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Abstract A systematic study  of the rheological  properties  of  solutions of non-motile mi-

croalgae (Chlorella Vulgaris CCAP 211-19) in a wide range of volume fractions is pre-
sented. As the volume fraction is gradually increased, several rheological regimes are ob-

served. At low volume fractions (but yet beyond the Einstein diluted limit) the suspensions
display a Newtonian rheological behaviour and the volume fraction dependence of the vis-

cosity can be well described by the Quemada model [Quemada(1997)]. For intermediate
values of the volume fraction a shear thinning behaviour is observed and the volume frac-

tion dependence of the viscosity can be described by the Simha model[Simha(1952)]. For
the largest values of the volume fraction investigated an apparent yield stress behaviour
is observed. Increasing and decreasing stress ramps within this range of volume fractions

indicate a thixotropic behaviour as well.
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The rheological behaviour observed within the high concentration regime bears similar-

ities with the measurements performed by Heymann et al. [Heymann and Aksel(2007)] on

Polymethyl Methacrylate(PMMA) suspensions: irreversible flow  behaviour  (upon  increas-

ing/decreasing stresses), dependence of the flow curve on the characteristic time of forcing

(the averaging time per stress values). All these findings indicate a behaviour of the microal-

gae suspensions similar to that of suspensions of rigid particles.

A deeper  insight  into  the physical  mechanisms  underlying  the shear thinning

and the  apparent yield stress regime is obtained by an in-situ analysis of the microscopic

flow of the suspension under shear. The shear thinning regime is associated to the formation

of cell aggregates (flocs).

Based on the Voronoi analysis of the correlation between the cell distribution and cell

sizes, we suggest that the repulsive electrostatic interactions are responsible for this micro-

scale organisation. The apparent yield stress regime originates in the formation of large scale

cell aggregates which behave as rigid plugs leading to a maximally random jammed states.

Keywords microalgue · yielding · jamming

PACS PACS 83.60.La · PACS 83.85.Jn · PACS 83.85.Ei · 83.85.Cg.
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1 Introduction

Microalgae are photosynthetic aquatic microorganisms. Their biodiversity enables to pro-

duce various compounds (proteins, pigments, lipids, etc.) having potential applications in a 
wide range of domains such as food-processing industry [Becker(2007)], cosmetics, phar-

maceutics, green chemistry or energetic industry [Mouget and Tremblin(2002),Mata et 
al(2010), Satyanarayana et al(2011)]. Chlorella Vulgaris, a  non motile unicellular non-

flagellated green micro-alga is, undoubtedly, one of the major species cultivated at an 
industrially relevant scale. This is because of its easy growth and of its commercial 
potential, mainly for nutrition related purposes [Spolaore et al(2006)],
due to its high content in proteins (60%), polysaccharide (20%), carotenoids, vitamins, un-

saturated fatty acids (15%) [Basu et al(2001)Basu, Vecchio, Flider, and 
Orthoeter] and lutein  for food complements [Shi et al(1997)]. Its robustness enables its 
exploitation in a broad diversity of systems, ranging from open ponds to photobioreactor

technology (closed systems) [Richmond(2004),Carvalho et al(2006),
Ugwu et al(2008),Lehr and Posten(2009),Pandey et al(2011)].

Due to a high degree of control of the culture conditions, the photobioreactor technol-

ogy allows a higher productivity. With an appropriate engineering and operating protocol,
a high  cell  density culture  (i.e., high  biomass  concentration) can especially be 
obtained. Hydrodynamics is one of the key aspects when working in high-cell density 
culture.High-cell density cultures are indeed obtained in systems having a very  high  ratio 
between  the  illuminated surface and the culture volume, which translates into a shallow 
depth, typically smaller than 0.01m [Cornet(2010),Pandey et al(2011), Doucha et al(2005)]. 
The high degree of confinement com-bined with a high biomass concentration tends to 
decrease the mixing  performances which can have several negative impacts on the process: 
a decrease of the efficiency of the mass transfer, an increase in the risk of biofilm formation 
and a less efficient light conversion in the systems due to smaller displacement of flowing 
cells along the light gradient in the culture volume.

A high  degree  of  optimisation  of  the  hydrodynamic 
conditions requires a proper un-derstanding of the rheological behaviour of the suspension 
of cells. There exist, however, very few studies regarding the rheological properties of 
suspensions of microalgae, partic-ularly in the context of high-cell density culture conditions 
with dry biomass concentration (> 10kg m−3).

A rheological  characterisation  of  microalgae  slurries  at  various mass concentrations 
has been recently presented by Wileman et al. [Wileman et al(2011)]. Depending on the 
microalgae concentration, they identify either a Newtonian behaviour within the dilute 
regime or a shear-thinning behaviour (characterised by a power law stress

rate of strain dependence) within the semi-dilute regime. No apparent  yield stress behaviour

is reported and the reversibility of the deformation states upon increasing/decreasing stresses
was not investigated.

Adesanya and coworkers have recently performed an experimental study of the rheo-

logical behaviour of suspensions of Scenedesmus obliquus micro-alga at various volume 
fractions up to 0.15%, [Adesanya et al(2012)].

Using the piezoaxial vibrator (PAV) technique which allowed one to measure the com-

plex viscosity η ∗ at various frequencies, they observe a deviation from the Cox-Merz rule 
corresponding to the high volume fraction regime. By a separate microscopical visualisation

of the micro-algae suspensions, they relate this effect to the formation of cell aggregates
(flocs) which they claim it is due to attractive van der Waals forces. Up to the maximal vol-
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ume fraction they have investigated, they do not observe yield stress effects. This may be 
due to the rather limited value of the maximal volume fraction they have investigated.

The study of the dependence of the viscosity of a solution of Chlorella pyrenoidosa 
by Wu et al reveals a yield stress at large volume fractions, [Wu and Shi(2008)]. The yield 
stress behaviour of high volume fraction Chlorella suspensions remains, however, largely 
unexplored.

As Chlorella microalgae have a roughly spherical shape with radii of the order of several 
microns and a supposedly rigid membrane [Northcote and Goulding(1958),Takeda(1988), 
Kapaun and Reisser(1995)] it appears  natural  to attempt  to understand  the 
rheological be-haviour of suspensions of these micro-organisms within the general 
framework of the rhe-ology of suspensions of rigid particles.

As opposed to the rheology of Chlorella microalgae suspensions which, to our best 
knowledge, is still poorly documented an important and detailed body of literature (both 
theoretical and experimental) can be found on the rheology of suspensions  of rigid  particles.

A comprehensive  review  of  these  studies  can  be  found  in  both  the Springer 
Handbook of Experimental Fluid Dynamics, [Tropea et al(2007)], and in a more recent 
textbook, [Wagner(2011)]. A systematic study of the shear thinning behaviour of 
intermediately concentrated suspensions of rigid particles is presented by Kruif and his 
coworkers, [de Kruif et al(1985)].

The volume fraction correlation of the yield stress behavior of concentrated suspensions
has been recently investigated by Mueller and his coworkers, [Mueller et al(2010)]. 
A detailed experimental  investigation of  the yield stress behavior of concentrated 
suspensions of polymethylmetacrylate (PMMA) was reported by Heymann and Aksel, 
[Heymann and Aksel(2007)]. A major  finding  of  their  work  is  that,  except  for  the 
fluid  deformation regime, the deformation states are not recoverable upon an increase/

decrease of the  applied  stresses and a  clear hysteresis is observed.

The global aim of this study is to investigate in depth the rheological properties of 
Chlorella Vulgaris suspensions in a wide range of volume fractions and externally applied 
stresses.

The paper is organised as follows. The description of the experimental methods is pre-
sented in Sec. 2 and includes the description of the preparation protocol of the suspensions 
of microalgae Sec. 2.1 and the rheological procedures employed in characterising the sus-
pensions, Sec. 2.2.

The experimental results are presented in Sec. 3. The rheological  regimes  corresponding 
to various volume fractions of the suspension are described in Sec. 3.1.

The reversibility of the deformation states and the time dependence of the rheological 
properties within each of these regimes are investigated in Sec. 3.2.

The paper closes with a brief discussion of the main conclusions of our experiments and 
the impact of our findings on future theoretical, numerical and experimental investigation of 
Chlorella suspensions, Sec. 4.

2 Experimental methods

2.1 Preparation of the Chlorella microalgae suspensions

Chlorella microalgae were grown in a bubble column photobioreactor (volume of 0.12 m3, 
diameter of 0.57 m and specific illuminated area 3.5 m2). Each culture was illuminated with
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an incident photon flux density (PFD) of around 150 µ molehν m
2 s−1 (white light). The cul-

ture medium was composed of (in g/l) NH4Cl, 1.45, MgSO4.7H2O, 0.28, CaCl2.2H2O, 0.05, 
KH2PO4, 0.61, NaHCO3, 1.68 and 0, 5ml l−1 of Hutner solution (trace elements, see Ref.
[Harris(1989)] for  a  complete  description).  The  Chlorella suspensions, once collected, 
were artificially concentrated by centrifugation (15 minutes at 5000 g). The dry biomass con-

centration Cx of the concentrate was then measured. Filters (glass micro-fiber filters, GF/F 
Whatman) with 0.22 micrometer pore size were dried during 24 hours in a 100oC oven. 
They were then weighted and used to filter a known volume of algal suspension. The filters 
were finally placed for 24 hours in a 100oC oven and re-weighted. This duration was suffi-
cient to obtain a complete drying. The weight difference was finally used to calculate the dry 
biomass concentration of the concentrate. A range of samples of known  concentration 
(here  expressed in volume fraction, Φv) was  then prepared  by diluting  the 
concentrated  wet  suspension with the supernatant previously removed. The 
volume fraction (Φv) was  determined  from the dry weight concentration following the 
relations below:

Φv =
Cx

ρW wD
(1)

ρW = xW ρ0 +(1− xW )ρD (2)

In the equations above ρW and ρD stand for the density of the wet and dry biomass,

respectively and ρ0 is density of the water. wD = (1−xW )ρD
ρW

stands for the mass fractional

0

content in dry solid in the microalgae and xW is the water fractional content in wet microal-

gae (both quantities are non-dimensional).

The water mass content xw and density of dry biomass ρD necessary for the calcula-tion 
were respectively 0.82 and 1400 kgm−3, as  proposed  in Ref. [Cornet(2010)] who found 
those values nearly constant among various microorganisms including microalgae and bac-
teria.

The range of investigated volume fractions is given in Table 1 (because it is a usual parameter 
in the field of microalgae cultivations, dry weight concentrations  are also given).

It is very important to note Table 1 that the range of volume fractions we have explored is 
significantly broader than the ranges previously explored by others see for example Ref.

[Adesanya et al(2012)]. This allows us to provide a more complete description of the 
rheological behaviour of Chlorella microalgae.

The maximum packing fraction corresponding to a maximally random jammed state is 
Φv = 0.637 (Cx = 159.25 g/l).

Microalgae generally produce Exo-Poly Saccharides and Extracellular Polymeric Sub-

stances (EPS) in order to mitigate a physiologic stress (related to either nutrient or light) or 
a mechanical  stress. We also note  that EPS  favors  biofilm and floc formation. The 
volume fraction calculation presented above was solely based on the mass  of the  Chlorella 
cells.

To characterise size distribution of microalgae, a set of 165 images comprising  2873  cells 
were acquired using a digital colour camera (Axio Cam MRc third version, 1.4 megapix-els, 
12 bit quantisation) mounted on Zeiss upright microscope (Zeiss Axio Scope A1). The 
microscope is equipped with an objective with 20X magnification and a depth of field of 5.8 
µ m. The  contour  of  each  cell  was extracted  from  each  image  using 
a commercial  image  processing software (Axio vision routine) and the radii of the cells 
were determined. The analysis of the shape of the Chlorella cells is illustrated in Fig. 
1. Cells  were found  of  a  roughly spherical shape (see Fig. 1 (a)) with a mean radius 
r0 = 1.98µ m and a standard deviation of rstd = 0.41µ m. Cells size distribution 
(radii) can be modelled  by  a log-normal
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Table 1 Range of the volume fractions of the Chlorella solutions investigated. Crms
x and Φ rms

v stand for the
root mean square deviation (rms) of the dry weight concentration and of the volume fraction, respectively.

Cx(g/l) Crms
x (g/l) Φv(%) Φ rms

v (%)

147 4.74 58.3 1.88
92 1.8 36.5 0.71
62.5 2.28 24.8 0.9
58.3 2.24 23.1 0.89
54.2 2.08 21.5 0.82
50 1.92 19.8 0.76
45.8 1.76 18.2 0.7
37.5 1.44 14.9 0.57
29.2 1.12 11.6 0.44
20.8 0.8 8.3 0.31
12.5 0.48 5 0.19
4.2 0.16 1.7 0.06

Fig. 1 (a) Micrograph of a Chlorella suspension (b) Probability distribution function of the cell radius. The full 
line is a log-normal fit.

distribution (the full line in Fig. 1 (b)) as already observed elsewhere for Chlamydomonas 
Reinhardtii species which was found almost similar in shape [Pottier(2005)]. It must be 
noticed that the rather large cell size makes Chlorella suspensions to fall into the class of 
non-Brownian suspensions.

To get a deeper insight into the microstructure of Chlorella suspensions, we present in Fig. 2 
micrographs of such suspensions at various volume fractions (indicated  in the inserts).  Note 
that the micrographs have been acquired in a quiescent state (no flow).

At low volume fractions (Φv = 5.4% panel (a) in Fig. 2), a dilute regime is observed and 
no apparent organisation of the cells is observed. As the volume fraction is increased (Φv = 
16.2% panel (b) in Fig. 2) an  apparent  reorganisation  of the  Chlorella cells can be 
observed at a close inspection: the larger cells tend to group together  and voids (regions 
free of cells) can be observed as well. As the volume fraction is increased even further,(Φv = 
37.8% panel (c) in Fig. 2) the  organisation  of the  Chlorella cells becomes more 
obvious. The cells are organised in flocs and individual flocs are interconnected by ”bridges” 
formed by smaller cells. Within the highly concentrated regime, (Φv = 48.6% panel (d) in Fig. 
2) a  highly  dense  and randomly  packed  cell structure  is observed (although we could 
not identify individual cells within the high volume fraction micrographs a simple visual 
inspection reveals no particular arrangements of individual cells). Within this state, the cells 
come into contact consistently with a jammed particle system.
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Fig. 2 Micrographs of Chlorella suspensions at various volume fractions indicated in the inserts. The images
have been acquired in a quiescent state (no stresses are applied onto the sample).

We note that, from an industrial stand point, it is precisely this regime of high volume
fractions that presents a high practical interest (high cell density photobioreactor).

2.2 Rheological measurements

The rheological characterisation of the microalgae solutions has been performed on a Haake

Mars III rotational rheometer (Thermo Fisher Scientific, Karlrsruhe, Germany) equipped
with a nano-torque module. The nano-torque module allows accurate rheological measure-

ments of dilute samples in a range of low applied shear stresses.

The measurements have been performed using a cone-plate geometry (R = 60 mm ra-
dius and 2deg angle). Prior to each rheological test, the samples have been carefully loaded
paying attention to the reproducibility of the shape of the free meniscus in subsequent ex-

periments. To prevent the evaporation of the sample during long tests, the fluid meniscus has
been covered by a protective thin film of silicone oil. Additionally, the entire geometry has

been enclosed in a bell-shaped chamber made of a thermally insulating material (teflon).

All the experiments reported in this paper have been conducted at the same temperature,
T = 20oC.

The minimum torque that could be resolved during our measurements was Tmin = 0.01µNm

which corresponds to a minimum stress τmin = 1.76 · 10−4Pa. The minimum angular speed
that could be resolved during our measurements was Ωmin = 10−7rot/min which corre-

sponds to a minimum shear rate γ̇min = 3 ·10−7s−1. We have made sure that, during of each
of the experiments reported in this paper, the applied stresses and measured rates of the

stresses and shear rates were larger than the limiting values given above.
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Fig. 3 (a) Schematic view of the Rheoscope module: CCD - digital  camera,  M1,M2 - mirrors,  EP - eye 
piece, MO - microscope  objective,  WLS - white  light  source,  CL - collimating  lens,  GP - glass 
plate,  S - Chlorella sample, GP - glass  plate,  C - cone.  (b) Schematic representation of the increasing/
decreasing controlled stress ramp. N is the total number of steps of the ramp and t0 is the time corresponding 
to each step (the characteristic forcing time).

The rheometer is also equipped with a Rheoscope module (from ThermoFisher Scien-tific, 
Karlsruhe, Germany) which allows the visualisation of the microstructure  of the sus-

pensions during the rheological tests, 3 (a). A white light beam emitted by the source WLS is 
collimated by the lens CL and directed by the mirror M1 onto the sample S through the glass 
plate GP. The light reflected by the smooth  inner surface  of the cone C is focused by a 
microscope objective MO (10X magnification and 8.5 µ m depth of field) and an eye piece EP 
onto the charged coupled device of the digital camera CCD ( Chameleon  CMLN-13S2M-CS 
from Point Grey), see Fig.3 (a).

The Rheoscope module is equipped with a motorised focusing system which allows one to 
acquire flow images at various depths within the sample. A second motorised translational 
stage allows one to move the focusing point along the radial direction r over a distance of 15 
mm measured from the position r = 0 mm;

It is important to point out that the Rheoscope microscopic visualisation system works in 
reflection, i.e. the CCD camera receives the light reflected by the surface of the cone C. This 
inherently results into a image quality lower than that provided by the classical upright 
microscope used to visualise the suspensions in quiescent state (i.e. in the absence of a flow), 
see the description provided in Sec. 2.1 and the micrographs illustrated in Figs. 1(a), 2.

Whereas the quality of the images acquired with the Rheoscope system does not  suffice 
for an accurate identification of individual Chlorella cells, two other functionalities of this 
module have been employed through our study.

Firstly, the ability to focus at any point along the vertical direction z allows one to probe 
the emergence of the wall slip phenomenon which is of paramount importance for rheology of 
suspensions, [Buscall(2010)].

Secondly, the acquisition of a sequence of flow imaging and its processing  via a  standard
multi-pass Digital Particle Image Velocimetry (DPIV) algorithm  (see  Refs. [Scarano and 
Rhiethmuller(2001), Raffel et al(September 2007)] for a comprehen-

sive description of the method) allows in-situ measurements of the velocity distributions
which may be be used to indirectly probe the formation of micro-structures of Chlorella
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cells. For this purpose, a judicious choice of the inter frame of the CCD camera together

with a appropriate choice of the sequence of interrogation windows (adapted to the magni-
tude of the cell’s displacements in the field of view) allowed one to resolve speeds as small

as 0.3 µms−1 with an instrumental error better than 6 %. These rather low flow speeds could
be successfully resolved due to a additional sub-pixel interpolation routine developed in the

house.
For this rheometric flow the Reynolds number can be defined as Re = R2Ωρ where Ω

η0

η

is the angular velocity of the geometry, ρ the density of the suspension and η its viscosity. 
Corresponding to each of the measurements further reported, the  Reynolds number Re was 
of order of unity (or smaller) indicating that inertial effects typically responsible for the 
emergence of secondary flows were practically absent.

The rheological behaviour of the microalgae suspensions has been  assessed by  con-
trolled stress flow ramps schematically illustrated in Fig. 3 (b). The time interval t0 corre-
sponding to each step of the ramp was varied in order to probe the sensitivity of the rheo-
logical response of the sample to the steadiness of the rheometric flow.

To probe the reversibility of the deformation states, both increasing and decreasing stress ramps 
have been performed.

3 Results

According to the dimensional analysis by Krieger et al. [Krieger and Dougherty(1959)], the 
relative viscosity of a (mono-disperse) suspension of rigid particles ηr = η     (where η0 is the

viscosity of the culture medium which is slightly larger than that of the water, η0 ≈ 2mPas)
should satisfy the follow functional dependence:

ηr = ηr(Φv,Pe,De) (3)

In the Eq. above, Pe and De stand for the Péclet number and Deborah numbers are de-

fined as Pe = tbr γ̇ and De = tbr/t0, respectively. Here γ̇ is the rate of shear, tbr =
6πη0r3

0
kBT

(kB is the Boltzmann constant and T the absolute temperature) is a characteristic time scale 
associated with the Brownian motion and t0 is a time scale associated with the experiment. 
Whereas the dependence of the relative viscosity on the volume fraction and the Péclet num-
ber has been studied by many authors (see Ref. [Tropea et al(2007) for a review of these 
studies) the dependence on the Deborah number has been much less explored: most of the 
previous rheological studies report steady state rheological measure-ments, t0 → ∞ or De → 
0. We note, however, that realistic flows of microalgae suspensions in various reactors are not 
necessarily steady (t0 is finite and De > 0) and, to properly model them, the De dependence 
of the relative viscosity needs to be investigated as well.

The global aim of this study is to explore experimentally the entire functional depen-
dence predicted by Eq. 3.

The volume fraction dependence of the rheological properties of the Chlorella suspen-

sions has been assessed by running controlled stress flow ramps for suspension with various 
volume fractions given in Table 1. By choosing  an  appropriate  range of  the applied 
stresses,  for some of the volume fractions listed in Table 1 the Péclet number was varied 
over nearly three orders of magnitude. For each value of the volume fraction, the Deborah 
dependence has been investigated by varying the characteristic forcing time t0 during which 
the stress is maintained constant during the flow ramp. The time 
dependence of the rheological proper-ties has been further investigated by studying the 
reversibility of the deformation states by performing increasing and decreasing flow ramps.
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Fig. 4 Stress dependence of the viscosity of the microalgal suspension measured in a controlled stress mode for 
several volume fractions: (!) - Φv = 0.082, (♦) - Φv = 0.165, (©) - Φv = 0.556. For each stress value the 
viscosity data has been averaged for a time t0 = 15 s. The  full  line  (−) is  a  fit  according  to  the  Cross 
model,  the dashed line (−−) is  a  fit  according  to  the  Herschel-Bulkley  model.

3.1 Rheological regimes

To identify various rheological regimes, controlled stress flow  ramps  have  been  performed  in 
identical conditions for various microalgae solutions with the cell volume fraction Φv ranging 
in between 0.016 and 0.556.

Several such measurements are presented in Fig. 4. Within the dilute regime 1 (Φv ≤ 
0.115) no stress dependence of the viscosity is observed (the down-triangles in Fig. 4, (!)) 
indicating a Newtonian (N) rheological  behaviour.

As the volume fraction is increased, an entirely different rheological behavior is ob-served 
(the rhumbs (♦) in  Fig. 4). Corresponding to stress values smaller than a critical value (τ ≤ 
τ0) a Newtonian  behaviour  characterized  by  a viscosity plateau which  defines the  zero 
shear viscosity η0 is observed. Beyond this critical stress value (τ > τ0) a shear thin-ning 
rheological behaviour ST is observed, η ∝ Kγ̇  n 

n
−1 

where K, n stand for the consistency and the 
power law index, respectively. A second viscosity plateau which defines the infinite shear 
viscosity ηin f is observed at large applied stresses.

The viscosity measurements within the ST regime may be described over the entire 
range of rates of shear explored during our measurements by the Cross model (the full line in 
Fig. 4), [Cross(1965)]:

η = ηin f +
η0 −ηin f

1+αγ̇n
(4)

Within the framework of the Cross model, the onset of the shear thinning (see the dia-monds 
in Fig. 4) behaviour  may be  estimated as τ0 ≈ η0α −1/n .

The good agreement of the viscosity data acquire within the ST volume fraction regime 
illustrated by the full line in Fig. 4 prompts us to investigate closer the main assumption 
underlaying the Cross model according to which the low stress viscosity  plateau  is  related  to

1 We note that this regime is yet beyond the Einstein’s ultra-dilute limit which was of no particular interest 
to the present study.
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Fig. 5 (a) The micrograph presented in Fig. 2(c) together with the contours of individual cells detected via 
image segmentation. (b) The corresponding Voronoi diagram corresponding to the micrograph presented in 
Fig. 2(c).

the formation of a flocculated microstructure of individual particles (cells). Although some 
voids (regions without cells) are clearly visible in Fig. 2(c) an organisation of individual cells in 
flocculated micro-structures is not obvious. To get a deeper insight into the micro-scale 
organisation of the Chlorella suspension, we have passed this micrograph to a sequence of 
image processing algorithms implemented under Matlab©R able to detect the edge of individual 
cells, fit their contour by an ellipsis which ultimately gives the coordinates of their centroid 
and their size. The result of such an analysis is presented in Fig. 5(a). The accuracy of the cell 
identification is about 5%.

The simultaneous determination of the centroids of the cells and  their  size  (area  in  the 
field of view) allows the partition of the field of view in Voronoi polygons. The Voronoi dia-
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Fig. 6 Micrograph acquired during a controlled stress ramp (see Fig. 3(b)) corresponding to τ = 0.02Pa and 
a volume fraction  within  the  ST regime (Φv = 0.15). The bright patches correspond to agglomerations of 
cells (flocs) that strongly scatter the light.

gram consists in the partition of the field of view in convex polygons (equal in number to the
number of the detected Chlorella cells) such as each polygon contains exactly one centroid

of a cell (called in this context generating point) and every point of a given polygon is closer

to its generating point than to any other, [de Berg et al(2008)].

The result of the Voronoi triangulation of the micrograph presented in Fig. 5 (a) is pre-
sented in Fig. 5 (b).

The false colormap is related to the size of the Chlorella cells. The computation of of the 
Voronoi diagram allows one to visualise the agglomerations (flocs) of cells of similar sizes 
separated by voids. It is interesting to note that the flocs are mainly constituted of the smallest 
cells (colour coded in blue, Fig. 5 (b)) whereas the biggest cells (colour coded in red, Fig. 5 
(b)) tend to isolate themselves creating voids around them.

This rather unexpected correlation between the spatial distribution of the cells and their 
sizes may be understood in terms of repulsive interactions between the cells. Indeed, the sur-
face of the Chlorella cells is negatively charged, [Kumar et al(1981)] and, assuming that 
various cells are characterised by similar superficial charge density, it is likely that larger cells 
repel the small ones leading to the formation of the flocs visible in Fig. 5 (b)). This conclusion 
is consistent with the experiments of Dibble and his cowork-ers which demonstrated that inter-
particle short range interactions (attractive, in their case) may lead to a microscopic scale 
organisation of individual particles in a colloidal dispersion,[Dibble et al(2006)].

As the micrograph presented in Fig. 2(c) and reanalysed in Fig. 5 has been acquired in a 
quiescent state (absence of flow) the points made above can only be used to understand the 
rheological behaviour in the limit of vanishing applied stress, τ → 0.
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The natural question that needs to be addressed at this point is whether the microscopic 
scale organisation of cells in flocs persists under shear at values of the applied stress corre-

sponding to the low shear viscosity plateau visible in Fig. 4 (the rhumbs, (♦)).

To address this question, we resort to the in-situ flow visualisation using the Rheoscope module 
presented in Fig. 3 (a) and described in Sec. 2.2.

A micrograph  of  a  Chlorella suspension with a volume fraction corresponding to 
the ST regime acquired during a controlled stress ramp for τ = 0.02 Pa is presented in Fig. 6. 
Although the quality of this flow image does not fully match the quality  of  the 
micrographs  acquired in the absence of flow with the table top upright microscope, 
individual flocs of cells are clearly visible as white colour patches.

Of particular interest within the ST regime was the emergence of the wall slip phe-

nomenon which is often encountered during the rheological measurements of intermediately 
and highly concentrated suspensions, [Buscall(2010)].

The Rheoscope module equally offers a simple and elegant method of directly probing 
the wall slip by focussing the the microscope objective MO at the level of the bottom glass 
plate GP (see Fig. 3 (a)). The direct visual assessment of the micro-flow led us to the con-

clusion for each of the volume fractions investigated with the ST regime the slip velocity 
at the bottom glass plate GP never exceeded 5% of the speed of the rotating cone C.  This  
conclusion has been reinforced by additional rheological tests performed with a roughened 
plate-plate geometry (obtained by gluing sand paper on the parallel plates) which revealed 
no significant differences in the viscosity curves.

To conclude this part, the micro-structural observation of the Chlorella suspension in 
both a quiescent and sheared state confirms the initial hypothesis that the low stress viscosity 
plateau observed within the ST volume fraction regime is associated to the formation of cell 
aggregates (flocs) in agreement with the main assumptions of the Cross model [Cross(1965)] 
and to the more recent theoretical work by Quemada [Quemada(1997)].

As the volume fraction is increased even further, Φv ≥ 0.25 an apparent yield stress 
YS behaviour can be observed: the low shear stress plateau visible within the ST regime 
degenerates into a viscosity divergence (the circles (©) in Fig.  4).

We emphasise once more that, to our best knowledge, a yield stress behaviour of sus-

pensions of Chlorella has been very little documented by previous experimental studies,

[Wu and Shi(2008)].

It is important to note that, based on the resolution of both the torque and angular speed 
measurements on the Mars III rheometer (see the discussion and figures presented in Sec. 
2.2)  the rather large values of  the  viscosity observed in Fig. 4) in a range 
of  low applied  stresses remain within the operating range of the device and should not be 
attributed to instrumental artefacts.

The yield stress behaviour can be quantitatively (but yet formaly) assessed using a 
Herschel-Bulkley model for the stress-rate of strain dependence, τ = τy + Kγ̇ n, where τy 
stands for the yield stress (see the circles and the dash-dot line in Fig. 4).

It has to be pointed out that, from an industrial perspective,  it is  precisely the high  
volume fraction (high cell density culture) regime that presents an industrial interest. The 
emergence of a apparent yield stress behaviour within this volume fraction regime might 
actually change most of what we thought we know about the impact of both the rheology 
and the hydrodynamics on the design of efficient photobioreactors. Namely, a viscosity di-

vergence would naturally lead to the emergence of a unmixed plug flow regions or stagnant 
volumes in flow regions characterised by a low shear rate.

Such non-trivial hydrodynamic effects triggered by a still insufficiently understood rhe-

ological behaviour would certainly render the commercially  available numerical tools com-
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monly used to ”design” an efficient mixing protocol useless and new ones would have to be

developed. This motivates us to pay a particular attention to the high volume fraction YS

regime.

A fundamental question that needs to be addressed is: What are the underlying physi-

cal mechanisms behind the experimental observation of an apparent yield stress behaviour

during slow shear flows of Chlorella suspensions?

Jaishankar and his coworkers observed an apparent (bulk) yield stress behaviour in a 
solution of Bovine Serum Albumin (BSA) under shear, [Jaishankar et al(2011)]. 

They have elegantly demonstrated that the apparent yield stress exhibited by these 
solutions originates in the presence of a viscoelastic layer formed due to the adsorption 
of protein molecules at the air-water interface in the rheometric geometry. The elastic 
origins of the apparent bulk yield stress behaviour was unequivocally demonstrated by 
creep tests per- formed at various applied constant stresses which revealed an oscillatory 
behaviour of the creep compliance at short times known in the literature as the creep 
ringing phenomenon. Moreover, they have demonstrated that addition of a surfactant 
(Tween 80) which inhibits the protein adsorption at the interface may diminish and 
even entirely suppress  the apparent yield stress behaviour turning the BSA solution into a 
Newtonian fluid (see Figs. 9 and 11 in Ref. [Jaishankar et al(2011)]).

It is known that the Chlorella micro-alga is reach in proteins, which justifies its potential 
importance to the food industry. However, these proteins are part  of the intracellular 
matter  and, unless the cell are mechanically or chemically 
damaged, they are not expected to be  be found in the culture medium. As our 
suspensions consisted of living change, we do not expect that the mechanism underlying the 
apparent yield stress behaviour is the same as in Ref. [Jaishankar et al(2011)]).

To probe this, however, rheological measurements performed on the culture medium  itself 
(the cells have been eliminated via centrifugation) revealed a Newtonian behaviour (a 
viscosity constant with the applied stress).

Additional creep tests performed at low applied stresses and volume  fractions Φv 
within the YS regime revealed no creep ringing phenomenon (data not shown here).

These tests demonstrate that, unlike in the case of the experiments reported by Jais-

hankar and his coworkers in Ref. [Jaishankar et al(2011)]), the apparent yield stress 
behaviour observed in Fig. 4 is not related to an interfacial elasticity effect and, most 
probably, its physical origins should be investigated in relation to the bulk microscopic 
organisation of individual cells under shear.

It is equally known that an apparent yield stress behaviour may emerge in particle sys-

tems via both a jamming and a glass transition. A recent theoretical study by Ikeda and his 
coworkers points out the difficulty of separating the two contributions in a practical setting 
as well as a non-negligible level of ambiguity of the interplay between the glass and 
jamming transition existing in the rheological literature, [Ikeda et al(2012)]. A theoretical 
suggestion  of  how  the  two  contributions  can be  separated based on the careful 
correlation of the nonlinear rheological data with the unified jamming diagram initially pro-

posed by Liu and Nagel (see Ref. [Liu and Nigel(1998)]) in the space (ηr,Φv, T ) is proposed

in Ref. [Ikeda et al(2012)].
As all of our rheological measurements have been performed at a  constant 

temperature  T , we can  not  reconstruct  a three  dimensional  jamming  diagram  and resort 
to the conceptual framework proposed in Ref. [Ikeda et al(2012)].

To get a deeper physical insight into the origins of the apparent yield stress behaviour 
observed in Fig. 4 (the circles (©)) we turn our attention to the microscopic scale organisa-

tion of the Chlorella suspension within this range of volume fractions.
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The micrograph of a Φv = 48.6% Chlorella suspension acquired in a quiescent state in-
dicates a highly dense distribution of cells that nearly come into a mechanical contact  with 
each other, Fig. 2 (d). Such suspensions of rigid particles that nearly come in contact to each 
other are often referred to as random closed packed suspensions [Krieger and 
Dougherty(1959), de Kruif et al(1985),Heymann and Aksel(2007)].

Recently, Torquato and his coworkers noted that the two terms random and close 
packed are, mathematically speaking, at odds with each other and proposed for this state 
the term maximally random jammed state, [Torquato et al(2000)].

Although it may support the term above, the visual information presented in Fig. 2 (d) is 
rather minimalistic as it refers to a quiescent state (no flow) and can not fully answer two 
fundamental questions:

1. Is the viscosity divergence observed at low applied stresses within the YS regime re-
lated to a cell aggregation under shear or simply to a maximally random jammed state

microscopic state?
2. Is the flow of the suspension homogeneous within this range of volume fractions and at

low applied stresses?

To address these questions we resorted to the in-situ visualisation of the rheometric

flow using the Rheoscope module. We have acquired a long sequence (for 60 seconds) of 
micrographs of a Chlorella suspension with a volume fraction Φv = 0.556 (the YS regime). 
One such flow image is presented in Fig. 7 (a) (the bright points are Chlorella cells which 
scatter the incoming white light). The images have been acquired at a constant applied 
stress τ = 0.02 Pa which lies precisely in the range where the apparent yield stress behaviour 
is observed. The acquisition of the image sequence allowed one to measure a time series of 
velocityvfields and calculate the time averaged flow field (see the arrows in Fig. 7 (a)) using 
the DPIV method described in Sec. 2.2. The  result of this quantitative  assessment is 
presented in Fig. 7 (b).

A first thing  to  note  is  the  smallness  of  the  flow  speeds  (typically smaller 
1µ m/s) which  is consistent with the extremely large values of the 
measured viscosity (the circles (©) in  Fig. 4).

Secondly, the measurement of the time averaged flow field allows one to indirectly as-

sess the micro-structural organisation of the Chlorella suspension by monitoring the 
regions in the flow field where there exists no measurable flow.

Such regions are highlighted by the closed curves overlapped on each panel of Fig. 7.
The experimental observation of these plug-like flow regions answers both of the ques-

tions stated above:

1. The emergence of the apparent yield stress behaviour is related to the formation of large 
scale particle aggregates that do not move over extended time intervals  and 
ultimately  lead to a divergence of the measured viscosity.

2. Corresponding to this state, the flow is highly inhomogeneous. Consequently, the vis-

cosity measurements performed within this regime should be treated as apparent mea-

surements 2. Unfortunately, the quality and resolution of the flow images acquired with 
the Rheo-

scope module did not allow us to analyse the correlation between the local speed, centroids

2 Note that this strongly inhomogeneous flow field significantly departs  from the analytical 
solution of a  cone-plate rheometric flow which allows the accurate conversion of the meassured torque 
(T ) and  angular  speeds (Ω ) into  stresses  (τ ) and  rates  of shear  (γ̇ ).
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Fig. 7 (a) Micrograph of a Chlorella suspension with a volume fraction Φv = 0.556 (the YS regime) sheared
at a stress τ = 0.02 Pa. The time averaged velocity field obtained via the DPIV method is overlapped onto
the image. (b) The corresponding time-averaged mean velocity field (the false colour map) and the time
averaged velocity vectors. The closed curves superposed to each panel highlight the solid-like agglomerations
of Chlorella cells.

m
v

Fig. 8 Dependence of the relative viscosity of the microalgal suspension ηr on the volume fraction of the 
microalgue ΦV . The  dashed  line  is  a  fit  according  to  the  Quemada  model 
[Quemada(1997)] and the  full  line is a fit according to the Simha model, [Simha(1952)]. The labels 
indicate the experimentally observed rheological regimes: N - Newtonian,  ST - shear  thinning,  YS - yield 
stress.  Within  the  ST and YS regimes, the relative viscosity has been measured at a fixed stress, τ = 
1Pa. The  same  data  is  re-plotted  in  the  inset  versus 1 − Φ

Φv .

of individual cells and their sizes using the Voronoi triangulation technique previously illus-

trated in our manuscript. We can only speculate at this point that, as in the case of the cell
aggregates (flocs) observed within the ST volume fraction regime, the repulsive inter-cell

interactions due to the negative interfacial charge of the cell’s membrane may play an im-
portant role. Future experimental investigation of the microscopic flow and its correlation to

the cell distributions are needed to clarify this point.
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As in the case of the ST volume fraction regime, we have used the Rheoscope module to 
probe the emergence of the wall slip phenomenon within the YS volume fraction regime by 
monitoring the local flow speed at various depths z within the sample down to the bottom 
glass plate GP (see Fig. 3 (a)). Unlike in the case of the intermediately concentrated ST 
volume fraction regime previously discussed, a significant slip can be observed at the bottom 
glass plate which, in terms of speeds, accounts up to 30% of the speed of  the top cone  C.

Consequently, separate rheological measurements (data not shown  here) performed 
with  a system  of  rough  plates  have  shown  significant  differences  in a 
range  of  small  applied  stresses. Particularly, the apparent yield stress 
measured in the presence  of slip is several  times smaller than that measure with rough 
geometries. From a fundamental and strictly rheological standpoint, the measurements 
performed  in the presence of wall slip are absolutely unacceptable as they do not reflect 
true material properties which is the ”golden rheological standard”.

In an engineering setting, however, this constrain may be somewhat relaxed. As a matter 
of a fact, realistic fluid motion of microlgae suspensions in intensified photobioreactors oc-

curs in the presence of wall slip. This is simply because the walls of photobioreactors need 
to be transparent to visible light and, consequently, they are slippery (typically either glass 
or acrylic made).

In the view of this rather simple and practical argument we believe that, although clearly 
misleading from a fundamental rheological perspective (particularly if one aims assessing 
a material  property  which  is beyond  the scope of  the present  work), the viscosity 
measure-ments we present we present within the YS would be quite helpful and instructive in 
design-ing efficient photobioreactors based on a correct understanding of the in-situ 
hydrodynamics and rheology and of their practical impact on the mass productivity of the 
photobioreactors.

Although our rheological data do not suffice to reconstruct a full jamming diagram as 
proposed in Ref. [Liu and Nigel(1998)] and  done  in Ref.  [Ikeda et al(2012)] which allows 
one to accurately decouple the jamming and the glass transition, we can obtain
a constant  temperature  section  of  such  a diagram.  For this  purpose, we turn our 
attention to the volume fraction dependence of the relative viscosity ηr within the various 
rheological regimes (N, ST, YS) identified above.We monitor the dependence of the relative 
effective viscosity ηr of Chlorella microalgae suspensions measured at a constant applied 
stress τ = 1 Pa on the volume fraction Φv, Fig.8. To facilitate the  comparison  of our 
relative  viscosity measurements with previous works

by others, we re-plot in the inset of Fig. 8 the same data versus 1 − Φv
Φm

v
.

Within the Newtonian volume fraction regime observed for dilute Chlorella suspensions 
(N)  the  volume  fraction  dependence  of the  relative  viscosity ηr is often 
modelled by the Quemada model, [Quemada(1997)]:

ηr =

(

1−
Φv

Φm
v

)−2

(5)

The equation above with Φv
m = 0.637 can reliably describe the viscosity measurements in 

the range Φv ≤ 0.115 (the dotted line in Fig. 8).

Within the concentrated and the highly concentrated regimes (ST, YS) the  volume  frac-

tion dependence of the relative viscosity is no longer accurately predicted by the Quemada 
model. According to the Simha’s cellular model [Simha(1952)] which  has  proven 
its ability  to describe the rheological behaviour of the highly concentrated suspensions, 
the relative viscosity of the suspension should satisfy:
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Fig. 9 Dependence of the onset of the shear thinning behavior τ0 measured within the ST regime and of
the apparent yield stress τy on the volume fraction ΦV . The labels indicate the experimentally observed
rheological regimes: N - Newtonian, ST - shear thinning, YS - yield stress .

lim
Φv→Φm

v

ηr = 1+
54

5
f 3 Φ2

v
(

1− Φv
Φm

v

)3
(6)

where f is a semi-empirical parameter and Φv
m is the maximum packing fraction.

The dependence of the relative viscosity measured at a constant applied stress τ = 1Pa 
within the ST and YS regimes can be fitted by Eq. 6 with f = 1.2 and Φv

m = 0.637 (the full 
line in Fig. 8). This value of the maximum packing fraction Φv

m matches closely the 
theoretical prediction for a maximally random jammed state.

The dependence of the onset of the shear thinning behaviour τ0 and the yield stress τy on 
the volume fraction Φv is presented in Fig. 9.

Within the shear thinning regime ST a non monotone dependence of τ0 on the volume

fraction Φv is observed with a local maximum corresponding to Φc
V ≈ 0.18 and the corre-

sponding stress value is τc
0 ≈ 0.51Φc

V .

The measurements presented in Fig. 9 are in a good qualitative agreement with the mea-
surements of Kruif and his coworkers, Ref. [de Kruif et al(1985)]. According to Ref. [de 
Kruif et al(1985)] and  [Krieger and Dougherty(1959)]
the maximum stress value τmax

0 reached within the ST concentration regime is related to the

average cell size via τmax
0 = kbT

br3
0

where b is the Krieger constant which is independent on

the volume fraction. Using r0 = 1.98µ m (see the distribution of cell size in Fig. 1(b)) and

τ0
max = 0.09 Pa (see Fig. 9) one  obtains  b ≈ 0.82 which is of the same order of magnitude 

with the theoretical value predicted by Krieger (b = 2.32), [Krieger and Dougherty(1959)]. 
The factor of 2 difference between the value we found and the theoretical prediction may be
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explained by the fact that the Chlorella suspension is not mono disperse (see the statistical 
distribution presented in Fig. 1(b)).

The similarities of these experimental findings with the rheological behaviour of sus-

pensions at various volume fractions confirms our initial hypothesis that the rheological 
behaviour of Chlorella suspensions may be approached from the perspective of suspensions 
of rigid particles.

It is known that systems that exhibit a yield stress behaviour may also exhibit irre-

versibility of the deformation states upon an increase/decrease of the externally applied 
forcing (thixotropic effects) as well as time dependence of the rheological properties. The 
next section is dedicated to the investigation of such effects within the ST and YS regimes 
identified and characterised through this section.

3.2 Reversibility of the deformation states at various microalgae volume fractions

To probe the reversibility of the deformation states, linear (in  time) controlled  stress flow  
ramps are performed for both increasing and decreasing stresses. Each of the explored stress 
values is maintained constant for a time t0 referred to as the characteristic forcing time (see 
Fig. 3(b)).

The reversibility of the deformation states within the intermediate concentration regime 
(the ST regime) has been probed by comparing viscosity measurements performed on in-

creasing and decreasing stress ramps for several characteristic forcing times t0, Fig.  10.

Regardless the value of the characteristic forcing time, on the increasing branch of the 
stress ramp (the squares (!) in Fig. 10) two deformation  regimes are observed:

1. A Newtonian like regime characterized by a viscosity plateau at low values of the 
applied stresses. According to [Quemada(1997)], this regime may be understood in 
terms of a mesoscopic organization of single cells into flocs of cells.

2. An entirely de-structured regime at high values of the applied stresses. Within this 
regimes the cells mesostructures are destroyed by shear which translates into a lower 
viscosityplateau.

Upon a decrease of the applied stresses (the circles (©) in Fig.  10), the 
deformation states are recovered only within the entirely de-structured (fluid) regime.

For each value  of  the characteristic forcing time t0 investigated, the system does not return 
to a mesoscopic floc structure but collapses into a large scale cell network characterised by a 
viscosity which diverges at low stresses. Bearing in mind that this range of microalgae 
volume fractions lies significantly below the maximum packing fraction Φv

m and thus 
individual Chlorella cells do not jam (see panels (b,c) in Fig. 2), the observation of a 
viscosity divergence on the de-creasing stress branch and at low applied stresses appears 
to us quite  puzzling and deserves  a brief  discussion.  Within  the  intermediate  range 
of  volume  fractions the average inter-cell distance may become of the same order of 
magnitude with the Debye length and thus, an effective repulsive force network leads to the 
viscosity divergence in a range of low applied stresses observed in Fig. 
10. It remains, however, to be clarified by future  investigations why such a viscosity 
divergence is observed only on the decreasing branch of the stress ramp.

Viscosity measurements performed on a microalgae suspension with a volume fraction Φv = 
0.556 (within the YS regime, see Fig. 8)  for an increasing and  a decreasing linear  stress 
ramp are presented in Fig. 11.

As already illustrated in Fig. 4 and discussed above, within the highly concentrated 
regime YS a viscosity divergence  is  observed  in  a  range  of  small  stresses on 
both the in-creasing branch of the stress ramp (the squares (!) in Fig.  11) 
and the decreasing one 
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Fig. 10 Viscosity measurements within the intermediate concentration regime at a volume fraction Φv = 0.148 
(ST, see  Fig.  8) for both  increasing  (!) and decreasing  (©) stress  ramp and  several  values 
of the  characteristic forcing time: (a) t0 = 5 s (b) t0 = 10 s (c) t0 = 15 s (d) t0 = 30 s.

Fig. 11 Viscosity measurements within the highly concentrated regime at a volume fraction Φv = 0.556 (the YS 
regime, see Fig. 8) for both  increasing  (!) and  decreasing  (©) stress ramp. The characteristic 
forcing  time was t0 = 15s.
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the circles (©) in Fig. 11). The viscosity divergence can be understood in terms of a 
jammed particle network extended over the entire sample. This behaviour is consistent with 
the mi-cro structural information presented in Fig. 2 (d) which clearly indicates that 
neighbouring Chlorella cells come into contact.

As the applied stress is increased along the increasing branch of the stress ramp, a grad-

ual transition towards liquid states (the microalgae suspension is completely de-structured)
is observed. The cell network responsible for the yield stress behaviour depicted in Fig. 11 
breaks down into a suspension of flocs of cells (mesoscopic cell structure). Within this in-

termediate state, a viscosity plateau is observed, similar to the low stress Newtonian plateau 
observed at intermediate volume fractions within the ST rheological regime. As the applied 
stress is increased even further, the flocs of cells break 
down and a shear thinning fluid state
is observed.

Upon a decrease of the applied stresses (the ”down” branch of the stress ramp) the 
defor-mation states are recovered only within the fluid regime. We note that no intermediate 
vis-cosity plateau is observed on the decreasing stress branch: the system passes directly 
from a de-structured state to a cell network state characterised by a divergent  viscosity. 
A similar ir-reversible solid-fluid transition has been recently observed for a PMMA 
suspension by Hey-mann and Aksel, [Heymann and Aksel(2007)]. As stated in Ref. 
[Heymann and Aksel(2007)], the emergence of a hysteresis clearly indicates that the static 
and dynamic structures of cells are quite different at the same low applied stress of the up 
and down branches  of  the  flow  curve.

Individual inspection of various increasing/decreasing flow ramps measured within both 
the ST and YS regimes indicates that there exists an onset of irreversibility of the deforma-

tion states which, most probably, corresponds to the complete breakdown of cell structures
(flocs). Unfortunately, for the case of Chlorella microalgae, we are not aware of a theoretical 
framework able to describe this by accounting not only for the hydrodynamic  interactions 
but for the electrostatic repulsions as well.

The irreversible (hysteretic) solid-fluid transition of the highly  concentrated 
Chlorella microalgae suspension under shear also bears some similarities with the solid-
fluid transition recently observed in a shear thinning physical gel (Carbopol), [Putz and 
Burghelea(2009)]. We note, however, that the solid behaviour visible in Fig. 11 is not necessarily 
related to elasticity, as it was the case for the physical gel studied in [Putz and 
Burghelea(2009)].

A irreversible  flow  behaviour  strikingly  similar to  that depicted in Fig. 11 has 
been ob-served by Malkin and his coworkers, [Malkin et al(2004)], on an super-

concentrated water in oil (WO) emulsion. They interpret the viscosity increase
on the decreasing stress branch in the range of low shear rates as a  rheopectic  effect 
induced by the ageing of the emulsion.

These unexpected similarities between the yielding scenario in various micro struc-

turally different systems suggest that the solid-fluid transition in soft materials may follow 
a universal pattern related to the competition between formation and destruction of flow 
units.

The irreversibility of deformation states is usually associated with thixotropic or time 
dependent effects in the rheological behaviour. To explore this, we focus on the dependence
of the viscosity measured at a fixed applied stress on the characteristic forcing time t0. The 
results of such measurements for three values of the volume fraction Φv corresponding to the 
ST regime are presented in Fig. 12.

Up to a critical value of the characteristic forcing time t0 ≈ 15 s which is of the same order 
of magnitude with the characteristic time scale associated with the Brownian motion
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Fig. 12 Dependence of the zero shear viscosity η0 (empty symbols) and the terminal viscosity ηint (full 
sysmbols) measured within the ST regime on the increasing branch of the stress ramp on the characteristic 
time of forcing t0. The  symbols  refer  to  different  volume  fractions  of the  microalgae: (!, ") - Φv = 
0.148,(©, •) - Φv = 0.165, (%, #) - Φv = 0.181.

tbr (or De ≈ 1) 3, the  zero  shear  viscosity  (the  empty  symbols  in  Fig. 
12) increases almost an  order of magnitude. This viscosity increase in conjunction with the 
micro structural picture illustrated in Fig. 2(d) indicates that smaller the Deborah number is, 
larger is the characteris-tic size of structured flocs of Chlorella cells. For values of t0 larger 
than tbr a drop  of  nearly  two orders of magnitude of the zero shear viscosity is observed 
indicating for large waiting times the rate of formation of flocs of cells is overcome by the 
rate of destruction induced by the shear. Although we have checked the reproducibility 
of  this effect  during  subsequent  experiments performed on different batches of 
suspensions, we are unable  at this point  to  provide a full physical interpretation of this 
effect. Measurements of the high shear plateau viscosity ηint (the full symbols in Fig. 12)  in-
dicate no dependence on the characteristic forcing time t0 which indicates that in a fully de-
structured deformation regime no time dependent effect are present. This finding is fully 
consistent with the reversibility of the deformation states observed  in  a  range  of  large 
applied  stresses, Fig. 10. Measurements of the viscosity of a highly concentrated microalgae 
suspension (the regime YS in Fig. 8)  at a given applied stress as a function  of  the 
characteristic forcing  time t0 are presented in Fig. 13. Depending on the value of the 
applied stress, two behaviours with respect to the char-acteristic forcing time are found. For τ 
= 10Pa which corresponds to the reversible fluid deformation regime (see Fig. 11), no 
significant variation of the viscosity with t0 can be observed (the full symbols in Fig. 13). This 
indicates that, corresponding to this value of the applied stress the entire sample is in a liquid 
state and no re-structuration of the microalgae suspension occurs. This conclusion is 
consistent with the reversibility of the flow curved observed within the fluid regime, Fig. 11. 
The dependence of the viscosity on the characteristic forcing time is significantly different, 
however, for a low value of the applied stresses (τ = 0.1Pa). Within this deformation

3 Note that if one takes into account the measured average cell radius and its standard deviation one obtains 

tbr ∈ [16.4,65.7] s (see Fig. 1 and the discussion in Sec. 2.1).
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Fig. 13 Dependence of the viscosity of a highly concentrated suspension (within the YS rheological regime, 
) measured  at a fixed stress  on the  characteristic  forcing  time. The symbols refer to stress value: (©) -
τ = 0.1Pa, (•) - τ = 10Pa .The volume fraction is Φv = 0.37.

regime, a monotone increase of the viscosity with the characteristic forcing time is observed 
(the empty symbols in Fig. 13).

This observation, in conjunction with the visualisation of the rigid plugs formed by large 
scale agglomerations of individual cells presented in Fig.  7 indicates that average size of 
these agglomerations decreases monotonically with the Deborah number, De. In  other 
words, steadier the flow is, more likely is that the Chlorella cells form large plug-like zones 
gradually leading to a maximally random jammed state manifested by a divergence of the 
apparent viscosity.

A similar time  dependent  rheological  behaviour  has  recently been  observed 
by Schmidt  and Münstedt [Schmidt and Münstedt(2002)] for  concentrated 
monodisperse  suspensions.  They have observed a strong dependence of the rheological 
properties (zero shear viscosity and dynamic moduli) of the suspensions on the pre-shear 
time. The  zero shear  viscosity was  found to increase with increasing pre-shear time which 
they interpret by structuring effects. In contrast to the loss modulus, which has not been 
influenced significantly by pre-shear, the storage modulus increased substantially with 
increasing pre-shear times at low angular frequencies. This was interpreted as a transition 
from a liquid-like to a solid-like viscoelastic structure of the particle network.

4 Conclusions, outlook

A systematic  study  of  the  rheological  behaviour  of  suspensions of non-swimming 
microalgae is presented. Depending on the microalgae volume fraction, three distinct 
rheological regimes are observed. At low volume fractions (Φv < 0.115) a Newtonian regime 
(N) is  ob-served: the viscosity is independent on the applied stress and the flow curves are 
reversible upon an increase/decrease of the applied stresses.

At larger volume fractions (0.115 <Φv < 0.25), a shear thinning ST regime is observed. 
At low values of the applied stresses a Newtonian viscosity plateau is observed. We interpret 
this plateau in terms of a meso-structure of Chlorella cells (flocs). As the applied stress 
exceeds a critical value, a strong shear thinning behaviour is observed, which corresponds to
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a progressive  breakdown  of  the meso-structure.  A complete  destruction of the 
mesostructure in a range of large applied stresses results in a second viscosity plateau, ηin f .

The microscopic scale picture responsible for the observation of a low shear viscosity 
plateau is demonstrated by visualisation of the Chlorella suspension. Using the Voronoi 
triangulation technique, we have demonstrated in the absence of flow (τ → 0) the formation 
of flocs of small cells and the occurrence of voids around the larger ones, Fig. 5.

This somewhat unexpected microscopic scale organisation of  individual  Chlorella cells 
can be explained in terms of repulsive interactions due to their negative superficial charge 
which is proportional to the square of the cell’s radius. The large cells carry a larger super-
ficial charge and repel strongly the smaller ones creating voids around them. Consequently, 
the smaller cells are organised in flocs.

A similar  observation  is  made  in  the  presence  of  shear  for  stress values 
corresponding to the low shear viscosity plateau τ < τ0, Fig. 6.

For the highest volume fractions investigated (Φv > 0.25) a apparent yield stress regime 
YS characterised by a divergence of the viscosity at low stresses is observed. The emergence 
of an apparent yield stress behaviour is interpreted in terms of the formation  of large scale 
cell aggregates which, in the limit of small applied stresses, behave as rigid plugs leading to 
a viscosity divergence, Fig. 7. The  time series of velocity  field acquired  within this range 
of volume fractions and applied stresses indicates that these plug-like zones persist over 
significant times.

The volume fraction dependence of the viscosity measured at a fixed  applied  stress 
(within the fluid deformation regime) follows the Quemada correlation within the ST regime 
and the Simha correlation within the YS regime, Fig. 8. As both  above  mentioned 
theoret-ical models refer to suspensions of non-interacting particles and bearing in mind that 
the repulsive interactions among individual Chlorella is not negligible the rather unexpected 
agreement of our relative viscosity data with their prediction is certainly worth being further 
investigated by both macro and micro rheology approaches.

The dependencies of the onset of the shear thinning behavior τ0 and the apparent yield
stress τy presented in Fig. 9 are consistent with the previous results obtained for suspensions
of hard spheres, [de Kruif et al(1985),Tropea et al(2007)].

This indicates that, quite surprisingly and in spite of the relative poly-dispersity and 
the inter-cell repulsive interactions, the rheological behaviour of microalgal suspensions 
of Chlorella can be approached (at least formally) within the framework of non-Brownian  
suspensions of rigid and non-interacting particles.

Within the semi-concentrated ST and the highly concentrated YS volume fraction regimes 
the deformation regimes are not reversible upon increasing/decreasing the applied stresses 
(except in a range of large applied stresses where the Chlorella suspension is fully de-
structured), Figs. 10, 11. This  rather  unexpected  (and, to our  best knowledge, 
not docu-mented by previous studies) thixotropic like behaviour suggests that before realistic 
numeri-cal simulations of the hydrodynamic behaviour in photobioreactors could be carried 
on, new rheological models need to be developed. For such models to 
be successfully developed  a  better understanding of the mesoscopic scale interactions and 
organisation of Chlorella cells under shear is needed.

Simultaneously with the thixotropic-like behaviour observed within the ST and YS 
regimes a time dependence of the viscosity measured at a fixed applied stress is observed, 
Figs. 12, 13. This finding as well calls for future investigations  from both a theoretical and 
a experimental  perspective.

To conclude, our experimental study has presented a detailed account  of  the  dependence  
of the rheological behaviour of a Chlorella suspensions on the Péclet number Pe (controlled
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by the rate of shear γ̇), the Deborah number De (controlled by the characteristic forcing time

t0) and the volume fraction Φv. The reach phenomenology observed by varying the volume
fraction in a broad range should certainly call for future studies targeting both a new theoret-

ical framework and the microscopic origins of the experimentally observed features. Based
on such studies, the ultimate goal would be to develop suitable numerical codes able to pre-

dict the productivity of photobioreactors in relation to both various illumination conditions
(fluxes, spectral content, incidence angles) and flow conditions.
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