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Abstract

It is well-known that the response of photosynthetic microorganisms in photobioreactor (PBR) is greatly influenced by the geometry of
the process, and its cultivation parameters. The design of an adapted PBR requires understanding of the coupling between the biological
response and the environmental conditions applied. Cells culture under well-defined conditions are thus of primary interest. A particular lab-
scale PBR has been developed for this purpose. It is based on a torus shape, that enables light to be highly controlled while providing a
very efficient mixing, especially along the light gradient in the culture, that it is known to be a key-parameter in PBR running. A complete
characterization of hydrodynamic conditions is presented, using computational fluids dynamics (CFD). After validation by comparison with
experimental measurements, a parametric study is conducted to characterize important hydrodynamics features with respect to PBR application
(light access, circulation velocity, global shear-stress), and then to investigate a possible optimization of the process via modification of the
impeller used for culture mixing. The final part of the study is devoted to a detailed investigation of mixing performance of the torus PBR, by
numerically predicting dispersion of a passive tracer in various configurations. The high degree of mixing observed shows the great potential of
such innovative geometry in the field of photosynthetic microorganisms cultivation, especially for the design of a lab-scale process to conduct
experiments under well-controlled conditions (light and flow) for modeling purpose.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Photosynthetic microorganisms like microalgae and
cyanobacteria have a high potential in various areas, including
food (as feed for larvae and juveniles of bivalve molluscs),
pharmacology (bioactive molecules, toxins), cosmetics (pig-
ments), environment (CO2 removal, wastewater treatment) and
even energy production (H2). But, despite this well-known po-
tential, examples of industrial valorizations remain scarce, and
are mainly restricted to particular applications, like biomass or
pigments production in mass culture (Lorenz and Cysewski,
2000; Olaizola, 2003). Difficulty of proposing adapted pro-
cesses, called photobioreactors (PBR), that permits to reach
sufficient productivity, is mainly explained by the complex in-
teraction between the photosynthetic microorganisms growth
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and culture conditions. Preliminary investigations in a fully
characterized process, where all pertinent parameters can be
controlled with high accuracy, are thus of primary interest. By
this way, culture parameters can be first optimized at the lab-
scale, including a modeling approach, and an adapted industrial
sized PBR with economic feasibility can next be proposed in a
second time.

Many examples of PBRs are found in literature (Pulz, 2001;
Tredici and Materassi, 1992) but generally developed for par-
ticular applications. There are only few examples of geometries
for fundamentals studies under well-defined conditions (Cornet
et al., 1994, 1998; Csogör et al., 1999; Hoekema et al., 2002;
Wu and Merchuk, 2001). Whatever is the application, light re-
veals to be the major factor controlling, and often limiting, the
productivity of bioprocess involving photosynthetic microor-
ganisms (Richmond, 2004). Because of the cell concentration,
light is highly absorbed and diffused when crossing the cul-
ture (Cornet et al., 1998; Csogör et al., 2001). This leads to
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an heterogeneous radiation-field, that prevents light to be
considered as a common substrate, like mineral nutrients for
example, where a homogeneous concentration can often be
supposed in a first assumption (well-mixed reactor). To relate
the light supply to the culture growth, light attenuation in the
biological turbid medium must be accurately described. This
determination is not trivial, and is highly correlated to the
PBR geometry (Cornet et al., 1998). Analytical and accurate
solutions are facilitated if the one-dimensional hypothesis on
the radiation-field can be done, i.e., light attenuation occurs in
a unique main direction, perpendicular to the illuminated face
of the PBR (Cornet et al., 1995, 1998). For more complex
geometries, numerical resolution of the radiative transfer equa-
tions has to be performed, but it is time-consuming, reducing
interest in the field of a fully controlled process definition,
where various parameters can be modified easily. This explains
why most of PBRs, especially those involved in fundamental
studies and modeling, are naturally designed under the one-
dimensional hypothesis, like rectangular geometries with an
incident perpendicular radiation-field (Chini Zitelli et al., 2000;
Cornet and Albiol, 2000; Hoekema et al., 2002), cylindrical
ones with external radial illumination (Cornet et al., 1998), or
annular ones with internal radial illumination (Muller-Feuga
et al., 2003a; Ogbonna et al., 1996).

A second important parameter is the hydrodynamics applied
in the geometry. The culture must be sufficiently mixed to pre-
vent flowing cells from sedimentation and to homogenize nu-
trients concentration. But, it is indeed known from an experi-
mental basis that hydrodynamics can have additional complex
effects on photosynthetic microorganisms (Muller-Feuga et al.,
2003a,b; Richmond, 2004; Wu and Merchuk, 2002). This in-
fluence can be related to two different reasons, that are the
shear-stress effect on living cells, and the homogenization of
the light received per cell. The first one is a common problem
encountered in all cell-sensitive cultures, as with mammalian
cells for example (Curran and Black, 2004; Elias et al., 1995),
but despite its apparent simplicity, shear-stress effect on living
medium is very difficult to fundamentally investigate (Ghadge
et al., 2005; Pruvost et al., 2004b). It is indeed well-known that
some species are especially sensitive to the mechanical shear
that appears in a disturbed flow, and the mixing can then be in
extreme cases the critical parameter of the application (Barbosa
et al., 2004; Sanchez Miron et al., 2003; Wu and Merchuk,
2002). But how to characterize and formulate effects of shear-
stress on a living cell is still a problem to solve. From a physi-
cal point of view, mechanical effects of a given hydrodynamics
on a particle (a living cell in this case) can be of various forms
(Ghadge et al., 2005), including the different components of
the shear-stress tensor as well as pressure gradients, and their
respective time variation if the flow is turbulent. From the bi-
ological point of view, cell response to shear-stress is highly
related to the species considered, and can be of various na-
tures, ranging from an alteration of the physiological behav-
ior to the cell alteration and destruction (Jaouen et al., 1999).
These responses are certainly a function of the shear-intensity,
its nature and the time of exposition to a particular intensity.
This complexity explains why effects of shear-stress on a living

medium (and especially for photosynthetic microorganisms)
remain rather unknown, and thus uncontrolled.

In contrary to the shear-stress, effects of mixing on the light
received by each cell of the overall population is specific to
the photosynthetic microorganisms (Wu and Merchuk, 2001,
2002). Indeed, because of the heterogeneous radiation-field in
the photobiorector, each cell receives instantaneously a specific
amount of light. It is thus important to generate hydrodynamic
conditions that promote mixing along the light gradient so as
to homogenize light received by each cell with respect to time.
Each individual cell will have a behavior representative of the
global culture, and the modeling of the biological response will
then be performed more easily, using standard growth models
applied on the overall biomass. Such approach is usually con-
ducted in PBR modeling, but it must be noticed that it implies
a well-mixed assumption of the culture with respect to the light
gradient. If not the case, difference in residence time in differ-
ent depths of culture will lead to a non-negligible influence of
flow conditions (Cornet et al., 2003; Luo and Al-Dahhan, 2004;
Pruvost et al., 2002). It must be added that, for certain species,
a second possible effect can result from an intensive mixing
along the light gradient, that makes photosynthetic microor-
ganisms subjected to light intensity variations in PBR. This is
especially the so-called light/dark cycles effects, as observed
in many studies (Grobbelaar et al., 1996; Janssen et al., 1999;
Lee and Lee, 2001; Merchuk et al., 1998). Influence of such a
phenomenon on PBR performance remains, as for shear-stress,
rather misunderstood. Light regime in PBR is indeed complex
and can only be characterized if those light–dark cycles effects
are known, that implies light attenuation and cells trajectory
to be both determined, each being a physics complex problem
(on its own). Assuming a radiative model is available, cells
trajectory can be obtained by, for example, radioactive parti-
cle tracking (Luo et al., 2003), or with a Lagrangian approach
(Muller-Feuga et al., 2003b; Pruvost et al., 2002). For the last
one, the flow-field must be well-determined in the all geom-
etry. The light regime finally obtained has then to be linked
to the physiological response, that is another delicate problem
considering its complexity (Cornet et al., 2003; Janssen et al.,
1999; Luo and Al-Dahhan, 2004, Pruvost et al., 2002).

In this study, a laboratory-scale PBR designed to conduct
cultures under well-defined and controlled conditions is pre-
sented and investigated. In addition to classical bioreactor con-
trols like pH or temperature, the set-up allows a simple and
accurate determination of the light received by the culture,
while providing good mixing conditions. To satisfy both condi-
tions, the PBR presents flat surface and an internal torus shape
(Fig. 1(a)). Light transfer aspect in such geometry has been
treated elsewhere (Pottier et al., 2005), and the assumption of
the one-dimensional hypothesis for radiative transfer model-
ing was especially verified. This study is especially focused
on hydrodynamic aspects. With regard to mixing, some stud-
ies have shown interest of loop configurations like torus shape
reactors, but in the field of biochemical applications like en-
zymatic reactions (Legrand et al., 1997; Nouri et al., 1997),
or heterogeneous liquid–liquid reaction (Tanaka and O’Shima,
1988). A high dispersion is attained, because of Dean vortices
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Fig. 1. Schematic representation of the torus photobioreactor and of both impellers investigated.

generated by the reactor bends, and of the rotation of the ma-
rine impeller that generates a three-dimensional swirling mo-
tion in the geometry (Pruvost et al., 2004c). The combination
of these two effects leads to an absence of dead volumes in
the reactor. Torus reactors appear thus as an interesting alter-
native to classical cylindrical stirred tanks usually employed in
mixing applications. For microalgae culture, and especially if
reactors of high efficiency are needed, tank geometries are not
suitable because of a limited surface to volume ratio compared
to flat geometries. By combination with good mixing condi-
tions, the proposed torus PBR allows a large illumination front
surface for a given culture volume, that makes it interesting for
preliminary laboratory investigations. One possible drawback
of such a geometry is the eventual shear-stress field that is not
perfectly controlled (but it is also the case in stirred tanks), and
remains heterogeneous, as in the impeller region, where relative
high shear-stress can be achieved. But, the loop configuration
of the torus geometry has theoretically two advantages. The
first is that the recirculation in the loop implies the entire cul-
ture to cross the impeller region at each new revolution in the

geometry, and thus all cells are subjected to undergo an almost
identical history with respect to shear-stress. This will facili-
tate the understanding of the global response of the culture to
shear-stress generated in the geometry. The second advantage
of the loop configuration is that low impeller rotation speeds
generally allow an efficient mixing. It is thus expected that in
such geometries, shear-stress will be kept sufficiently low to
prevent from adverse effects on the culture.

In any case, to relate with accuracy process parameters to
the biological response, conditions in the PBR need to be well-
defined. To characterize hydrodynamics as a function of oper-
ating parameters in the torus shape PBR, computational fluids
dynamics (CFD) will be employed. Such a tool has been suc-
cessfully applied and validated on a reactor of almost similar
geometry, but not devoted to photosynthetic microorganisms
culture (Pruvost et al., 2004c). Major characteristics of flow
in torus geometries were emphasized, especially the competi-
tion of Dean vortices that appear when an axial flow occurs in
bends, with the solid-body rotation involved by the swirl flow
generated by the impeller rotation. Because of the decay of the
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swirl intensity with the distance from the impeller, competition
between both phenomena evolves in the geometry, resulting in
non-established flow conditions with respect to the axial di-
rection. It was especially shown that highest swirl motion was
not achieved at higher impeller rotation speed. Under low ro-
tation speeds of the impeller, due to the reduction of the axial
pumping effect of the impeller and its influence on Dean vor-
tices appearance, the swirl flow maintains further away in the
reactor.

In this study, mixing conditions are especially investigated
with respect to photosynthetic microorganisms application. Af-
ter validating the numerical modeling of the PBR with experi-
mental measurements obtained using particle image velocime-
try (PIV), a complete numerical study is conducted and results
for two types of impeller at various rotation speeds are pre-
sented. Some global values are defined to focus on the PBR
application, by linking flow conditions to cells sedimentation,
light access, shear-stress, etc. Next, by solving numerical dis-
persion of a passive tracer in unsteady state, performance of the
reactor is investigated in term of mixing time. Finally, lateral
dispersion in the reactor was characterized using a steady-state
resolution of tracer dispersion. Combined with flow structure
visualization, it allows a detailed study of the movement gen-
erated along the light attenuation, emphasizing interest of the
torus PBR to generate effective light access conditions.

2. Photobioreactor description

The PBR is presented in Fig. 1(a). Illuminated surface of
0.0325 m2 is of torus shape with an external radius Rc=0.13 m,
the length Lz of the loop being 0.82 m (Fig. 1(b)). The reac-
tor is managed in PMMA (polymethyl methacrylate) and is
thus fully transparent. To prevent from optical distortion and to
avoid curved surface perpendicular to the emitting direction of
the light source, the front surface is plane, and the torus chan-
nel is square-sectioned with a gap width Lx = Ly = 0.040 m,
leading to a reactor volume of 1.3 l (Fig. 1(b)). The light sup-
ply is placed in front of the geometry, light emission direction
being perpendicular to the illuminated surface of the reactor
(Fig. 1(a)). By this way, light attenuation in the depth of culture
(along y-distance) can be considered monodirectional, allow-
ing simple light transfer models to be applied in further inves-
tigation of the radiative-field in the PBR (Pottier et al., 2005).
The culture is circulated by the rotation of a marine impeller.
The PBR can receive a complete loop of common sensors and
automations for microalgae culture, namely, temperature, pH,
dissolved oxygen concentration and gas injection (CO2 and
N2). Because no measurements are presented using microalgae
culture, this reactor part will not be described.

Two types of marine impeller have been used in this study
(Fig. 1(c)), both having same diameters of 0.036 m. The first
is of classical type (impeller 1), with three flat blades and
a blade pitch angle of 45◦. The second is especially shaped
for axial pumping (model S215 “high efficiency propeller”,
Prather—http://www.pratherproducts.com), with two curved
blades and a blade pitch angle of 37◦ (impeller 2). The rotation
speed can be ranged from 0 up to 1000 rpm, and is measured

using an optical tachymeter. Both impellers are shown in
Fig. 1(c).

3. Hydrodynamics characterization

3.1. Numerical prediction

3.1.1. Mesh consideration
A similar approach is conducted as already described in de-

tails in Pruvost et al. (2004c) for the simulation of another torus
geometry using FLUENT software (Fluent Inc). Only main
characteristics are presented in this study. The torus shape is
three-dimensionally meshed using the GAMBIT software (Flu-
ent Inc). The resulting grid is shown in Fig. 2. Because of the
complex geometry of both impellers, hybrid meshes are re-
tained, with an irregular zone composed of tetrahedral volumes
and prisms in the impeller region, and a regular mesh with
elementary hexahedral volumes elsewhere. In the irregular part,
cells density is refined as going closer to the impeller. Pruvost
et al. (2004c) have investigated effect of the near-wall consider-
ation for torus reactor simulation. The standard approach with
application of a wall-function based on the universal logarith-
mic profile (standard wall-function) was found to give satisfac-
tory results, in accordance with experimental measurements.
Despite an improvement can be expected with an approach in-
volving a full resolution of momentum equations in the bound-
ary layer like with a low-Re model, the great increase in grid
refinement in the near-wall region, and thus in time comput-
ing, was not found to be justified, only a slight difference be-
ing observed between both approaches (Pruvost et al., 2004c).
A standard wall-function approach is thus retained in this study,
with an adequate meshing in the wall region.

The resulting grid is composed of 738 896 cells. A coarsened
mesh (308 115 cells) was defined to test grid independency. Ex-
ample of results are given in Table 1 (N =400 rpm, impeller 2),
for the mean bulk velocity U0 and for the mean value of tur-
bulent kinetic energy k averaged on the entire reactor volume.
Because only a slight difference is observed between both pre-
dictions, the finest mesh was retained for further investigation.

3.1.2. Turbulence model, boundary conditions and numerical
details

A k–� model (Wilcox, 1998) was used for turbulence mod-
eling. This model was found in Pruvost et al. (2004c) to give
the most accurate prediction by using the commercial code
FLUENT in the case of torus shape reactor simulation. The
torus reactor is of closed type, and thus no inlet or outlet flow
conditions are applied. The flow results from the impeller ro-
tation which is the only driving mechanism. Such a case can
be modeled using a multiple reference frames (MRF) resolu-
tion. Solution is achieved by solving the equations of motion
in two different reference frames, one being the absolute iner-
tial frame, the other attached to the impeller being in rotation
with a rotation velocity equal to that of the impeller. Full de-
scription of the method can be found in Brucato et al. (1998),
and its application to torus geometry in Pruvost et al. (2004c).
The only boundary condition to be specified is the rotation
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Fig. 2. Mesh topology.

Table 1
Examples of grid independence tests (N = 400 rpm, impeller 2)—mean bulk
velocity U0 and mean turbulent kinetic energy 〈k〉 averaged on the entire
reactor volume

U0 (m s−1) 〈k〉/U2
0

Finest mesh (738 896 cells) 0.1633 0.0096
Coarsened mesh (308 115 cells) 0.1649 0.0090

velocity of the impeller. In order to facilitate the convergence
to the steady-state flow, the rotational velocity of the impeller
is increased in two successive steps. An intermediate converged
solution corresponding to the lower speed of rotation investi-
gated (100 rpm) is next used to initialize hydrodynamic values
for higher rotation velocities.

A second order interpolation scheme was applied for all dis-
cretized transport equations (pressure, momentum and turbu-
lent characteristics). Momentum and turbulence equations were
numerically solved using a segregated method, that implies to
solve the pressure–velocity coupling with an iterative correc-
tion procedure “SIMPLEC”. Computations were performed un-
til convergence of all residual criteria was found (no variation).
For all flow-field resolutions, default constants of the turbulent
models retained in FLUENT were employed and a steady-state
calculation was made.

3.2. Particle image velocimetry (PIV) investigation

In order to validate numerical predictions, flow conditions
in the PBR were experimentally investigated. Because of
the set-up transparency that allows optical access and of the
square-sectioned internal duct that prevents from optical distor-
tion, the PIV method is well-suited. The set-up is presented in
Fig. 3. The PIV system used is marketed by Dantec (FlowMap
system), and it consists of a Nd:Yag laser, a CCD camera with
a definition of 768 × 489 pixels and Flowmanager software for
analysis. Results for the axial component U of mean velocity
are presented in Fig. 4 for an acquisition area located at a
distance from the impeller z/Lz = 0.75, and for N = 900 rpm.

Fig. 3. Sketch of the experimental set-up for PIV measurements.

Fig. 4. Comparison between predicted and measured axial mean velocities
(N = 900 rpm, impeller 2, Zimp = 0.75).

Relative agreement is observed between numerical prediction
and experimental measurements. The order of magnitude of
axial velocity is well-predicted, as well as the particular evolu-
tion of its profile. For position far from the impeller, centrifugal
force induced by the bend configuration shifts the maximum ve-
locity towards the outer part of the bend curvature. But it can be
noticed that a small difference between experimental and
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numerical results near walls (error calculation gives a mean
deviation of 5.6% between experimental measurements and
numerical prediction, with a maximum value of 15.3% near
wall). Considering that accuracy of PIV measurements de-
creases slightly in the wall vicinity (which is in the order of
magnitude of errors stated), this is, however, difficult to con-
clude on the numerical calculation relevance in this region
(choice of the near-wall treatment, isotropy of turbulence as-
sumed in k–� model. . .). The numerical procedure described
in the previous section was thus retained.

4. Results

4.1. Global characterization of hydrodynamics characteristics
of the torus PBR

The first part of the numerical investigation is devoted to a
global characterization of hydrodynamic conditions in the torus
PBR as a function of the impeller speed and shape, in the scope
of microorganisms cultivation. Hydrodynamic values linked to
cells suspension, light access and shear-stress were thus es-
pecially considered. In the torus geometry, cells suspension is
achieved if a minimum mean bulk velocity U0 is applied. Light
access given by cells trajectories along the radiation-field is a
more complex function of hydrodynamic conditions. In a first
assumption, it can be supposed to be roughly a function of the
average value of the velocity component Vy along the light gra-
dient (lateral velocity), in this case in y-direction (Fig. 1), and
of the mixing due to turbulence, characterized by turbulent ki-
netic energy k. Because same conclusions have been achieved
with both criteria, only results for the lateral velocity Vy are
presented. To facilitate comparison between different condi-
tions, local values of lateral velocity Vy have been averaged in
the entire reactor volume. Averaged values are denoted by 〈 〉
in figures.

As for the light access, the shear-stress applied to living cells
is difficult to characterize in details. In a first assumption, it
can be related to the strain rate � deduced from the rate-of-
deformation tensor S as follows:

� =
√∑

ij

(Sij Sij ) with Sij =
(

�Ui

�xj

+ �Uj

�xi

)
. (1)

Two global values 〈�〉 and 〈�imp〉 were again defined. They
represent stain rate intensities averaged on the total volume of
the PBR and in the impeller region, respectively (impeller re-
gion is shown in Fig. 2). It is evident that only some trends can
be accessed using such characterization (the resulting shear-
stress field is evidently heterogeneous and, for example, effects
of the turbulent motion on shear-stress fluctuation is not con-
sidered in the definition).

Results for the mean bulk velocity U0 as a function of the
impeller rotation speed are given in Fig. 5. Those results are
compared to the correlation proposed by Khalid and Legrand
(2001), which was established in a torus reactor, but with cir-
cular section. The mean bulk velocity obtained for a given im-
peller rotation speed is even lower in the case under study.
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Numerical results (Impeller 1)
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Fig. 5. Predicted mean bulk velocities U0 as a function of the impeller
rotation speed (dots: numerical results; lines: best fit).

The use of a square-sectioned geometry reduces thus the in-
duced flow rate in the torus geometry (around 10–20%, con-
sidering results in Fig. 5). This result was expected, because a
swirl type flow is better maintained in circular-sectioned pipes.
Considering that only small values of U0 are needed to pre-
vent cell sedimentation, this loss of efficiency is acceptable for
our PBR application. If results obtained between the two im-
pellers are compared, a slight decrease in efficiency is observed
with impeller 2 (15% compared to impeller 1), despite such
an impeller being theoretically better shaped for axial pump-
ing. This is certainly explained by the number of blades and
the resulting surface of pumping, higher in the impeller 1 case.
The special shape of impeller 2 does not compensate for the
difference in pumping surface with impeller 1. Finally, it must
be noticed that all relations between mean bulk velocities and
impeller rotation speeds are strictly linear (in agreement with
correlation of Khalid and Legrand, 2001). Such a linear evo-
lution will facilitate practical utilization of the PBR, to corre-
late cells sedimentation for a given microorganism species to a
minimum mean bulk velocity (for example, experimental ob-
servation with a cultivation of Chlamydomonas reinhardtii in
the torus PBR gives U0 around 0.05 m s−1).

Fig. 6 shows evolution of the average component of veloc-
ity 〈Vy〉 along the direction of the light attenuation in the PBR
(i.e., y-direction), and the shear-stress criteria 〈�〉 and 〈�imp〉, as
a function of the mean bulk velocity U0. For all values, an al-
most linear evolution is still observed. Considering results for
〈Vy〉, due to the rotating axial flow generated by impeller of
marine type, increasing the bulk velocity results in a more in-
tensive movement along y-direction. Significant values of the
lateral velocity component are obtained (around 10% of the
mean bulk velocity), which is interesting for PBR application
(efficient mixing along the direction of light attenuation). Im-
peller 1 appears again to give better results for a given bulk
velocity (40–60% increase). If results for shear-stress are con-
sidered, both impellers result in an almost similar mean shear-
stress obtained in the entire reactor values (values of 〈�〉). This
is not the case for values calculated in the impeller region
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Fig. 6. Predicted global values 〈Vy 〉 and 〈�〉 as a function of the mean bulk velocity U0 (dots: numerical results; lines: best fit).

(location of high shear-stress), a significant local increase being
observed with impeller 1 (30–40%).

This primary investigation permits to draw some interesting
conclusions, as for example the interest in impeller 1 (three-
blades marine impeller) if species cultivated tolerate the shear-
stress achieved in the impeller region. For a given flow rate ap-
plied in the PBR, a more efficient movement is induced along
the light penetration depth. The linear evolutions of mean rele-
vant hydrodynamic characteristics with respect to the impeller
rotation speed is another interesting feature. This simplifies ad-
justment of hydrodynamic conditions. For example, the oper-
ating domain for a given species cultivation in the torus PBR
can be determined by setting a minimum value of U0 to prevent
from sedimentation, and a maximum value of 〈�〉 to remain be-
low cells sensitivity (or 〈�imp〉, depending on the value found
relevant to characterize shear-stress effect on living cells, i.e.,
maximum or mean value of the shear-stress). In this domain,
the mixing along the light gradient can then be adjusted. Influ-
ence of conditions on photosynthetic growth can be next simply
investigated.

4.2. Detailed investigation of mixing in the torus PBR

To complete the preliminary investigation of operating con-
ditions in the torus PBR (mean bulk velocity, light access,
global shear-stress), it appears interesting to further investigate
the mixing in the geometry. The investigation can be divided
into two parts. The first deals with the characterization of the
mixing time, as usually used in stirred tanks studies, and the
second is devoted to a detailed determination of the mixing
along a single revolution in the torus geometry. Both parts are
based on the determination of the transport of a passive tracer,
which is easy to numerically conduct.

The passive tracer was chosen with same physical properties
as the continuous phase (water). In turbulent flows, the diffusion
process has to consider the turbulent mass diffusivity Djt , ex-
pressed in a turbulent Schmidt number, relating turbulent mass
diffusivity to the local value of the turbulent viscosity �t in the
reactor. The turbulent Schmidt number is defined by

Sct = �t

�Djt

. (2)

In turbulent regime, the mass transport equation to solve is

�Cj

�t
+ �V �gradCj = (Dj + Djt )∇2Cj , (3)

where Dj is the usual mass diffusion coefficient obtained in
laminar regime (Dj = 2 × 10−9 m2 s−1 for a passive tracer in
water), and Cj the concentration of the passive tracer. This
transport equation is implemented in Fluent, and values of �t

are obtained from the k–� model. Only the turbulent Schmidt
number value has to be defined to calculate Djt in Eq. (3). It
was set to Sct =1 (Bird et al., 2002). A discretization scheme of
second order was used for the resolution of the mass transport
equation. Depending on the purpose of the study (see further
for details), the resolution was conducted in steady or unsteady
state. It must be noticed that in this part, only Eq. (3) was solved.
Because a passive tracer is used, there is no influence of mass
transport equation on the flow field, and thus, results of the
flow-field obtained in the global characterization of the reactor
with the steady-state resolution of momentum and turbulent
equations are still valid in Eq. (3).

Dispersion studies were done for impeller rotation speeds
leading to turbulent regime, determined by calculating the cor-
responding Reynolds number using the mean bulk velocity U0
predicted before (Re = �U0Ly/�).
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Fig. 7. Dispersion numerical investigation: locations of injections and examples of results.

4.2.1. Mixing performance of the torus reactor
Mixing performances were first evaluated by numerically de-

termining the mixing time in the torus PBR. To evaluate it, a
punctual tracer injection of pulse type was simulated. Mixing
time was determined by the time evolution of the average tracer
concentration on a given flow cross-section. The injection was
located in the same flow cross-section as the monitored surface,
at a distance Zimp = z/Lz = 0.25 from the impeller (as shown
in Fig. 7). To determine the tracer dispersion in the PBR, an
unsteady resolution was carried out. For each case simulated,
it was verified that the time step was sufficiently small to not
influence the dispersion calculation. Influence of the time step
was determined by performing different resolutions, as pre-
sented in Fig. 8. This example (impeller 2, N =500 rpm) shows
clearly that a time step smaller than 0.01 s does not influence
the time resolution (deviation on predicted values of mixing
time between �t = 0.01 s and �t = 0.005 s being below 0.5%).
This procedure was repeated for each case presented.

An example of a complete dispersion resolution is given in
Fig. 9 (impeller 2, N = 400 rpm). The tracer concentration av-
eraged on the monitored surface was normalized by the con-
centration obtained when a total dilution was achieved (final
homogeneous concentration 〈C〉). Mixing time was determined
by the time required for the monitored concentration to reach

Fig. 8. Time evolution of the normalized concentration averaged on a given
flow cross-section (Zimp = 0.25): influence of the time step on the unsteady
resolution (impeller 2, N = 500 rpm) (dots: numerical results; lines: best fit).

〈C〉, with a threshold value of 5%, as summarized in Fig. 9
(Tm = 37.7 s is obtained in this example). Values of mixing
time obtained for different conditions are shown as a function

jaypr
Rectangle 



4484 J. Pruvost et al. / Chemical Engineering Science 61 (2006) 4476–4489

ARTICLE IN PRESS

of Reynolds number in Fig. 10. Mixing time decreases rapidly
with the increase of Reynolds number (and thus impeller rota-
tion speed), and only a weak influence of the impeller type is
observed. The dimensionless mixing time T ∗

m = N.Tm is also
presented. The evolution obtained is classical of a transition
regime, that is characterized by a dependence of T ∗

m to the
Reynolds number, whereas, for high or low Reynolds number,
T ∗

m is found to be independent of the Reynolds number (Harnby
et al., 1997). Curves evolution suggests that a fully turbulent
flow regime tends to be achieved at N > 400 rpm (T ∗

m is then
almost constant). It is always difficult to compare mixing time
between different geometries, because of the dependence of

Fig. 9. Example of mixing time determination: time evolution of the normal-
ized concentration averaged on the monitored surface (Zimp =0.25) (impeller
1, N = 400 rpm).
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Fig. 10. Mixing time numerical results (dots: numerical results; lines: best fit).

such a value to its measurement method (location of the in-
jection, choice of the threshold concentration, etc.). A global
comparison to mixing tanks is nevertheless interesting. As said
before, T ∗

m evolution is a function of the Reynolds number.
Reynolds number definition is evidently different in mixing
tank (there is no bulk velocity), and is given by Rem=�ND2/�.
If N is ranged from N = 250 rpm to N = 900 rpm, the defi-
nitions give corresponding values from 3700 to 17 000 for Re

(based on U0 previous results), and 6600–24 000 for Rem (with
D = Ly = 0.04 m). It can be noticed that, in stirred tanks,
transition regime is supposed for 10 < Rem < 104. The com-
parison of T ∗

m values with classical results achieved in stirred
tanks shows that the torus reactor seems a little less efficient
than stirred tanks equipped with turbine, where T ∗

m values are
in the range of 80–100 (Norwood and Metzner, 1960). When
marine impellers type are employed in stirred tanks, T ∗

m can
increase to values from 200 to 1000, as obtained in this study.
Despite no remarkable improvement can be concluded using
the torus geometry with respect to mixing time, there is also
no important loss of efficiency. In the scope of PBR applica-
tion, it is interesting to consider mixing time with regard to the
mixing of a possible nutrient supply in the medium, as in the
case of fed-batch or continuous cultures. Punctual feeding of
nutrient and the punctual injection simulated are indeed almost
similar. The maximum value of mixing time achieved is in the
range of 90 s. This can be considered sufficiently short to have
rapid homogenization of concentration in the reactor, whatever
is the hydrodynamic condition applied (rotation speed or im-
peller type). This is especially verified for photosynthetic mi-
croorganisms which have low growth kinetics, with generation
time of several hours. This will justify for future PBR model-
ing the common assumption of a well-mixed culture medium,
and thus an homogeneous concentration of nutrients in the
reactor.
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4.3. Investigation of the lateral dispersion

In the field of photosynthetic microorganisms cultivation,
mixing along the light gradient is of critical relevance. It can be
investigated in details by determining the lateral dispersion (y-
direction) of a passive tracer along one revolution of the torus
reactor. The tracer injection was located in the same plane as
before (z/Lz = 0.25). To investigate the lateral dispersion as a
function of the axial distance from the injection (z-coordinate),
tracer injection must be set along a line at y-constant value
(Wen and Fan, 1974). This line is represented in Fig. 7 (central
position in the gap width of the channel). For such an investi-
gation, a time resolution of the tracer transport is not necessary
(Eq. (3) is thus solved in steady state). For this, the tracer con-
centration in the injection is maintained constant (step type in-
jection). Because of the loop configuration of the torus, tracer
concentration in the position immediately preceding the injec-
tion must be imposed to null value, to prevent from perturba-
tion of the injection condition due to tracer recirculation. An
example of dispersion achieved is given in Fig. 7.

To relate the evolution of the tracer concentration to the
lateral dispersion, a criterion �y representing the spatial het-
erogeneity of tracer concentration C along the lateral distance
y was defined. For a given cross-section located at the dis-
tance from the injection Zinj (injection distance normalized
with respect to the torus length Lz), the averaged concentration
achieved is given by

Cxy(Zinj) = 1

Lx − Ly

∫ Ly

0

∫ Lx

0
C(x, y, Zinj) dx dy, (4)

where Lx and Ly are torus channel dimension (because of the
square section, Lx = Ly).

To determine lateral heterogeneity, it is necessary to calculate
the averaged concentration obtained at a given lateral position
y in the cross-section, that gives

Cx(y, Zinj) = 1

Lx

∫ Lx

0
C(x, y, Zinj) dx. (5)

An example of spatial evolution of Cx(y, Zinj)/〈C〉 is given
in Fig. 11 (impeller 1, N = 400 rpm).

The root mean square of concentration variation along
y-distance is then determined:

�2
y(Zinj) = 1

Ly

∫ Ly

0
(Cx(y, Zinj) − Cxy(Zinj))

2 dy. (6)

Finally, criterion �y is given by

�y(Zinj) = �y(Zinj)

�y(Zinj = 0)
. (7)

To investigate influence of the particular flow generated in
the torus geometry, the lateral dispersion was determined in
a straight duct of similar square section as the torus reactor,
leading to a pure axial flow. Inlet conditions were chosen in
order to give established flow conditions, with the same mean
bulk velocity U0 as the one corresponding to a given impeller

Fig. 11. Lateral dispersion investigation: example of Cx/〈C〉 spatial distribu-
tion (impeller 1, N = 400 rpm).

rotation in the torus reactor. The same procedure for numerical
prediction as in the torus case was applied.

In the case of straight ducts, results of �y are presented only
for U0 = 0.085 m s1 and U0 = 0.477 m s−1, corresponding to
mean bulk velocities achieved in the torus reactor with impeller
1 for N = 200 and 900 rpm, respectively (results of �y for
other impeller rotation speeds being included in this interval).
In Fig. 12(a) and (b), results are given for impellers 1 and 2 for
N = 200, 400 and 900 rpm. Results for N = 300 and 500 rpm
are presented in Fig. 12(c).

For all simulations, a similar behavior is observed, with two
characteristic parts, a first one with a rather regular decrease of
the lateral heterogeneity in concentration, followed by a sud-
den drop for several order of magnitude when crossing the im-
peller region (Zinj = 0.75). If the first part is considered, some
interesting points are emphasized. For example, for impeller 2,
the lateral dispersion is better for low values of the impeller
rotation speed, a similar mixing efficiency being achieved as
in the straight duct for N > 500 rpm. Such a result agrees with
previous investigation of classical torus reactor (Pruvost et al.,
2004a,c), where an increase in the impeller rotation speed has
shown a complex influence on the resulting flow, due to the
dual effect of marine impeller on axial flow circulation and
swirl generation. If the impeller rotation speed is too high, a
faster decrease of the swirl motion is observed, explained by
Dean vortices appearance involved by higher centrifugal forces
generated by a high flow circulation in the curved torus geom-
etry. This explains the loss of efficiency on lateral dispersion
for N = 900 rpm. Explanations with regard to flow structure
will be presented later. By comparing both impellers, it again
appears that impeller 1 gives rise to an enhancement of lateral
mixing. Even for high rotation speeds of the impeller, results
are always better than in a straight duct. It can be noticed that
the evolution of the concentration heterogeneity �y with the
axial distance is less regular than for impeller 2. As it will be
seen in foregoing figures, this is explained by a more complex
resulting flow-field in the case of impeller 1, leading to a better
mixing.
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Fig. 12. Evolution of the concentration heterogeneity criterion �y as a function of the injection distance (left: impeller 1; center: impeller 2; right: comparison
between both impellers) (dots: numerical results; lines: best fit).

Fig. 13. (a) Coordinate system for Sn calculation and (b) Sn evolution as a function of impeller distance.

In a previous study of torus reactor (Pruvost et al., 2004a,c),
it was found that the resulting flow in the geometry was corre-
lated to a characteristic value of swirling flow, the swirl number
Sn that represents the relative intensity between the swirling
and the axial motion. Both swirl and axial pumping effects of
the impeller are thus considered in Sn definition, leading to
suitable value for torus reactor flow characterization. Calcula-
tion of Sn involves to determine the circumferential velocity W

representing the swirl motion that decay along the z-axis. For
a given cross-section S at constant z, Sn is given by

Sn =
∫∫

S
rUW dS

(Ly/2)
∫∫

S
U2 dS

, (8)

where U , is the mean axial velocity component (z-direction),
W the circumferential one, r the radial distance from the

z-axis, and S the surface of the cross-section considered
(Fig. 13(a)).

Evolution of the swirl number with z-direction is given in
Fig. 13(b) for both impellers, and for N = 300 and 500 rpm
(similar conclusions are obtained for other rotation speeds).
Results are presented as a function of the normalized distance
from the impeller Zimp. The decay of the swirl intensity is
clearly shown. Initial value of Sn are around Sn = 0.2–0.27,
and are only poorly influenced by N , which is a characteristic
of marine type impeller effects in the loop configuration of the
torus geometry, higher values of N leading to an equivalent in-
crease in the axial and swirl motion (Pruvost et al., 2004c). In
contrary, the swirl intensity decay is very different for both im-
pellers. Impeller 2 shows a fast decrease with the impeller dis-
tance, around null values of Sn being observed for the most part
of the reactor (60%). For impeller 1, the decay is sufficiently
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Fig. 14. Evolution of the flow structure in various cross-sections for
N = 300 rpm (left: impeller 1; right: impeller 2).

low to conserve a non-negligible swirl intensity for almost all
the reactor. Null values of Sn are only achieved at an upstream
distance from the impeller of 0.75, but due to proximity of the
impeller (after a complete loop), the swirl intensity again in-
creases. It can be noticed that, for both impellers, evolutions
of Sn are almost independent of the impeller rotation speed.
Because Sn evolution is highly correlated to the resulting flow
in the torus reactor (Pruvost et al., 2004c), the flow structure
might remain rather unchanged when modifying N for a given
impeller. In contrary, variations observed between both types
of impellers would lead to different hydrodynamics.

To verify this, the flow structure is represented in Fig. 14
by plotting velocity-fields in different cross-sections for dif-

ferent axial distances from the impeller (N = 300 rpm). The
complex rotating motion generated by both impellers is clearly
observed at Zimp = 0. If further positions are considered, two
distinctive behaviors are observed. For impeller 2, well-known
counter-rotating Dean vortices appears rapidly. For impeller 1,
except at a distance from the impeller of 0.75, a solid body
rotation is dominating. This is in perfect agreement with Sn
evolutions. Same conclusions are achieved for others impeller
rotation speeds (data not shown). These results illustrate again
the particular flow-field involved in torus geometry, which is
a complex interaction between the main rotating motion gen-
erated by the marine impeller, and Dean vortices that appear
due to the bend curvature of the torus. In Pruvost et al. stud-
ies (Pruvost et al., 2004a,c), it was concluded to the pertinence
of a threshold value for Sn of 0.2 to characterize competition
between both phenomena. When the swirl number falls below
this value, the swirl rotating motion is sufficiently weak to al-
low Dean vortices to appear. This is again observed in these
results. Because the initial swirl intensity is around this thresh-
old value, a perfect solid body rotation is never achieved, even
in the vicinity of the impeller. In a given cross-section, both
rotating motion and perturbations due to Dean vortices coexist,
with more or less intensity depending on the distance from the
impeller and of the impeller type.

If results on the flow-field structure and Sn evolution are now
compared to the lateral dispersion prediction, a perfect correla-
tion is observed. The lateral dispersion in the torus PBR is in-
deed directly linked to the resulting flow, and the swirl motion
revealed to be of critical relevance. For example, fluctuations
of �y with the injection distance (Zinj around 0.25) as observed
in Fig. 12 (impeller 1, N < 400 rpm) are explained by the dis-
placement of the center of the swirl motion along y-direction,
as shown in Fig. 14. Better lateral mixing being achieved with
impeller 1, it appears more interesting to promote a swirl mo-
tion in the PBR than Dean vortices. Global performance on a
single loop of the torus geometry can by this way be improved.
However, lateral dispersion results have shown that, whatever
is the mixing achieved, an important dispersion of several or-
der of magnitude is attained when crossing the impeller re-
gion. In the geometry under study, the loop configuration of
the reactor induces a recirculating time below 10 s (10 s be-
ing obtained at N = 200 rpm). It can thus be concluded that,
for photosynthetic microorganisms application, the torus PBR
will give rise to a very efficient mixing, in particular along the
light gradient, and in any case sufficient considering the slow
growth kinetics of those microorganisms (doubling time of sev-
eral hours).

5. Conclusion

The flow-field generated in a PBR of torus geometry has
been investigated. A commercial code was used for this pur-
pose, and predictions were validated with PIV measurements.
In the field of photosynthetic microorganisms application, vari-
ous relevant values were calculated, like mean bulk velocity U0
related to cells sedimentation, averaged velocity component Vy

reflecting light access conditions or averaged shear-stress 〈�〉, a
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criteria that should be adapted to cell fragility. Such determina-
tions will serve as a basis for further investigation of the PBR,
especially to determine the operating domain for a given cells
cultivation, and to relate process conditions to the physiolog-
ical response. In the field of PBR optimization, a comparison
was made between two types of impellers. If species cultivated
are not stress-sensitive (in the range of shear-stress intensities
involved in the reactor), all of the investigations conclude to the
interest of a classical three blades marine impeller (impeller 1),
a more efficient flow circulation and mixing being achieved. If
not the case, a compromise must be found based on the pre-
sented results and complementary experiments on living me-
dia.

Obtained results have shown in addition the relevance of the
torus geometry to conduct photosynthetic microorganisms for
the purpose of bioprocess modeling. By determining the lat-
eral dispersion using numerical tracing methods, it was for ex-
ample concluded to the great efficiency of such geometry in
terms of mixing along the light attenuation coordinate, which
is an important condition to allow an accurate modeling of the
microorganisms photosynthetic growth. Indeed, in bioprocess
modeling, it is often supposed an homogeneity in the overall
biomass behavior. Such an assumption is valid in PBR mod-
eling if all cells have a sufficient light access to consider all
individuals cells responses identical without great deviation.
This implies an effective mixing along the light gradient in the
culture, that is allowed by the torus geometry. Combining this
particularity with a square-channel and a plane illuminated sur-
face, the torus PBR permits a high degree of control of the light
received in the reactor. Such a geometry appears thus as an al-
ternative, but pertinent, solution in the field of photosynthetic
microorganisms studies.

Notation

Cj passive tracer concentration (Eq. (3)),
mol m−3

Dj laminar mass diffusivity of the passive
tracer, m2 s−1

Djt turbulent mass diffusivity of the passive
tracer, m2 s−1

k turbulent kinetic energy, m2 s−2

Lx gap width of the torus photobioreactor,
m

Ly photobioreactor depth (Lx = Ly), m
Lz length of the torus photobioreactor, m
N rotation velocity of the impeller, rpm
Rc external torus photobioreactor radius,

m
Re = �U0Ly/� Reynolds number
Rem = �ND2/� Reynolds number (definition used for

mixing tank, with Ly = D)
S rate-of-deformation tensor (Eq. (1)),

s−1

Sct turbulent Schmidt number (Eq. (2))
Sn swirl number (Eq. (8))

Tm mixing time, s
T ∗

m dimensionless mixing time
U mean axial velocity component, m s−1

U0 = Q/(Lx.Ly) mean bulk velocity, m s−1

Vy velocity component along the light gra-
dient (y-coordinate),m s−1

y distance along light gradient direction,
m

z longitudinal coordinate, m
Zinj normalized distance from the injection
Zimp normalized distance from the impeller

Greek letters

� strain rate (Eq. (1)), s−1

�imp strain rate in the impeller region, s−1

� dynamic viscosity of water, Pa s
�t turbulent viscosity, Pa s
�y criterion of spatial heterogeneity of

tracer concentration along y-distance
(Eq. (7))

Other symbol

〈 〉 spatial averaging
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