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Aerobic granular sludge has been recognized to be promising for wastewater
treatment. Their hydrodynamic characteristics have a significant impact on the mass
transfer process in reactors. In this study, the hydrodynamic characteristics of aerobic
granules were studied using an experimental approach, and their fluid dynamic behav-
iors were analyzed using a numerical approach. Experimental results show that the
aerobic granules are fractal-like aggregates with porosity. Their porosity and perme-
ability were found to increase with increasing granule size. The numerical model
simulated the flow field surrounding a granule, which distinguished the flow behaviors
of the granules with different permeability at different outflow Reynolds numbers. The
velocity vectors colored by velocity magnitude in the granule internal depended
significantly on the permeability of the granule and the Reynolds number. The results
provided a helpful tool to investigate the hydrodynamic behavior of aerobic granules
with a consideration of their porous structure characteristics. © 2010 American Institute
of Chemical Engineers AIChE J, 57: 2909-2916, 2011
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Introduction

Aerobic granular sludge has been recognized to be prom-
ising for wastewater treatment due to its many advantages
over the conventional activated sludge flocs, such as good
settling ability, high-biomass retention, and great capability
to withstand shock loading.'® The excellent properties of
aerobic granules are related greatly with their internal struc-
ture. Their formation, structure, and mass transfer in gran-
ules are also influenced by the internal fluid patterns. It is
found that aerobic granules are fractal-like aggregates com-
posed by small particles.7_lO For fractal aggregates, fractal
dimension has been widely used to describe their irregular
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and complex structure, and it is useful in explaining some
phenomena of aerobic granules.

The hydrodynamic behaviors of microbial aggregates
could affect their mass-transfer efficiency and accordingly
reactor performance.''™'* Attempts have been made to ana-
lyze the hydrodynamic characteristics of granules. Su and
Yu'® studied the fractal dimension and the permeation of
granules grown on the soybean-processing wastewater. They
revealed that 83% of matured granules were permeable with
fluid collection efficiencies over 0.034. Mu et al.'* estab-
lished a new approach to evaluate the drag coefficient of po-
rous and permeable microbial granules, and demonstrated
that the drag coefficient of microbial granules depended
heavily on their permeable structure.

The increased capabilities of the computational fluid
dynamics (CFD) make it possible to carry out CFD-based
simulation of bioreactors.'”'® Diez et al.'” carried out
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experimental, CFD simulation and artificial neuronal network
studies to analyze the fluid mechanism of the aerobic gran-
ules cultivated in a sequencing batch reactor (SBR). Ren
et al.'® performed a three-dimensional CFD simulation with
an Eulerian—Eulerian three-phase-fluid approach to visualize
the phase holdup and flow patterns in upflow anaerobic
sludge blanket reactors. However, in these studies, the whole
reactor was investigated at a macroscopic level, which can
not reflect the fluid forces imposed on granules at a micro-
scopic level. There are an increasing number of processes
involving hydrodynamic and mass transfer to viscous fluids,
which demands further efforts to understand the effect of lig-
uid viscosity on particle or bubble oscillations at different
Reynolds.'”° The hydrodynamic behaviors of granules can
significantly affect the mass transfer of oxygen and substrate.
However, information about such hydrodynamic behaviors is
still limited, attributed to the complex hydrodynamic condi-
tions of the reactor and the porous structure of granules.

Therefore, in this study, the hydrodynamic characteristics
of aerobic granules were investigated with integrated experi-
mental and numerical approaches. The hydrodynamic param-
eters, e.g., the porosity, fractal dimension, and permeability
of the granules, were experimentally determined. Then, the
fluid dynamic behaviors such as the velocity field inside and
outside the granule, path lines, and the granule shear rate
were analyzed using the CFD modeling approach on the ba-
sis of granule hydrodynamic characteristics at different out-
flow Reynolds numbers (Re). Understanding the characteris-
tics of the flow field of in aerobic-granule-based reactors is
essential for a successful operation and scale-up of the bio-
reactors for wastewater treatment.

Model Development
Assumptions

In the CFD calculation, an aerobic granule is assumed as
a porous sphere with a diameter d. It moves at a speed of ug
through an infinitely large quiescent Newtonian fluid of vis-
cosity u and density p. The diameter (D;) and the length (L)
of the domain tube are kept as 60 times of the granule diam-
eter (d = 2 r,) to minimize the boundary effects. Figure 1
illustrates the flow process: the sphere is fixed at the center-
line, whereas the surrounding fluid flows at a uniform speed
of ug from infinity toward the fixed sphere. The flow fields
within and around the sphere should be modeled separately.

Governing equations and solutions

The governing equations for the flow field outside the per-
meable granule could be described by:

N P 1,
(u’f : v)uf o VP = g Vi 1)

where uf = ug/us, and P’ = P/P,. The Re of granules could
be calculated from:

_dpus,
u

Re

(@)

The fluid flow interior to the granule is expressed by the
Darcy-Brinkman’s equation:
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Figure 1. Computational domain under investigations
(L/d = 60, D, /d = 60).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

_ Eu 1_,.
iy + FReVP’ = Ev%t;, 3)

where i), = up/uy, and Eu = Py /pu?, (Euler number). The
dimensionless permeability factor (f§) of the granule is:

B=(d/2)/K" )

where x is the granule hydraulic permeability. The fluid
viscosity of fluid interior to the granule is assumed to be the
same as that of fluid exterior to it.”'

The boundary conditions are defined as follows:

U = Ulog, ' — 00 ®)
Uy = Uy, 1 =rg (6)
Vﬁ; =Vup, r=r, @)
Oy _Oup o~
o o =0 ®

Equation 5 implies that at the point far away from a gran-
ule the flow field is not disturbed by the granule. Equations
6 and 7 indicate that both the fluid velocity and its gradient
across the sphere surface are continuous.

For a specific granule moving in the water bath at a con-
stant velocity, both the Euler number (Eu) and Re of the
granule could be treated as known values in Eqgs. 1 and 3.
Hence, the fluid-flow field and the associated hydrodynamic
drag are determined by a single parameter, f.

The relationship between the wet mass (Wg) of granule
and its size (d) could be described as>?:

Wy = Ad® )

where the constant A and the fractal dimension of the granule
D could be estimated from the slope and intercept of a log—log
plot of the wet mass and size of granules, respectively.

The granule porosity (¢) is determined with the following
equation:

6fA

TPy

g=1——=——d"" (10)
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where p, is the density of granule, the ratio (f) is the wet mass
to the dry mass of the granules, which is estimated to be 3.45
according to Li and Yuan.?

The Happel model is used to calculate the hydraulic per-
meability (i) of aerobic granules'*:

d2(3 —4.5) + 4.5 — 3p?
o 5 y y* —37°) an
18y3(3 +29°)

p=(1-¢" (12)

where d,, is the primary particle diameter. In this study, three
d,, values, i.e., 1, 5, and 10 um, are selected according to Li
and Ganczarczyk.?*

Hydrodynamic shear forces play a crucial role in main-
taining the integrity of aerobic granules, which has been
confirmed for aerobic granulaltion.l’2 The shear rate S (sfl),
which affects the deformation of granules in the fluid field
due to the hydrodynamic shear forces, is defined based on
the Euclidian norm of the deformation tensor:

S = /28,5, (13)

1 (0w o
Sij_2<({9xj+axi> (14)

Numerical solution

The model in Figure 1 was initially preprocessed using
the geometry modeling mesh generation software, GAMBIT
2.0 (Fluent, USA) to define the liquid—solid interface and to
generate the outside flow field grids. The governing equa-
tions and the associated boundary conditions were solved
numerically using FLUENT 6.2 software (Fluent, USA). In
FLUENT simulation, the aerobic granule was defined as a
porous zone and the permeability was decided by both po-
rosity and size of the primary particles described above. The
adopted pressure-velocity coupling algorithm was Semi-
Implicit Method for Pressure-Linked Equations-Consistent
(SIMPLEC). The calculation was performed at a maximum
relative error of 0.01%.

Materials and Methods
Experimental setup

The SBR used to cultivate aerobic granules had an inter-
nal diameter of 0.1 m and a height of 1.0 m. The reactor
was operated at 20°C with a total cycle length of 6-h mode,
including: 3 min of feeding, 349 min of aeration, 1 min of
settling, and 5 min of effluent withdrawal. Air was intro-
duced through a diffuser at the reactor bottom by an air
pump. The airflow rate was controlled via a flow meter. The
seed sludge was taken from an aeration tank in Wangxiaoy-
ing Municipal Wastewater Treatment Plant, Hefei, China.
The granules were cultivated by a diluted effluent from a
laboratory scale H,-producing upflow anaerobic reactor. The
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effluent was rich in volatile fatty acids, including acetate,
propionate, and butyrate.”> The influent chemical oxygen
demand to the reactor was kept at ~ 1000 mg L', In addi-
tion, the micro-element solution of 1.0 mL L~ ! was added,
which contained (in mg L’l): H3BO;, 50; ZnCl,, 50; CuCl,,
30; MnSO,4-H,0, 50; (NHy4)sMO;0,4-4H,0, 50; AlCl;5, 50;
CoCl,-6H,0, 50; and NiCl,, 50. The influent pH value was
adjusted to 7.0 through the dose of NaHCO; or HCL.

Analytical methods

The density (p,) of the aerobic granules was determined
according to Zheng et al.* The granule size was measured
using an image analysis system (Image-pro Express 4.0,
Media Cybernetics, USA) with an Olympus CX41 micro-
scope and a digital camera (C5050, Olympus Co., Japan).
The granules were dried in an oven with 101°C for 2 h and
the dry mass (W4) was weighed by an analytical balance.
The settling velocity of granules was measured by recording
the time taken for an individual granule to fall from a certain
height in a measuring cylinder. A column with a diameter of
4.0 cm and a height of 40 cm was used for the measure-
ment.'?

The mixed liquor suspended solids (MLSS), sludge vol-
ume index (SVI), and specific gravity were determined fol-
lowing the Standard Methods.”®

Results and Discussion
Morphology profiles

Morphology of the activated sludge in the SBR changed
significantly during the granulation process (Figure 2). The
seed sludge had an irregular and loose structure (Figure 2A).
In Figure 2B, smaller aggregates could be seen after 5 days
of operation. After 8 days, small granules with diameters of
0.2-0.5 mm were visible (Figure 2C). These small granules
coexisted with flocs in the reactor as seen in Figure 2D.
These initial granules grew rapidly and, after 10 more days,
large granules with diameters over 1.0 mm were observed
(Figure 2E). After 30 days of rapid growth, the growth rate
of granules gradually slowed down, indicating the formation
of mature and stable granules. The matured aerobic granules
had a diameter ranging from 1.0 to 3.5 mm and SVI of 74.2
mL g~'. With a shift from small and loose sludge flocs to
large and dense granules, a stable and clear outer surface
was gradually formed, indicating the development of a more
compacted granule structure (Figure 2F).

Fractal porous structure

In this study, total of 65 aerobic granules was used for
analysis and calculation. The sizes of the granules ranged
from 1.0 to 3.5 mm with a dry mass from 0.012 to 0.533
mg. Fractal dimension can be used to describe the space fill-
ing capacity of an object, whereas Euclidean dimensions are
integers varying from O to 3. For linear, planar, and three-
dimensionally compact objects, the exponent D has values of
1, 2, and 3, respectively. Fractal geometry regards that, as
opposed to the classical Euclidean geometry, the dimension
of an object can be a noninteger value. It could provide a
valuable indicator for the formation mechanisms and the
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Figure 2. Images of sludge in the granulation process.

A: Seed sludge, (B) sludge on day 5, (C) sludge on day 8, (D) sludge on day 15, (E) sludge on day 20, and (F) sludge on day 34. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

structural features of aerobic granules. Based on the slope of
the logarithmic relationship between the dry mass (W,) and
size (d), the fractal dimension D of the aerobic granule was
determined as 2.65 + 0.19 (r2 = 0.913), as shown in Figure
3A. This implies the granules had a fractal structure. Thus,
Eq. 9 could be written as follows:

Wq = 0.0223d>% (15)

For porous aggregates such as activated sludge flocs, the
fractal values are typically in a relatively wide range of 1.4—
2.8.%7 A lower fractal dimension value generally indicates a
looser and more porous aggregate structure and thus better
mass-transfer ability, whereas a higher fractal dimension
suggests a denser and stronger structure formed under a
highly sheared environment.*®

As shown in Figure 3B, the granule porosity is related to
its diameter. When the granule diameter increased from 1.0
to 3.5 mm, the porosity increased from 0.86 to 0.91, indicat-
ing that a larger granule generally had a more porous struc-
ture. The high-mass-transfer efficiency of a granule is usu-
ally associated with its porous structure, which allows the
development of interior flow.'*
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Permeability

Happel model (Eq. 11) was adopted to estimate the per-
meability x of the aerobic granules. As shown in Figure 4A,
the x value increased slightly with the increasing granule
size and the primary particle diameter. For instance, the per-
meability of the granules with a primary particle size of 10
um was almost 10 times higher than that of the granules
with a primary particle size of 1 um. These results show that
the permeability of aerobic granules was related to their size
and primary particle size. Fractal aggregates show a hetero-
geneous pore distribution, whereas the macropores formed
between particles within an aggregates allow a greater inte-
rior flow through the aggregates.2

Figure 4B plots the permeability factor (f5) as a function of
Re and primary particle size dj,. For granules with different
primary particle sizes, the f§ value increased with the Re value,
especially for those with a larger d, of 10 um. When the
external flow velocity increased, the intra-granule fluid flow
would redistribute among the channels of different sizes, and
yield a Re-dependent permeability. As for sludge flocs, which
are highly porous aggregate,28 the [ value is usually very
small, ranging from 1.4 to 6.8.%° However, the P values of aer-
obic and anaerobic granules generally range from 10 to
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Figure 3. A: Fractal dimension and (B) porosity of the

granules.

10,000."* This indicates that aerobic granules have more com-
pact interior structure than flocs, which leads to an increased
mass-transfer resistance to oxygen and nutrient intake.”® The
relationship between the permeability and the mass transport
of aerobic granules needs further investigations.

Flow field surrounding granules at different Re values

The CFD model described above was used to evaluate the
fluid mechanics behavior of a 2-mm granule. The hydrody-
namic parameters of the granule, such as the porosity (¢ =
0.887) and the permeability of two different primary particle
size (k = 2.5 E —13 for d, = 1 um, and x = 2.46 E —11 for
d, = 10 um), were obtained from the experimental results
above. The fluid field characteristics, such as the velocity field,
path lines, and the shear rate, are shown in Figures 5-7.

Figures 5A-H show the velocity field plots of a granule
with d, of 1 and 10 um and Re value of 0.5, 1, 5, and 10,
respectively. For a porous sphere, the fluid not only flows
around but also penetrates through the sphere. This could be
confirmed by the size exclusion chromatography method by
Adav et al.,>® which demonstrated a significant convection
flow through the aerobic granule interior. The velocity vec-
tors colored by velocity magnitude in the interior and around
the granule exhibited a significant permeability-Re depend-
ency. As shown in Figures 5A, B, a higher fraction of veloc-
ity vectors inside the granule with d, = 10 um were found
than that for the granule with d, = 1 um at the same Re
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value, implying an elevated internal convection alone with
the granule permeability. The velocity vectors inside the
granule increased as the Re value increased from 0.5 to 10,
suggesting that enhancement of the surrounding flow could
increase the granule internal convection. The fluid field
around the granule affected its internal convection, which
exerted an influence on the mass-transfer efficiency of the
granules. The convection inside granules could enhance the
oxygen and substance transfer process of aerobic granules.

The change of the fluid field as the response to increasing
Re values could be observed by the variations of the path
lines around the granule. The path lines for the granule of d,
= 1 um changed notably at Re values of 0.5, 5, 10, and 50
(Figures 6A-D). At Re of 0.5, the path lines paralleled
nearly to the granule surface shape when passing through the
granule. Meanwhile, the streamlines were almost symmetri-
cal around the granule, as aerobic granules have a much
higher f value than the usual microsphere aggregates.14 As
Re increased, the streamlines through the granule internal
could be observed obviously. This further confirms that the
external flow could affect the internal fluid field of the gran-
ule due to its porous structure.

In a bioreactor, the shear force resulting from fluid hydraul-
ics is one of the key factors that influence the formation,
structure, and stability of the cell-immobilization community,
such as biofilm and granular sludge under different hydrody-
namic conditions.”’ The shear rate of the aerobic granules
with different d}, values in the flow fluid of different Re values
are showed in Figure 7. The maximum strain rate appeared at
the flank guard of the granule, whereas the minimum one
appeared in the flow direction behind the granule in each
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Figure 4. A: Permeability of the granules with different
diameters and (B) dimensionless permeability
factor p as a function of Re for the granules.
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Figure 5. Velocity vectors colored by velocity magnitude (m s™") interior and around the granules of different d, at
different Re.
A:Re =0.5,d, =1 um; (B) Re = 0.5, dy = 10 um; (C) Re = 1, d, = 1 pm; (D) Re = 1, d,, = 10 um; (E) Re = 5, dy, = 1 um; (F) Re

=35, d, = 10 um; (G) Re = 10, d, = 1 um; and (H) Re = 10, d, = 10 um. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]|

Figure 6. Path lines for the granule of d, = 1 um at: (A) Re = 0.5, (B) Re = 5, (C) Re = 10, and (D) Re = 50.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Strain rate of the aerobic granules with different dj, at different Re.

A:Re =05, d, =1 um; (B) Re = 0.5, dy = 10 um; (C) Re = 5, d, = 1 um; (D) Re = 5, d,, = 10 um; (E) Re = 10, d, = 1 um; and
(F) Re = 10, d, = 10 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

calculated result. As the Re increased from 0.5 to 10, the max-
imum shear rate of granules with d;, of 1 um increased from
1.06 to 52.3 s~', whereas that of the granules with d, of 10
um increased from 1.05 to 39.3 s~'. At a small Re value, the
shear rate difference between two granules was neglectable.
However, after Re reached 50, the more permeable granules
with d, of 10 um weighted a smaller shear rate compared
with the granule with d;, of 1 um. This suggests that the gran-
ule permeability is able to reduce the resistance brought by
the surrounding flow to a certain degree.

Conclusions

In this study, the hydrodynamic behaviors of aerobic gran-
ules were studied using both experimental and numerical
approaches. Results show that the aerobic granules had a po-
rous and fractal structure. Their porosity and permeability were
found to increase with the increasing granule size. The velocity
field and the path lines obtained by the CFD model show that
the enhancement of the surrounding flow could increase the
granule internal convection. A comparison between the shear
rates of aerobic granules with primary particle sizes dj, of 1 and
10 um in the flow fluid with different Re values indicates that
the granule permeability could decrease the resistance caused
by the surrounding flow to a certain degree.
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Notation

A = constant, dimensionless
d = granule diameter, m

d,, = the primary particle diameter, m
D = the fractal dimension of the aerobic granule sludge, dimensionless
D, = the diameter of the calculation domain tube, m

f = the ratio of the wet mass to the dry mass of the aerobic granules,
dimensionless

L = the length of the calculation domain tube, m
ry = granule radius, m
S = shear rate, s !
ug = fluid velocity, m st
iy = the fluid velocity outside the granule, m s~ '
u, = the fluid velocity within the porous granule, m 5!
Wy = the wet mass of granule, g

Greek letters

p = permeability factor, dimensionless
¢ = the porosity of the aerobic granules, dimensionless
3

p = density of the fluid, kg m™~
density of the aerobic granules, kg m >

Pg =
& = the hydraulic permeability of the granule, cm?
1 = fluid viscosity, Pa s
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