the desirable range of

shear stress is below 1 Pa (as stated earlier in Introduction), the simulated distribution of shear stress

for the case with 5 mm carriers suggests that this particle size might not be suitable if issues such as

unwanted induction of differentiation are to be avoided.
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Figure 15 presents the overall Sh number of oxygen and glucose for different particle sizes and

liquid velocities. The mass transfer coefficient increases with the particle size, which again is due

to a higher local relative velocity stemming from a higher local solids volume fraction. On the time-

averaged solids volume fraction, Figure 16 shows a remarkable degree of inhomogeneity within the

bioreactor when Vi/V is 2.50, observable for all particle sizes. In contrast, Figure 17 shows that a

relatively uniform distribution of Sh is obtained regardless of the particle size. Thus, similar to what

was already discussed with the effect of liquid velocity (previous section), concerns on the

sufficiency of oxygen and glucose supply in these cases should be associated with high solids

volume fractions at some local regions in the bioreactor, as opposed to low mass transfer coefficients.
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Figure 19. Distribution of shear stress on particles at two different Vi/Vms (Case3, Case6, and Case7): (a) 1.66, (b)
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Figure 22. Time-averaged profile of Sherwood number for the oxygen on the y=0 plane (Case3, Case6, and
Case7).

Effect of particle density

Figure 18 shows the instantaneous profile of particle Reynolds number (40 s) at three different
particle densitieswhen 'V, /V,, is 3.30. Same as before, only the particles whose centers are located
in the 10 mm thick central slice of the bed in the Y direction are shown. The larger the particle
density is, the higher the particle Reynolds number becomes; this is expected because the fluidized
bed with a larger particles density requires a higher liquid velocity. It can also be seen that the bed
expansion heights in the fluidized bed for three different particle densities at the operating condition
of V, /V,, =3.30 are almost the same. Figure 19 presents the shear stress distribution based the
particles from 10 s to 20 s at three different particle densities. It shows that the shear stress
distribution range can increase considerably with the particle density and also shift the distribution
towards higher values; the liquid velocity has little effect on the shear stress distribution. The results
demonstrate that a desirable level of shear stress on particles, preferred either for cells expansion
(e.g. below 1 Pa, as in the case of the application intended by this work) or for inducing the
differentiation of stem cells toward specific directions (e.g. in the region of 1.5 Pa, as in some
literature cases 3 %), can be achieved by using particles with a suitable density. On the mass transfer
coefficient of the oxygen and glucose, Figure 20 shows the increase of particle density can improve
the overall mass transfer rate of the oxygen and glucose in the bed. This is also expected, and is due
to the fact that the particles with a larger density require a higher liquid velocity at the same
operating condition (V, /V ). With respect to the solids volume fraction, as mentioned above,
Figure 21 shows similarity in the time-averaged solid volume fractions for three different particle
densities, and it can be seen that the solids volume fraction is low in the core region and high near
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the wall. Finally, Figure 22 shows that compared to lower particle densities, the particle density of
1200 kg/m? obtains a higher Sh due to the reason that a higher liquid velocity is required for the
particle with a larger density. Overall, the simulation results indicate that particles with a density of
1025 kg/m3 would require a lower liquid fluidization velocity and render a narrower shear stress
distribution, while a low mass transfer coefficient for the oxygen and glucose is inevitable due to
the low liquid velocity.

CONCLUSIONS

Considering a solid-liquid fluidized bed bioreactor proposed for the expansion of mesenchymal
stem cells, this work has adopted a CFD-DEM numerical method to simulate the complex
multiphase flow in the reactor and to study the impact of key process parameters. This method
makes it possible to analyze the shear stress on each particle, and to generate local particle and fluid
phase information in the bioreactor.

For the model validation, the time-averaged solids volume fraction and axial particle velocity
predicted by the CFD-DEM model were compared with literature experimental data, which showed
a good agreement. Using the validated model, effects of different operational conditions and
parameters, such as the superficial liquid velocity, particle size and particle density on the bed height,
solids volume fraction, shear stress on the particles and the liquid-solid mass transfer coefficient of
oxygen and glucose were analyzed. Simulation results show that a specific level of shear stress on
particles, as may be needed to either avoid or induce the differentiation of the stem cells, can be
achieved by choosing the particles with suitable size and density; the mass transfer coefficient of
oxygen and glucose can be improved by raising the superficial liquid velocity and using particles
with different sizes; the liquid velocity has little effect on shear stress; and the particle density has
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a great effect on the mass transfer coefficients. To improve the homogeneity of shear stress within

the bioreactor as required by its intended use for hMSC culture, a smaller particle size and a lower

particle density are recommended based on the observations from this study, although one should

bear in mind that adopting a lower particle density may limit mass transfer due to a lower maximum

liquid velocity permitted to retain the particles. This work also shows the potential of the CFD-DEM

method in studying fluidized bed based 3D cell culture processes; combining this modelling

technique with experimental explorations could prove fruitful in the future development of

bioreactors for novel bioengineering applications.
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