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Two-Dimension Dynamic Simulations on
Biofilm Forming and Developing
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Abstract: 1t played an important role for biofilm micwstructure and morphology on wastewater biological treatments. Multi-species microorgan-
isms were able to form varieties of biofilm on adaptive camiers, and the process of biofilm to form and develop on carners was multi- dimensional
and dynamic. In this article, substrate transfer, biofilm formation and development in a two-dimension space were dynamically smulated with
a combined dis crete-differential method. The micw structural and morpholagical characteristics, such as biofilm thickness, density and porosi-
ty, were obtained as model output by usng this new-type model. Meanwhile, the effects of the growing time and initial inoculation number of
microorganisms on biofilm micwstucture and morphology were also discussed. Firstly, the thickness of biofilm was increasing along with the
growing time of biomass extending. At the time of 30 h for biofiln fommation and development, it was not completely covered for camier by bio-
mass, and the fluctuation of biofilm was very ambient; but at the time of 60 h, biomass had covered the camier entitely, and the fluctuation of
bidfilm tended to gentleness. Secondly, as biomass growing time was 30 h, it was not covered completely for camier by biomass with different
initial inoculating number of 50, 150 and 250. And the covering degree of biomass was improving along with initial inoculating number increas-
ing. Especially, as initial inoculating number was 250, it was nearly covered for camier by biomass.

Key words: multispecies micwobes;  biofiln; Microstructure; morphology;  dynamic simulation

CLC number;: X172 Document code: A Article ID: 0529-6579 (2005) S2-0050-05

. characteristics of biofilm are very important for the overall
1 Introduction performance of a biofilm reactor. And these factors strong-
ly affect the biomass hold-up and biomass transfer in a
biofilm reactor.

It has been observed as follows by using co-focal

As an effective technology of wastewater biological
treatments, the applications of biofilm process become
wider and wider along with the aggravation of water re-

. . E BT e eom-
source and the rise of appeal to pollution control. While ~— SC4nmng MICIOSMOPE Heterogeneous  biofilm is com

the core for this process is biofilm, the microstmcture and posed of microfloras embodied in extracellular polymers
surface morphology of biofilm are directly related with the

activity of multi-species microbes and the transfer of sub-

substrates ( EPS), which are adhering to adaptive carri-
es, and there are varieties of voids, micro porwes and
strate in biofilm. In a word, it will have an obvious effect channels. On one hand, extracellular polymer materials

on water qualities in outlet can avoid microbes to contact the potential poisons or anti-

A biofilm can be defined as a layered structure of mi- septic compounds; on the other hand, itis capable of lim-

.. . [4
cobial cells and cellular products, like extracellular poly- 1118 the free movements of microbes ™. In general, the

mers, attached to a solid surface. A biofilm can thus be main factors 1o influence microbe microstructure and mor-
phology include species of micworganism, transfer of sub-

[5.4

seen as the accumulation product of naturally immobilized
strate, flowing characters of fluid, and so on

micwoorganisms at an interface.

The main parameters on biofilm include: density, Biofilms can form lots of morphologies, - such as com-

pore distribution, porosity, specific surface area, adhe- ~ Pactor thickening layer-type, paiching or villous mush-

sion strength, tortuosity factor, diffusion coefficients and ~ T0MType. However, it is common for fluctuating and

. s er (T . .
fractal dimensions' "> . The structural and morphological continuous layer biofilm . See Fig. 1 and Fig. 2.
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Fig 1 Mushroom or fingertip biofilms
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Fig 2 Continuous layer biofilms

In recent years, there are many literatures on biofilm
simulating abroad. Initially, some modeling on biofilm re-
garded biofilm as mono-species homogeneous steady-state
and localized in one-dimension substrate transferring and

9 .
", Later, there are dynamic mode-

biochemical reaction'”
Is developed, and they are capable of describing multi-
species  hierarchical ~ biofilm  and  multi-subsirates
transfer’ “ "' . These one-dimension models can reflect the
interactions for microorganisms in biofilm, but can not

such as biofilm
thickness, density and surface shape. And the morpholog-

display the morphological characters,

ical characters are the inputs, not the outputs of model.
Nowadays, along with the improvements of math-
ematics theory and calculating ability, it is possible to
carry out multi-dimension dynamic simulation for biofilm
micwostructure and morphology, combined with behaviors
of fluid hydrodynamics, transfer of substrates and me-
tabolism of microbes. Moreover, it can quantitatively de-
scribe the morphological characteristics of biofilm and the
dynamic characters of microbes growing, propagating and
sloughilrlg[IZJ . In this article,

simulations for multi-species aerobic biofilm fomation and

two-dimension dynamic

development have proceeded on the basis of predecessors,
and the main influencing factors on formation and develop-
ment of biofilm ar discussed in detail.

2 Mathematics modeling

Here, the discrete-differential combined method is
adopted to dynamically simulate the foming and develop-
ing process of biofilm adhered to plane plate. Compared
with traditional models on biofilm, the difference for this
new-type model is that the micw-structural and morpho-
logical characters including biofilm porosity, thickness and

density, are, outputs of model.

The physical space is represented by a mwectangular
uniform grid. Square elements are used as tiles to fill the
2-D space. Inthe 2-D cartesian grid of Ny X Ny, coor
dinates of square elements are given by a vecior (X, Y)
€ (0--Ny—1, 0---Ny—1). The substrate mass bal-
ance can be solved with reasonable acairacy on a 2 to 4

time coarser grid, of Nys X Nys elements.

The assumptions for this model are:

(1) As microbial cells are inoculated, they adhere to
plane plate and grew. Under excellent aerobic conditions,
varieties of biofilm are formed.

(2) Microstructures are determined by the net rates
of biomass growth and slough dynamicallymj

(3) The states for biofilm foming and developing are
reflected by the non-dimensional concentration of substrate
(C) and biomass density (B) .

(4) Variable (P) is used to stand for the occupying
states of constituents ( Biomass or liquid) . For certain of
grid element, if occupied by biomass, the existing state of
P will be 1; otherwise, if occupied by liquid phase, in-
cluding the voids in biofilm and elements in liquid phase,
the existing state of P will be 0.

(5) In 2-D space, there is a linear infinite reservoir
of substrate paralleling to carriers with a distance of Y,
and its non-dimensional concentration is 1. Morwrover, this
substrate reservoir alvays keeps a certain distance with the
maximum altitude of biofilm ( Yi.) so as to guarantee of
a cerlain extra mass transfer resistance.

Figure 3 (a, b) shows the 2-D space used to carry

out biofilm simulation. And its size was 2 mm X 0. 4 mm.
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Fig 3 Simulation of biofilm formation and development
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The 2-D space shown in figure 3 is in discretion with
square grid unit. And the layer at the bottom represents
carrie; on which inoculated biomass are growing and
popagating to form biofilm. Regard solved oxygen as sub-

strate, its reaction-diffusion mass balance is

% = Ds( % % —r ¢y, Cx) (1)
In this equation, 7, (¢, ¢) represents the consump-
tion rate of substrate, and its kinetics equation i
r( G, c) = (%+ ms)cxlﬁ (2)
And the growing rate of biomass is
rs( ¢s, cx) Yas(7s( ¢y, ) — mCx) (3)

Previously, microbes are inoculated on the carrier random-
ly (Y=0, Ywx=0), and the initial number of inocula-
tion is no. If there are only molecular diffusion and reac-
tive transfoimation to take place, the corresponding initial
and boundary conditions are

LC

t=0,x=1[0,1, -, (Ny— 1] X &,y =

[0, 1, - (N, — D] X Ly, ei(x,y) = co (4)
If there are no integral numbers at random with equal
pobability as

ai, az, -

wan, €10,1, - (N —1)],
thus
t=0,x 7 (ay,a, -~ an ) X A,y =0,
a(x,y) = 0,p(x,y) =0 (5)
t=0,x 7 (a1, az, -, an) X B,y =0,
ex(x, ) = o« e, p(x,y) = 1 (6)
t=0,x=10,1, -, (Ny — 1)] X Ox,
y=1L - (No— D] X %’v
ex(x,y) = 0,p(x,y) =0 (7)
Here, the sign represents the initial density fraction of bi-
omass in grid unit compared with the maximum biomass
density.
B.C.

Xx=1[0,1, = (Nx— 1)] X Ar,y—O,%—O(S)

x=10,1, -, (Nx—1)] X Ax,
y=(Ny—1) X Y, ¢, = co (9)

x=0 x= (Ny— 1) X Ay,

y=10,1, -, ( Ny —1)] X Ax,

cx(0,y) = Cs[ (Nx— 1) X A, y],

ex(0,y) = ex[ (Nx —1) X D, y], (10)

p(0,y) = pl(Ny— 1) X &x, y]
Here, equation ( 10) stands for periodic boundary condi-
tion. That is, at x=0 and x= Ly, for different value of
y, there are same concentrations of substrate, biomass and

the value of occuvied state so as to expand the, simulating

area to left or right at will. Meanwhile, normalized vari-
ables are introduced into above equations from (1) to
(10) in order to save the amount of calculations.

_ X, t o Cs o, cx
X= RV =5 C= o B=
Ro= 2 Ry =% (1)
CsSo CXm

As equation (1) of reaction-diffusion mass balance is nor-
malized and in discretion, it can be numerically solved by
using alternating direction implicit method. Therefore, the
concentration distributions of substrate and the time
required to reach the steady state (Atn) can be obtained.

Furthermore, equation (3) is also normalized and in
discretion, the accumulating amount of biomass in each
grid unit is obtained by using forward Euler numerical in-
tegration method.

B % (X,Y) = B(X,Y) +Ro(C %, B') D,
(12)

Here, At stands for the intewal of biomass growth time.
In general, there is Otm <Ay

Moreover, the split of biomass in grid units are real-
ized through cellular automation. When the dimensionless
biomass concentration in a grid-cell reaches maximum val-
ue, it will divide in two equal parts. The first one will
stay on the same place, whereas the other will be placed
somewhere in an adjacent grid elements, “pushing” the
reighbors according to discrete mechanism. The occupa-
tion matrix is then updated following a cellular automaton
mechanism. The state of a site is marked as “occupied
with biomass” when the crresponding biomass density is
more than 0, as a result of the growth pocess.

In addition,

simulation are listed in table

the necessary parameters for biofilm
1"

Tab 1 Parameters of dynamical simulation on biofilm

formation and development

Parameter of model Symbol Value Unit
Length of zones Ly 2% 103 m
Width of zones Ly 05<10° m

Nomalized length Ny 500 —

Nomalized width Ny 100 —

Substrate concentration Cy, 4< 1077 kg, °m °

Initial inoculation

o 50, 150, 250 —

number
Initial densty fraction «a 05 07 —
Growing rate in ratio ", 1L 52X 10° s !
Biomass prlhjduction Yis 0 045 ey ke,
oeflicient
Constant of Monod K 3 5< 10 ¢ kg °m
Sustaining coefficient mg 3K 107 kggkgy 'os!
Maximum bif)mass o 70 kexom
concentration
Diffusion Coefficient Dy 1 6X10° m>°s !
Thickness of diffusing Y, 4 107 .

border
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The overall simulation on biofilm foration and develop-
ment is finished by using the program self-designed ( Bio-
film. for) .

3 Results and discussion

Influence of biomass growing time on biofim
forming and developing
Figure 4 (a, b) describes the simulating result of
biofilm microstructure and morphology for different bio-
mass growing time (30 h or 60 h) as initial inoculating
number is 250. It can be seen that the thickness of biofilm

3.1

is increasing along with the growing time of biomass. At
the time of 30 h for biofilm fomation and development, it
is mot completely covered by biomass for carrier, and the
fluctuation of biofilm is very ambient; but at the time of
60 h for biofilm formation and development, biomass has
covered the carrier entirely, and the fluctuation of biofilm
tends to gentleness. This indicates that the growing time of
biomass has an obvious influence on biofilm microstructure
and morphology. Before approaching to the maximum
thickness for aerobic biofilm, biofilm thickness increases
biofilm

density, porosity and surface roughness are altermating

as the extending of growing time. Meanwhile,

along with the growing time of biomass.
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Fig 4 Biofilm formation and development in 2-D space

3.2 Influence of inttial inoculating number on biofim
forming and developing
As biomass growing time is 30 h, Figure 5 (a, b,
c) shows the dynamic simulating results of biofilm micro-
structure and morphology for different initial inoculating
number of 50, 150 and 250, respectively. It can be seen
that as biomass groowing time is 30 h, it is not covered
completely by biomass for carrier with different iitial in-
oculating number of 50, 150 and 250. Moreover, the cov-

ering. degree of hiomass is improving alone with initial .in;

oculating number increasing. And as initial moculating
number is 250, it is nearly covered for carrier by biomass.
Furthermore, compared with biomass growing time of 60
h, the fluctuation of biofilm formed on plane-plate carrier
is rather severe within short time of biomass growth. In
conclusion, nitial noculating number of microbes directly

affects the micwstucture and morphology of biofilm.
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Fig 5 Biofilm formation and development in 2-D space

4  Conclusion

In summary, it is important for biomass growing time
and initial inoculation number to biofilm formation and de-
velopment, and this induces to emerging varieties of bio-

film morphologies. Moreover, the micro structural and
morphological characters are displayed by means of output
variables of model, and this also provides a feasible way to

theoretically predict biofilm morphologies.

Nomenclature

B-Density matrix of nomalized biomass
cg~Substrate concentration, kgg °m
cgy~Substrate concentration in reservoir, kg m
¢y-Biomass concentmtion, kgy *m °
Cyn-Maximum biomass concentration, kgy *m 3
C-Concentration matnix of normalized substrate
Ds-Diffusion wefficients, m*°s” '

K-Monod saturated coefficients, kgg°m
l,-Thickness of diffusion boundary layer, m
Ly-Llength of simulating space in X direction, m
Ly~Length of simulating space in Y direction, m
mg-Maintain coefficients, kgg “kgX '°s '

1y Initial number of inoculation
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voir

N,-Node number between biofilm frontier and substrate reser-

Ny-Node number in discretion in X direction
Ny-Node number in discretion in Y direction
p-Matrix of biomass occupied state
P-Nomalized matrix of biomass occupied state
7s-Consumption rate, kgg°m 3°s™!
Rs~Nomalized consumption rate, s !
ry-Biomass production rae, kgx °m 2°g !
Ry -normalized production rate, kgX kg ' s '

t-Time, s

x-Length of biofilm, m

X-Nomnalized biofilm length in simulating area
y-substmate transfer length, m

Y-Nomalized substrate trander length

Y,-Normalized length of substrate reservoir in Y direction
Y o Nomalized length of biofilm frontier in Y direction
Yys-Biomass production rate, kgs® kgxﬂ og !

At,-Time step of growth, s

Ay, -Time step of diffusion, s

Ax-Step length in X direction, m

Ay-Step length in Y direction, m

a-Initial inoculating density fraction

t,-Maximum specific growing rate, s '
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