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Investigation of the shape change of bio-ﬂocs and its
inﬂuence on mass transport using particle image
velocimetry
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ABSTRACT
In this laboratory study, an advanced ﬂow visualization technique – particle image velocimetry
(PIV) – was employed to investigate the change of shape of activated sludge ﬂocs in water and its
inﬂuence on the material transport characteristics of the ﬂocs. The continuous shape change of the
bio-ﬂocs that occurred within a very short period of time could be captured by the PIV system.
The results demonstrate that the ﬂuid turbulence caused the shift of parts of a ﬂoc from one side to
the other in less than 200 ms. During the continuous shape change, the liquid within the ﬂoc was
forced out of the ﬂoc, which was then reﬁlled with the liquid from the surrounding ﬂow. For the bioﬂocs saturated with a tracer dye, it was shown that the dye could be released from the ﬂocs at a
faster rate when the ﬂocs were swayed around in water. The experimental results indicate that
frequent shape change of bio-ﬂocs facilitates the exchange of ﬂuid and materials between the ﬂoc
interior and the surrounding water. This mass transfer mechanism can be more important than
molecular diffusion and internal permeation to the function and behavior of particle aggregates,
including bio-ﬂocs, in natural waters and treatment systems.
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INTRODUCTION
Most microorganisms in bioreactors in wastewater treatment are in the form of aggregates, or ﬂocs. In many
cases, as the bio-ﬂocs increase in size, mass transfer limitation has been regarded as one of the primary limiting
factors to treatment performance. Molecular diffusion is
considered to be the main mechanism of material transport
into ﬂocs (Clark ). Recently, the importance of internal
ﬂow through aggregates to particle ﬂocculation and mass
transfer also has been recognized (Li et al. ). However,
in almost all of the theoretical analyses and experimental
studies, an aggregate has been treated as a rigid object
with a ﬁxed shape and volume. The soft and open structure
of particle aggregates, including bio-ﬂocs, has not been
taken into account in descriptions of their mass transport
characteristics.
Research indicates that particle aggregates are fractals
that have a self-similar, open and porous structure (Li &
Yuan ). This ﬁnding implies that, other than a rigid
structure, aggregates suspended in water are rather soft
and ﬂexible in shape. In recent years, the phenomenon of
doi: 10.2166/wst.2014.063

Downloaded from https://iwaponline.com/wst/article-pdf/69/8/1648/471464/1648.pdf
by guest

shape change of biological aggregates in water has been
recognized (Glasgow , ; Tao et al. a, b). The
deformation of bio-ﬂocs during the compression of hydrodynamic forces has been observed (Glasgow ). The
shape change of activated sludge (AS) ﬂocs was recorded
during a freezing and thawing treatment process (Tao
et al. a, b). Shape change would occur when hydrodynamic forces act on the ﬂocs in a sheared ﬂuid ﬂow, which
would enhance the material exchange between the ﬂoc
interior and the surrounding ﬂuid. Thus, continual shape
change could be another important mechanism of material
transport for bio-ﬂocs in water. However, the deformable
feature of biological aggregates and its inﬂuence on mass
transport have not been well addressed.
Particle image velocimetry (PIV) is a non-intrusive optical system that is able to capture the velocity vectors of a
ﬂow and the shape change of an object within a millisecond
(Raffel et al. ). For various research purposes, the laserbased PIV technique has been applied to study the ﬂow
around bluff bodies, such as a circular cylinder oscillating
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Schematic of the PIV experimental setup.

in water (Lam & Dai ) and an inclined ﬂat plate (Lam &
Leung ). Flow patterns and quantitative ﬂow information including instantaneous velocity vectors and
streamlines can be obtained from the PIV images (Xiao
et al. , ). Therefore, in the present laboratory study,
PIV technology was employed to investigate the change of
shape of bio-ﬂocs in a ﬂow. The importance of continuous
shape change and its effect on the material transport features of the ﬂocs is also discussed.

MATERIALS AND METHODS
The shape change of bio-ﬂocs in a ﬂow ﬁeld and related
mass transfer features were investigated using a PIV
system. The PIV setup consisted of a laser illumination, a
high-speed charge-coupled device (CCD) video camera
and dedicated computing techniques to track particles for
ﬂow ﬁeld illustration and velocity measurement (Xiao
et al. , ). In the present laboratory study, a rectangular glass chamber was used as a ﬂow channel, for which a
pump was used to control the ﬂow direction. Polyamid
seed particles (∼5 μm) were suspended in water as the
ﬂow tracers in the chamber when needed. A ﬂuorescent
dye, Rhodamine WT, was used as a tracer dye for illustration
of mass transfer from the ﬂocs into the surrounding water.
The aggregates of AS were produced on a jar-test device
(ZR4-6, Zhongrun Co., Shenzhen, China) following the
method described previously by Li et al. (). During a
PIV test, a large AS ﬂoc was ﬁxed with glue at the tip of a
needle. The ﬂoc was immersed gently into the water
chamber. A laser beam was generated and expanded to a
thin vertical laser sheet to illuminate the AS ﬂoc (Figure 1).

Downloaded from https://iwaponline.com/wst/article-pdf/69/8/1648/471464/1648.pdf
by guest

The planar laser sheet was illuminated through the centre of
the ﬂoc to illustrate the details of the shape of the bio-ﬂoc
and the ﬂow around the ﬂoc. With a ﬂow change, the ﬂoc
would change its shape to conform the hydrodynamic
force in the ﬂow. The deformation of the bio-ﬂoc that
occurred within a very short period of time was captured
by the high-speed CCD camera (PCO.camera 1200, resolution ¼ 1280 × 1024 pixels). The video images were stored
in a computer and processed to determine the change of
the shape of the ﬂoc in the ﬂow and the resulting ﬂuid
exchange and material transport. The PIV tests were conducted for a number of AS ﬂocs.
The mass transport feature of AS ﬂocs was also investigated directly based on the rate of dye release from the ﬂocs
into water. Prior to the experimental tests, a certain amount
of ﬂuorescent Rhodamine WT was injected into the ﬂoc
with a micro-syringe. A ﬂoc saturated with the tracer dye
was then placed in water for the dye releasing tests. For

Figure 2

|

Schematic of the dye release from the AS ﬂocs in a turbulent ﬂow test setup.
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PIV images for the shape change of an AS ﬂoc (with the arrow pointing to the main swaying part) in water during the change of the ﬂow direction:
images (a)–(h) were a series of photos of the ﬂoc that were taken by the PIV within 200 ms after the ﬂow direction was reversed from left to right.

the dye release from the AS ﬂocs in a turbulent ﬂow, a ﬂoc
ﬁxed at the needle tip was swayed gently in the water
chamber (Figure 2). The release of dye from the moving
ﬂoc was recorded by the CCD camera. In the settling test,
the ﬂoc was transferred to the top of water in a settling
column. The release of the dye from the ﬂoc during its
settling became visible with the PIV laser illumination and
was recorded by the PIV system. The mass transfer behavior
of the AS ﬂocs could be well demonstrated by the dye
release from the ﬂocs in a turbulent ﬂow.

RESULTS AND DISCUSSION
The deformable feature of biological aggregates can be well
observed from the PIV images. As the ﬂow changed its direction, an AS ﬂoc in water changed its shape with the ﬂow
(Figure 3). The ﬂuid turbulence caused the shift of a few
parts of the ﬂoc from one side to the other side in less
than 200 ms, which was captured by the PIV. It is apparent
that, during the continuous shape change, the ﬂoc ﬁrst
shrank to a smaller volume. The ﬂoc then relaxed to a certain degree and changed to a new shape. During this
shape-change process, the liquid within the ﬂoc was forced
out of the ﬂoc, which was then reﬁlled with the liquid
from the surrounding ﬂow.
It is known that large aggregates are fractal objects that
have an open and porous structure. The present PIV ﬁndings further indicate that fractal aggregates are not rigid
particles. Instead, fractal aggregates have a soft and ﬂexible
shape that allows a considerable degree of deformation and
shape change in water. This type of shape change and structural deformation would facilitate the exchange of ﬂuid and
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materials between the interior of the aggregates and the surrounding water or solution.
The release of dye from an AS ﬂoc during its settling in
water was recorded in Figure 4. The image indicates that, as
the AS ﬂoc was porous and permeable, the dye inside the
ﬂoc could be released with the internal ﬂow through the
ﬂoc. The release of the tracer dye during the settling of
the ﬂoc, however, was rather stable and limited. This is
likely due to the ﬁxed and stable shape of the ﬂoc during
its settling in the quiescent ambient water. However, the
mass transport behavior of the ﬂocs could be quite different
when the ﬂocs were moved forward and backward in water.
As shown in Figure 5, more dye could come off the ﬂocs at a
faster rate as the ﬂocs had their shape changed with the
movement. It is apparent that the ﬂoc shape change facilitated the dye release from the ﬂocs and therefore
enhanced the exchange of the ﬂuid between the ﬂoc interior
and the surrounding water.
The experimental results indicate that the mass transfer
limitation for particle aggregates could be minimized

Figure 4

|

PIV image for the dye release from an AS ﬂoc during its settling in water.
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PIV images for the dye release from an AS ﬂoc during its shape change in a turbulent ﬂuid ﬁeld.

considerably in a turbulent environment. Frequent shape
change of the bio-ﬂocs should be another mechanism of particle ﬂocculation and mass transfer in biological wastewater
treatment facilities. This particle and material transfer mechanism can be more important than molecular diffusion and
internal permeation to the function and behavior of bio-ﬂocs
in natural waters and treatment processes. In addition, the
frequent shape change would affect the micro-environment
within the bio-ﬂocs, which has not been addressed previously. Moreover, the observed shape change of a ﬂoc is
expected to enhance its aggregation with particles and
cells in the suspension. However, the continuous deformation of the ﬂoc would weaken its structure and stability,
leading to more breakages in a turbulent environment.

permeation to the mass transfer of fractal bio-ﬂocs in the turbulent ﬂuid of natural waters and treatment systems.
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