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Abstract

In this paper, we derive upscaled equations for modeling biofilm growth in porous media. The resulting macro-
scale mathematical models consider permeable multi-species biofilm including water flow, transport, detachment, and
reactions. We start with a pore-scale mathematical model for permeable biofilm formation. The biofilm is composed
by extracellular polymeric substances (EPS), water, active bacteria, and dead bacteria. The free flow is described by the
Stokes system and the water flux inside the biofilm by the Brikman equations. The nutrients are transported in the water
phase by convection and diffusion. This pore-scale model includes variations of the biofilm composition and size due
to reproduction of bacteria, production of EPS, death of bacteria, and shear forces. The model includes a water-biofilm
interface between the free flow and the biofilm. Homogenization techniques are applied to obtain upscaled models in a
thin channel and a tube. The resulting numerical computations are presented to compare the outcome of the effective
(upscaled) models for the two different geometries.

w

-~
=
=2
S
7

Nutrient concentration

Reference nutrient concentration
Biofilm height

Nutrient diffusion coefficient
Integration coefficient

Integration coefficient

Integration coefficient

Variable dependent on the biofilm height (channel)
Set-valued Heaviside graph

Regularized set-valued Heaviside graph
Imaginary number

Identity matrix

Nutrient flux

Jv Bessel function of order v of first kind

k Permeability

K Saturated hydraulic conductivity

kyes Bacterial decay rate coefficient

kgtr Stress coefficient

kn Monod-half nutrient velocity coefficient
/ Height of thin channel

L Pore length

M Matrix with flux water derivatives (tube)
M Matrix with flux water derivatives (channel)
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Pressure
Reference pressure
Péclet number
Water velocity
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Greek symbols
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ubscripts/superscripts
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Average water velocity (tube)

Average water velocity (channel)
Reference water velocity

Radial coordinate

Reaction term

Tangential shear stress

Time

Reference time

Velocity of the biomass

Reference biomass velocity

Darcy velocity

Integration coefficient

Variable dependent of the biofilm height (tube)
Integration coefficient

Cartesian coordinate

Integration coefficient

Cartesian coordinate

Yield coefficient

Bessel function of order v of second kind
Cartesian/Cylindrical coordinate

General variable

Small regularization parameter
Dimensionless aspect ratio (channel)
Experimentally determined parameter
Space boundary

Effective permeability (channel)
Effective permeability (tube)
Dynamic viscosity

Maximum rate of nutrient utilization
Experimental determined parameter
Unitary normal vector (interface)
Interface velocity

Space domain

Porosity of the porous medium
Growth velocity potential

Density

Sum of reaction terms

Unitary tangential vector

Volume fraction

Unitary normal vector (wall)
Variable dependent of the permeability and water content (tube)
Space region (tube)

Space region (channel)
Dimensionless aspect ratio (tube)
Tube radius

Angular coordinate

Active bacteria
Biodegradation microbe
Biofilm

Channel

Dead bacteria

Input

Input biofilm domain

Input water domain
Biobarrier-forming microbe
Lower



m Middle

o Output

ob Output biofilm domain

ow Output water domain

e EPS

s Wall

T Tube

u Up

w Water

wb Water-biofilm (interface)

0 Initial

Abbreviations

EPS Extracellular polymeric substance
MEOR Microbial Enhanced Oil Recovery

1 Introduction

Biofilms are sessile communities of bacteria housed in a self-produced adhesive matrix consisting of extracellular poly-
meric substances (EPS), including polysaccharides, proteins, lipids, and DNA [1]. The proportion of EPS in biofilms
is 50% to 90% of the total organic matter [8, 26]. Water is by far the largest component of the matrix, giving biofilms
the nickname “stiff water” [9]. Biofilms provoke chronic bacterial infection, infection on medical devices, deterioration
of water quality, and the contamination of food [12]. On the other hand, biofilms can be used for wastewater treatment
and bioenergy production [16]. In microbial enhanced oil recovery (MEOR), one of the strategies is selective plugging,
where bacteria are used to form biofilm in the high permeable zones to diverge the water flow and extract the oil located
in the low permeable zones [20]. In wastewater treatment, one of the strategies consists in using biofilms to break down
compounds which it is not desirable to discharge into the natural environment [5].

Two of the motivations to derive upscaled models are to describe the average behavior of the system in an accurate
manner with relatively low computational effort compared to fully detailed calculations starting at the microscale [24] and
to determine constitutive relationships [11]. We also refer to [19], and [21], where the authors upscale various pore-scale
models for biofilm formation in perforated and strip geometries.

The present work builds on [14], where a pore-scale model is discussed. The model includes permeability and
different biofilm components. This mathematical model is based on laboratory experiments performed by [15], where
the biofilm was grown in micro-channels. Here we upscale this pore-scale model to derive one-dimensional effective
equations, by investigating the limit as the ratio of the height to the length approaches to zero.

In this general context, the objective of the research reported in the present article is to obtain core-scale models
for permeable biofilm in two different pore geometries. The motivation to choose these two geometries is because
experiments are performed in the laboratory in different geometries [3, 15] and some porous media can be modeled as a
stack of micro-tubes or micro-channels [24].

To summarize, the novel aspect in this work is in deriving core-scale models from a pore-scale model for a biofilm
which is permeable to the flow and has a variable (in time and space) height. The fluid flow in the biofilm is modeled by
the Brinkman equations, whereas in the remaining pore space the Stokes model is adopted. This is done for two different
geometries. We derive analytical expressions for the upscaled quantities and provide numerical simulation results for the
upscaled models in both cases.

The structure of this paper is as follows. In section 2, we describe the pore-scale biofilm model. In section 3, we
present the dimensionless pore-scale biofilm model. In section 4, we perform formal homogenization on the model
equations and obtain upscaled equations. In section 5, we compare the upscaled models with the upscaled model of [24]
and with the well-known core-scale model of [6]. Also, we perform numerical simulations in the upscaled models and we
compare the results for the percentage of biofilm coverage area and biofilm height for the two different effective models.
Finally, in section 6 we present the conclusions.

2 Pore-Scale Model

The pore-scale mathematical model considered here follows ideas from [2] ,[24], and [7]. A detailed description of this
model can be found in [14], where a comparison of laboratory measurements and numerical simulations is also presented.

The biofilm has four components: water, EPS, active, and dead bacteria (j = {w,e,a,d}). Let 6; and p; denote the
volume fraction and the density of species j. The sum of volume fractions is constraint to 1 (6,, + 6, + 6, + 6; = 1).
The biomass phases and water are assumed to be incompressible (d;p; = 0) and the biofilm layer is attached to the pore
walls. Recalling that biofilms are formed mostly by water, the volume fraction of water 6,, is taken as a constant. Figure
1 shows schematically the phenomena considered for the biofilm formation.
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Figure 1: Conceptual pore-scale model showing the processes for the biofilm dynamics.

We consider two different pore geometries: a thin channel in Cartesian coordinates (x,y,z) and a tube in cylindrical
coordinates (r,¢,z). In the first case, the pore has circular cross-section, and in the second a rectangular one. In both
cases, the length is bigger than the cross-sectional diameter. In both cases, we assume a certain symmetry. For the
cylindrical pore we assume that the processes are radially symmetric, hence there is no angular dependence (see Figure
2). For the thin channel, there are no changes in the x direction, so it can be reduced to a two-dimensional strip (see Figure
Figure 8). This assumption is based on experiments, showing that when the width of the channel is much smaller than its
height, the growing of the biofilm occurs only at the upper and lower walls [15]. We present in detail the upscaling of the
model equations on the tube geometry. The upscaling on the channel geometry is shown in Appendix A. Figure 2 shows
the different domains, boundaries, and interface in the pore with tubular geometry.
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Figure 2: Pore of radius p and length L in cylindrical coordinates.
We consider a thin tube of radius p and length L,
Tube QT :=10,p] x [0,27) x [0,L]. (1)

The domain is occupied by the water and biofilm phases with the biofilm located along the tube walls. This leads to
the following sub-domains in the tube:

Water Ql(r)
Biofilm ol (1)

{Flre0,p—d(z,1)), ¢ € x[0,27), z€ (0,L)},
{Flre(p—d(zt),p), ¢ € x[0,2x), z€ (0,L)}. (2)

The boundary of the tube consists of the wall, and the in- and outflow boundaries

Wall T = {p}x][0,27) x[0,L],
Inflow 7 = [0,p] x[0,27) x {0},
Outflow T .= [0,p] x[0,27) x {L}. (3)

The water domain has three boundary parts: the in- and outflow, and the interface between the water and the biofilm

Water inflow 0.0 = {Arel0,p—d(z1)), ¢ € x[0,21), z=0},
Water outflow T () = {F#ref0,p—d(zrt)), ¢ € x[0,2n), z=L},
Water-biofilm interface ~ I7,(r) := {7|r=p—d(z1), ¢ € x[0,27), z€ (0,L)}. 4)

Similarly, for the biofilm one has the in- and outflow boundary parts, the water-biofilm interface Fﬁb, and the solid
tube wall I’



Biofilm inflow Ih() = {Flre(p—d(zt),p), ¢ € x[0,2x), z=0},
Biofilm outflow 7)) = {#re(p—d(zt),p),, ¢ € x[0,2n) z=L}. 5)

The unit normal V pointing into the biofilm and the normal velocity of the interface v,, can be written in terms of the
biofilm height d as [24]

Unit normal v

(1,0:d)/\/1+(d.d)?, (6)

Normal velocity Vi —dd/\/ 1+ (d.d)>. 7

Although the tube is a three-dimensional domain, recalling the rotational symmetry, we only write the # and Z com-
ponents of the vectors in order to reduce the length of the mathematical expressions.
The water flux is described by the Stokes equations

Stokes equations V-G, =0, UAG, = Vp,, in Q7 (1), (8)

while the water flux inside the biofilm is described by the Brinkman equations

Brinkman equations V-G,=0, (1/6,)AGy — (u/k)gGp = Vpp in Q] (1). 9)

Here p,, and p,, are the water pressures and ¢,, and ¢, are the water velocities in the water domain and biofilm domain
respectively; u is the water viscosity (constant, not dependent on biofilm species), and k is the permeability of the biofilm
(assumed isotropic). At the interface FVTVb (¢) one has the continuity of the velocity and of the normal stress tensor, and at
the wall we consider the no-slip boundary condition

Continuity stress tensor V- (uVg,, —Ip,) V-((u/8,)Vgy, —Ipp) atTlL, (1),
Continuity velocities Gw gn atT'?, (1),
No-slip condition g = 0 atI'T, (10)

where [ is the identity matrix.

To model the nutrient transport and consumption, we let ¢, (& € {w,b}) stand for the nutrient concentration in water
or biofilm respectively, and D is the nutrient diffusion coefficient in water. Then, the nutrients in the water and the biofilm
satisfy the convection-diffusion equation

Nutrient mass balance in water dew+V-J, = 0 in QL (1),
Nutrient mass balance in biofilm 9 (04cy)+V-J, = R, in Q7 (1), (11)

where J,, and Jj, are given by

=

Nutrient flux in water Jyw = —DVec,+gwey,
Nutrient flux in biofilm Jy = —6,DVey+Gpcp. (12)

Further at I'7, () we impose the mass conservation and the continuity of the concentration, and at the solid wall I
the normal flux is O

Mass conservation (Jp—Jw) V= Vu(Buep—cw) atIl, (1),
Continuity of the concentration Oucr = cy at FVTV;,(I),
Normal flux condition v-J, = 0 atT'7, (13)

where ¥ is the normal vector on the pore wall. The reaction term R;, for the consumption of nutrients is given by



Nutrient consumption rate Ry, = —W,0upacp/(kn+cp), (14)

where U, is the maximum rate of nutrient consumption and k, is the Monod-half nutrient velocity coefficient.
To model the movement of the biomass components due to reproduction, production of EPS, and dead of active
bacteria, we consider the following equations [2, 14]

Potential equation V- (1—-6,)"'Zi(Ri/p:), i € {e,a,d} inQF(r),
Velocity of biomass i = —-Vo in Q7 (1),
Reference potential ® =0 at 'l (1),
Wall condition T-V® = 0 at'’, (15)

where i is the velocity of the biomass and @ is the growth velocity potential. The growth velocity potential is set to
zero at the interface I'7, (7).
For each of the biomass components, we assume mass conservation [2]

Conservation of mass pid,6;+p;V-(68ii) = Ri,ic{ead} inQ),
Detached components vV-ve, = 0 atT'?, (1),
Wall condition -V = 0 atT7l, (16)
The reaction terms for the biomass components are given by
Dead bacterial rate Ri = kyesBupa,
Active bacterial rate R, = =Y u,0.p4cp/(kn+ cp) — kresOuPa,
EPS rate R. = —Yoln0upach/(kn+cp), a7

where Y, and Y, are yield coefficients and k., is the bacterial decay rate.
The water-biofilm interface changes in time due to the water flux provoking detachment of components and the
changes inside the biofilm. Thus, the normal velocity of the interface is given by [24]

[V-i]+, ifd=1,
Normal velocity Va=1< V-iit+kgS, ifO<d<l, at FVTV,,(I). (18)
0, ifd =0,

Here kg, is the stress coefficients and S is the tangential shear stress, given by

Tangential shear stress S:=|(I=vv)u(Vg, +Vgh)v|. (19)

This pore-scale model can be extended to consider more complex systems. For example, one can add different kind
of nutrients, different active bacteria species in the biofilm, or bacterial attachment.

3 Non-dimensional model

Before seeking an effective model, we bring the mathematical equations to a non-dimensional form. To this aim, we
introduce the reference time 7', length L, radius p, water velocity Q := L/T, biomass velocity U, pressure P, and concen-
tration C. The thin tube is characterized by the ratio of its radius to the length € := p /L, which is called the dimensionless
aspect ratio. We define the following dimensionless coordinates

. LT L Z
=7 = =7

The non-dimensional biofilm height is given by d® := d/p. In view of the scaling, the space domains (1)-(2) for the

non-dimensional formulation become



Tube Q¢ = 0,1 x[0,27) x [0,1],
Water QL2(r) {Fr€[0,1—d*(z,1)), @ € x[0,27), z € (0,1)},
Biofilm QF() = {Flre(1-dé(z1),1), p € x[0,27), z€ (0,1)},

and the boundaries and interface become (3-5)

Inflow ¢ = [0,1]x[0,27) x {0},

Outflow rre .= [0,1]x[0,27) x {1},

Water inflow 500 = {Flref0,1—-d%z1)), ¢ € x[0,27), z=0},
Water outflow ey = {Flre0,1—-d(z1)), @ € x[0,2x), z=1},
Water-biofilm interface Fﬁ’be (1) = {Fr=1-d@z1), ¢ € x[0,27), z€ (0,1)},
Biofilm inflow (1) = {flre(1—d%(z1),1), ¢ € x[0,27), z=0},
Biofilm outflow rE(r) {7l re (1—d(z,1),1), @ € x[0,2x), z= 1},

e

Wall r’e = {p}x][0,27) x(0,1).

The non-dimensional unit normal (6) is given by

VE(r,2) = (1,80.d%)/\/1 + (£0.d*)2.

We notice that a factor of € appears in the second component of the non-dimensional unit normal, as a result of the

upscaling of the coordinates
10 d 140
dd=—-=—|p— | =+-=(pd®) =€d.d®.
<z L az (pp) L az (p ) 4
We recall that due to the radial symmetry we have omitted the dependence of @ in the vector variables to reduce the
length of the manuscript (V¢(r, @,z) = V¥(r,z)). The non-dimensional nutrient concentrations and densities are given by

£ . __ Cl £ . 6717 I & .
O = o b= pi = x i €{e,a,d}.
The water velocities are given by
() (2) (r (2
35 (r2) = (g, ¢ := (qw [ >7 q5(n2) = (65", i) = (qb I ),
4y(r.2) = (gw s qw”) 0’ 0 4 (rnz)=(a, > a,") €0’ 0

and the biomass velocity is given by

(n 4@
T — (D @y . (M
(1) = . w0 = (7. )
Here, we assume that the velocities in the radial direction are of the order p/T. Hence, they scale by 1/& when com-
pared to the longitudinal velocities. The biomass volume fractions are dimensionless; therefore, in the non-dimensional

model we simply define 6f := 6;, i € {e,a,d}. Finally, the pressures and growth velocity potential become

£ Pw £ Pb £ o
= — = — @ = .
Pw="p" Po-="p> ULe?
We observe that the growth velocity potential ® is scaled by 1/&2 in order to have the biomass velocities in the radial

direction of the order p/T [?, see]]Noorden:Article:2010.
We define the following dimensionless parameters

b OL

! = kn k/ k/ o Pkstr
D

Ev . p uwo= pzpﬂ str * T U

k L
l'Lr/1 =Ty, k:’l = =5 =k Q ) k/res := Tkyes.

In this way, the dimensionless system of equations for the water flux (8-10) takes the form



1 e .
;a,(rq% Ntag® = o in QL (1), (20)

1 r r w — .
WCarragh)+e324)" — ) = e, in Q< (1), e
1
W orogs™) +£22607) = aupfy in QU (1), 22)
1 , .
;ar(rqz< )) —|—8Zq§(z) =0 in QZ"E (1), (23)
[T £(r) 242 &(r) qz(r) 21 ¢ . Te
?W(;gr(r rdp )+e 81511, _rT) = € °0p, in €’ (1), (24)
' 1 ' el .
o Gotag 1202 = G@g ) rang e, 25)
/ /
VO (Wagi = pth—t-0qi ) = evi(Eoag” —wagl) a0, 6)
/ /
gv(r>(%warQi(r) - pi - “/arQi'(r) +pfv) = V(Z)(“/ rq;av(Z) - %WarQZ(Z)) at r:;f (t)v (27)
(@2, ¢ = (g, 4% at T (1), (28)
@, an?) = (0,0 atT7%, (29)

where (20-22) are the dimensionless Stokes equations, (23-25) are the dimensionless Brinkman equations, (26-28)
are the dimensionless interface conditions, and (29) is the dimensionless condition on the wall.
The dimensionless equations for the transport of nutrients (11-13) in the water and biofilm are given by

1 g2 1 ,

1 = 37 (=3 (rdyel) + 925+~ 0, (rgi ef) + 2:(g50ch) =0 im@l(), (30)
2,(6 cf)—@(iza (FOheE) 4 02¢5) + 20t ) 1 2. (EPcE) = RE in QT4 (1) 31
't OwCp Pe,rrrb 2 Ch rrqbb \qp Cp) =Ly 1N3d, )

1 r r
— 5 (91— 0,0,¢5) — (cfay ") — chiai”) + 31" (Buch — cf)
i3
+a;ff (0t — 0,0.c5) + 0% (c5qt D —2gS) =0 atTTE(r), (32)
Ot =c& atTe(), (33)
o =0 atTle(r), (34)

where (30) is the dimensionless transport equation of nutrients in the water domain, (31) is the dimensionless transport
equation of nutrients in the biofilm domain, (32)-(33) are the dimensionless coupling conditions at the interface, and (34)
is the dimensionless condition on the wall. The dimensionless reaction rate (14) for the consumption of nutrients is given
by

£ ' n€E A/ Ci
Rb = _.unea Pa k;z "‘Ci :
The equations for the growth velocity potential (15) become

Uy e £(2) : in QT
é(;ar(ru )+outY) = X inQ," (1), (35)
W, @) = —(9,®°,€29.9%) in Q)4 (1), (36)
®° = 0 at T e (1), (37)
9P = 0 atITe, (38)

where (35)-(36) are the dimensionless equations for the biomass growth velocity potential, (37) is the dimensionless
reference potential at the interface, and (38) is the dimensionless condition on the wall. We define the dimensionless sum
of the biomass reaction terms as



£
yE . (paY +Y>un € /Cb +<pa )k;evetf
pe ki, +cj Py

The equations for the biomass components (16) become

U c )
atef+§(u€<r>a,e§+u8@az9§) = Y 5,’§7k/+”c;—9528 in Q) 4(1), (39)
8
a,egf+g(u“’)ar@fﬂg‘*”)azef) = Tan 60 e Kol — 0T in Q7). (40)
3,95+%(u8<f>arej+u8<z)azej) - k;e‘g“eg 9;28 in Q) (1), (41)

d
—0,6;+€0.d%0.6, = 0 ic{ead} at o (r), (42)
96, = 0 ic{ea,d} at 'l (43)

where (39-41) are the dimensionless conservation of mass equations for the biomass components, (42) is the dimen-
sionless condition at the interface, and (43) is the dimensionless condition on the wall.
The dimensionless biofilm height (18)-(19) is given by

[_%(_ue(r)+ad8 ez )]+’ ifd=1,
dd® =< —\/1+ (e0.d%)ekly, S — §(—uf) 4+ 0.d°ufW), if0<d <1, at (). (44)
0, if d =0,

The dimensionless tangential shear stress (19) is given by

S =|(I—-vEvET ) u'M'vE||, (45)
where the matrix M’ is given by
p) qg(r) €0 qg(r)
M = ( 871’(;” £(2) 81 ;{Z) . (46)
rdw 2w

4 Upscaling

The pore-scale mathematical model describes the biofilm formation in a three-dimensional domain. When the length of
the tube is much larger than its radius, it is possible to reduce the mathematical model from three to one dimension, letting
the aspect ratio € to approach zero. We perform a formal asymptotic expansion for the variables depending on &, namely
Dl Ds Cos Chon G G 15, PE, 65, 67, 67, 07 and d*. For all except d we assume

XE(F,1) = xo(F,1) +€x1(F,1) + O(€2).

The corresponding asymptotic expansion of d is

d®(z,t) = do(z,t) + €dy (z,1) + O(€?).

In [24], [13], and [4], the authors present upscaled models for pore-scale mathematical models for reactive flows.
Following the same ideas, we show how to obtain the corresponding upscaled model in the tube pore geometry.
We define the average water flow as the following integral

) ) R 2w pldy I
4(z,t) = Gw(z,t) +gp(z,1t) :/0 (/0 qwiordr+/l . qb,'ordr) do. 47
—do

We consider the following space regions in the tube

L={Flr<l—dA0<o@<2m Az <z<z71+82),

/

y={F1-d<r<1A0<@<2m Az <z<7z +8z}.

[x]

[x]



These regions are a disk of radius 1 — d and a ring of height d respectively; both of length dz. Integrating (20) and
(23) over the previous regions and using the Gauss theorem, we obtain

0= [V

=w

=€ =€ Z1+6Z_'g v
qde-‘r/E;)V-qde:Zﬂ?/ZI GV —1 gz

1—d® €2) e(2) 21+6; e = e o
+2r A (gw ‘Z:Zl+51_qw ’Z:ZI)rdr—Zn (qb'v’rzl—ds)+qb'v‘r:1)dz

Jz1
1
£(z) £(2)
+27r/kd€ (g, ’z:zl+31 —q, ‘Z:Zl)rdr.

Recalling the no-slip condition for the water flux on the wall (29) and the continuity of fluxes at the interface (28), the
previous equation becomes

s(z)}

1=4° o) e(2) J e
o (qw ‘Z=Zl+5z — 4w ’Z=Z1)r r""_. lfdg(qb 7= —49

Dividing the previous equation by &, and letting 8, approach zero, we obtain for the lowest-order terms in €

Yrdr =0.

=71

J.q= aquW(Zat) + azéb(z,[) =0,

where we have used the definition of the average water flow (47).
The lowest order terms in the Stokes model (20-22) lead to

T
;ar(rq‘(/u_%ﬁ + 8z‘]$\i)() =0, 8rPW,O =0, W 8 (r r‘]w)()) 92 Pwp- (48)

From (48b), we conclude that p,, o does not depend on the r coordinate. Analogous, for the Brinkman model (23-25),
the lower-order terms in € give

[ ,
SO(rag) + a5y =00 Ao =0, fé or(r rq,,2)>—%q22)fazpbo 49)

From (49b), we conclude that p;, o does not depend on the r coordinate. Since py,0 and p;o do not depend on the
r coordinate, from (27) we conclude that p,,o = pp, at the biofilm-water interface, resulting in p,,o(z,1) = ppo(z,) :=

po(z,t). We turn our attention to equations (48c) and (49c¢). It is possible to find solutions for q( >0 and q% integrating
twice with respect to r both equations and in addition using the symmetry, interface, and boundary conditions (26-29).
After integration, we get

b4 r apo
CIEV}) = (4 +E> u (50)
p)
o5y = (Panten-+on(-gn - ) 220, .

where Jy (z) and Y, (z) are the Bessel function of order v of first and second kind respectively [?, see]]Olver:Book:2012.
The coefficients appearing in (50)-(51) are

g 2wBuo()Yo(=8w) —Jo(Ew)Yo(=s)) + EK (Jo(Ew)Y1 (—Ew) +Yo(—Ew)/1 (§w))
4(EJo(E)Y1(—Ew) +EYo(=E)J1(Ew))
CE@K +w) (Jo(§)Y1(=Ew) + Yo(=§)1(Ew))
4(EJo(E)N1(—=Ew) +EYo(=E)Ji1(Ew))

F= Zk/é;Y]( 5 )+W9wYO(_§)

2(EJo(8)Y1(—Ew) +EXo(=E)J1(Ew))’
G— 2](/5.11 (éW)-‘rWQWJo(é)

2(EJo(E)Y1(—Ew) +EXo(=E)J1(Ew))’
w = l—d(),

where i is the imaginary number. We remark that most of the mathematical commercial software includes the Bessel
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functions; therefore, it is easy to use the above expression. Also, although the Bessel functions are evaluated with complex

numbers, both fluxes qS?O and q,(f‘()) are given by real numbers.

To obtain the average water flow defined in (47), we integrate (50) and (51) as follow

27 1—d, 2
azljo/ (/ 0 (r —I—E)rdr
u Jo 0 4
+ 1 FJ 'U% +GYy| — 'U% —k \rdr)d
dy ol 72 Y 0 ri o rdr (0]
_ (1 —d0)4 +8E(1 —d0)2 LK . 6y . 6y
= 27[( 16 +1 Giw FY] —1 F _G.Il 1 F
. [ By . /6
—F(1—do)Vh| — (1 —dp)i T +G(1—dp)Ji| (1 —dp)i 7

/1 _(1 _d0)2> aZPO

BN
Il

—k

2 u
This gives the Darcy law

where «;(dp) is the effective permeability given by

1 —do)*+8E(1—dy)? k' ,
K (do) = —275(( do) ﬁi( )" | ; 9<FY1(—1' 9W>—G11<i 9W>
w

—F(1-do)1, (— (1 —ch)z\/?) +G(1 —do)y ((1 —dy)i %))

1= (1—do)?
MG

which changes according to the biofilm height d.
The growth velocity potential equations (35) and (36) for the lower-order terms in € are

% (iar(mg’)) + azugﬁ) =3, W) = 0,4, u =0, (52)

where the boundary conditions for the interface (37) becomes ®;, o = 0 and wall (38) becomes 8,@;,,0 =0.
In dimensionless form, the volume fraction equations (39-41) are

0 6f + %(ug(r) 0,6F +uf90.0F) = RE — 6 X, (53)

with i = {e,a,d}. We focus on biofilms where the biomass components change slightly along the r direction, resulting
in the approximation 6;o(r,z,1) = 6;0(z,t). Using (52c), the lower-order terms in (53) are

960 = Rio— 6 0X0.

Integrating (52a) over r and using the boundary conditions (37)-(38) one gets

u(()r) = %Zo(r— 1). (54)

For the nutrients, integrating (30) and (31) over r and ¢ yields
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1—-d®
277:/ (8,6 f%( _zlﬁr(rarc ) +dZc £)+ 8 (rqw c )+8z(qfv(z>cfv)>rdr =0,
0 r

! 6,
27[/17618 (3;(9wcf,) F( 72 a (ra Cb) +82 )+ a (rqh Cb) +& (qb Cb)

8
+‘U'n98puk/ +Cb>rdr =0.

Interchanging the integration and the differentiation operators, these equations become

1-df e e € (1= (1 £(2) &
O '/0 chrdr | +did rcw‘rzlids—az /0 Pl&c —qw s, | rdr
—d.d°f (P ro.ct, —rqw( )€ >|r:1_d£ + ( 7 royct, rqfv(r)cfv) lr—1_ae =0,
1
o (/(1d€) chirdr> — atdsewcir’r:Pf
! (2) e € 6y £ £(z) e
-0, /1de P/acb ql7 ¢y |rdr | +0.d Frazcb—rqb <, |r=1—d€

0, e(r 1 c
( g O iy )c§)|’=l‘d€+“’ip;9”8/1de gag T

Next, lower order terms in the equations for the conservation of nutrients (30) and (31) are

0y (roreyp) =0, 9r(rdr(Bucpp)) =0.

The interface coupling condition (32) becomes d.cy,0 = dr(Byvcp0) and (33) becomes c,,0 = 6,,¢p 9, While the bound-
ary condition on the wall (34) becomes 9,(6,,c5) = 0. Therefore, we conclude that ¢,,0(z,1) = 6,cp0(2,1) := co(z,1).
Then, using the aforementioned results, the equations for the nutrients can be written as

1 2 (1-d)? )
EQz(Co(l—do) )+3,d0rc0|r:1_d0 Ta CO+C0/O qwr)ordr
: ) 1 ) B
—0d.do r8 .Co — I'qw’ Co ‘r:l—do + P 557 79r€0 = 14,300 | Ir=1-d —0,
e
l‘9I(C0(1—(1—do)z))—&,dorco‘ _gaz
2 r=1-dy 2P z
Y rart ado( Lra (2)
+co ", qpordr =+ d:do E{r 2€0 = 1qpC0 ’r:l—do
! () 1— (1 —dp)? o
( 2P’ ro rCO — 61;,7060> |r:17d0 + #ﬂ;p(;eayo k; oo =0.

Then, adding the both previous equations and using the interface condition (32), we finally obtain

1 for
orco+ 0, (Coq— P,aZCQ> =—(1-(1 —d0)2)u,/,9a,opc/¢ o 4(‘)00
e n

We focus on the water-biofilm interface (44):

[_%(_ue(r)+ad8 £(z )]+7 ifd=1,
9d* = —\/1+(edd?)2ekl,, S — G(—uf") + 9.d°ufW), if0<d <1, (55)
0, if d = 0.

Following [24], we regularize the formulation of (55). First we let Hy and H; be the set-valued Heaviside graphs
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{0}, ifd<o, {1}, ifd<1,
Ho(d):={ [0,1], ifd=0, Hi(d):={ [0,1], ifd=1, (56)
{1}, ifd>0, {0}, ifd>1,

where we set Hy(d® = 0) = 0 and H;(d® = 1) = 0. Observe that this choice guarantees that d;d® never becomes
negative whenever d® = 0 and positive when d® = 1. Then, (55) is written as

ddf € Ho(d®)H,(d°) ( — 1+ (€0.d)2ek,, /|| (1 — vEVET )M'VE||

U U
-5 (—uf") 4 azd%ﬁ@)) +(1—H,(d%)) [_6 (—uf") 4+ 0.d%uf D)), (57)
For practical calculations, the multi-valued functions are replaced by regularized Heaviside functions, defined by
0, ifd <0, 1, ifd <1,
HY(d):={ d/8, ifde]0,d], HY(d):={ (1+6—d)/5, ifde[l,1+8§], (58)
1, ifd > 9, 0, ifd > 149,

where 8 is a small regularization parameter. Then, we can write (57) as

dd® = Hy(d)H(d") ( =/ 1+ (80:dekg, || (1= vEVET)M'VE|

—%(—usm 4 azdfuf@)) (-H} (df))[—%(—uf“) 1 adeut )], (59)

Using (45-46, 52c, 54) for the lower-order terms we have
Opd® = H (d°)HY (d°) (—Kjy, 1t/ |rg S| + doTo/2) + (1 — HY (d°))[~ 20 /2] (60)
Using (50), we obtain
0, d® = HY (d°)HY (d°)(—Kly, (1 — do)|9-pol /2 + doZo/2) + (1 — H} (d€))[~Z0 /2]

The original model is obtained when passing & to zero [23], obtaining finally

Z0/2]_, ifdy =1,
a,d(): —kélr(l—d0)|azp0|/2+d020/2, if0<dy<l,
0, if dy = 0.

S Discussion and comparison with other biofilm models

The extension from a channel (tube) to a porous medium is done by considering a stack of channels (tubes) of void space
and solid material [24], where we denote by ¢ the porosity of the porous medium. Figure 3 shows the core with tubes as
void spaces. We assume that all tubes have the same diameter. Therefore, multiplying the upscaled model equations by
¢, the corresponding core-scale mathematical models are obtained.

000
000000
¢  Porosity 006660
000000
R K Permeability 000600

00000
000
\ /
7

Figure 3: Schematic representation of a porous medium consisting of a stack of thin tubes of void space and solid matrix.
Table 1 shows the core-scale equations of the van Noorden model, the porous medium formed by channels and the porous

medium formed by tubes, where v := ¢q is the Darcy velocity. For the details of the upscaling on the thin channel domain,
see Appendix A.
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Table 1: Core-Scale Equations for the Three Different Models

Name Upscaled equation

Darcy* v= 7¢KCT(d>8Zp, d,v=0
Darcy? V= fdm’T(d)azp, dv=0
Darcy* V= —M@p, d,v=0

Nutrients? o (9pc)+ ;| cv— %@c = —dop,R

Nutrients”  9,(¢c) +0:( v — e ) = —(1—(1—d)?)ppaR
Nutrients® o (¢c)+ 0, cv— P%azc = —dop.R
], ifd=1,
Height dd=1{ —kg(1—d)|d.p|+dx, if0<d<]l,
0, ifd=0.
£/2]_, ifd=1,
Height” dd =13 —kg'5%|0.p| +d2/2, fO<d<]I,
0, ifd=0.
], ifd=1,
Height* d=1{ —kg(1—d)|d,p|+dx, if0<d<]l,
0, ifd=0.
Bacteria®” 9,6, = YaktnBu oz — KresOa — 0.%
EPS®? 016 = PYelinBa g5 — 0T
Dead®? 0,6, = S—:k,es 6, — 6,%
Reactions®? X := (f;;Ye +Ya)R+ (ﬁd — 1>km€a, R= 6.5
Reactions® Y :=Y,R — kyes, R=yu, kn‘?

4Channel model. ?Tube model. €[24].

From Table 1, we observe that for the Darcy flow, the permeability is different for the three models. Figure 4 shows the
tube and channel effective permeabilities as a function of the biofilm height for different biofilm permeability values. We
observe that the effective permeability decreases as the biofilm height increases and the biofilm permeability decreases.

Figure 5 shows the three different effective permeabilities for a biofilm permeability value of k = 10~!. We observe
that when there is no biofilm (d = 0), the effective permeability in the channel is larger than the effective permeability
in the tube, as a result of the upscaling. The other limit case is when the biofilm has clogged the channel (d = 1). In
this case, for the [24] model, since the biofilm is not permeable, the water flux becomes 0. This is not true in the present
model as the biofilm is permeable, reflecting better the realistic situation.

For the nutrients, the difference between [24] and the channel model is on the reaction term, where for [24] the
nutrient consumption depends on the biofilm height, while in the channel model depends also in the volume fraction of
active bacteria. Comparing the tube and channel model, we observe a different function of the biofilm height, due to the
cylindrical geometry. For the biofilm height, the difference between [24] and the channel model is on the ¥ term, where
for [24] the total sum of reactions accounts for bacterial reproduction and decay, while in the channel model accounts
also for EPS. Finally, for the bacterial, EPS, and dead bacterial volume fractions, the model equations are the same for
the channel and tube models, while for [24] the active bacterial volume fraction is constant with value 1.

In [24], the authors compared their upscaled model with a well-know macro-scale model by [25], where a mathemati-
cal model for an impermeable single-species biofilm including flow, transport and reactions is built. We compare our both
derived uspscaled models with a macro-scale model by [6], where a mathematical model for impermeable multi-species
biofilm including flow, transport and reactions is built (Table 2).

In Table 2, K is the saturated hydraulic conductivity, 85 and Ok the normalized current biodegradation and biobarrier-
forming microbial concentrations, ¢o and Kj the clean surface porosity and initial hydraulic conductivity respectively and
N an experimentally determined parameter. In [6], the porosity decreases as the component concentrations increases. In
our models, the porosity in the porous medium decreases as the biofilm height increases. However, in [6] the authors do
not include the detachment effects. Therefore, the equation for the biofilm height in our models allow the inclusion of
the detachment. The permeability in both tube and channel models have different functions as a result of the different
geometries and also because of the water flow inside the biofilm. Notice that there is a quartic function of the biofilm
height in one of the permeability terms in the porous medium formed by tubes, as proposed in [22] and [17]. For the
nutrient transportation, those models, in addition to the [6] model, have the same form with different reaction rates.

We perform numerical simulations considering both effective models (channel and tube) to compare the biofilm height
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Figure 4: Effective permeability k; in the tube (a) and k. in the channel (b) as a function of the biofilm height d for
different biofilm permeability values k.
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Figure 5: Effective permeabilities of [24], the tube, and the channel models as a function of the biofilm height d for the
biofilm permeability value of k = 10!,

over time. We consider two different porous media of length L = 0.1 m: the first one has pores formed by thin channels
of height 2/ = 0.2 mm and the second ones with tubes of diameter 2p = 0.2 mm. For the inlet boundary, we set p; =2
Pa. The injected nutrient concentration is C = 10 kg/m?>. The porosity @ is set to 0.4. Recalling that biofilms are mostly
composed by water, we set the water volume fraction in the biofilm equal to 90%. In Table 3, the values of parameters
for the numerical simulations are presented.

We implement the model equations in the commercial software COMSOL Multiphysics (COMSOL 5.2a, Comsol
Inc, Burlington, MA, www.comsol.com). A decoupled finite element algorithm is used to solve the mathematical model
equations. Firstly, we solve for the pressure and concentration. Then, we compute the volume fractions and biofilm height.
We iterate between both steps until the error E (the difference between successive values of the solution) drops below
a given tolerance 0. We perform numerical simulations and we compare the results of the two upscaled mathematical
models.

Figure 6 compares the upscaled model with the pore-scale model in the channel for different values of €, where the
percentage of biofilm coverage area over time is plotted. We observe that the percentage of biofilm coverage area in the
pore-scale simulations approaches the one computed from the upscaled models as € gets smaller.

Figure 7 shows the changes over time of biofilm height for both porous media. Initially, the left part (0 < z < L/2)
has a biofilm height of d = 1/2 (d = p /2 for the tubular pores), while the right part (L > z > L/2) has a height of d = [/4
(d = p/4 for the tubular pores). We observe that the biofilm height increases faster for the pore channels than in the
pore tubes. The explanation of this result is that the right-hand side of the equation for the biofilm height in the tube is
half times smaller than the right-hand side of the equation for the biofilm height in the channel which is obtained after
upscaling in the two different geometries. For the porous medium formed by channels, we observe that the biofilm keeps
growing even though the left part of the pore is clogged. This result cannot be observed using the [24] model because the
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Table 2: Core-Scale Equations for the Model Comparison [6]

Name Equation

Darcy v=-Kod,p, dyv=0
Nutrients dic+d;(cv—Dd.c) =R
Porosity ¢ = do(l — 65— 6k)
Permeability K = Ko(¢/¢o)"

Component B
Component K
Reactions

06 = YplpOp G — KresOp
0Ok = Yk K Ok 15 — kres Ok
R=—pupbp " — Mk Ok ¢

Table 3: Model Parameters for the Numerical Studies

Name Description Value

u Water dynamic viscosity 1073 Pa-s

P Water density 103 kg/m3

Uy Maximum growth rate® 1.1 x1073/s

kn Monod-half velocity“ 10~% kg/m?

Pe EPS density” 60 kg/m?3

Pa Active bacterial density? 60 kg/m>

Pd Dead bacterial density® 60 kg/m?

k Biofilm permeability” 1079 m?

D Nutrient diffusion® 1.7x 107 m? /s
Y, Active bacterial growth yield® 0.553

Y. EPS growth yield® 0.447

kres Bacterial decay rate® 3.5x10°° /s
kg, Stress? 2.6 x 1071 m/(s Pa)

a2]. [7]. €[10]. 9[14).

60f

— eps=0.5

— eps=0.1

—— eps=0.05
eps=0.01

—— Upscaled model

55
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Figure 6: Percentage of biofilm coverage area over time for the upscaled model and for decreasing values of epsilon.

water flux stops once the channel is clogged.

6 Conclusions

In this work, we upscale a mathematical model for permeable biofilm considering a thin channel and tubular pore ge-
ometries. The upscaled models differ mainly in the permeability terms which are functions of the biofilm height. After
comparison with the [24], it is possible to derive this model as a particular case of the channel model. The derived
upscaled models and the [6] model are very similar, the greatest difference being the lack of detachment of biofilm com-
ponents in the [6] model. The numerical simulations show that the biofilm height increases faster in the porous medium
formed by channels than in the one formed by tubes. To validate the core-scale upscaled models, designed laboratory
experiments are necessary which is the subject of our future research.
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Figure 7: Biofilm height in the porous medium formed by channels (a) and tubes (b).

A Upscaling of the mathematical model in a thin channel

In section 4, we show with details how to obtain the upscaled model equations in a tube. Following the same ideas, in
this appendix we show how to upscale the model equations in a channel. We consider a thin channel with height 2/,
thickness w, and length L. When the thickness is much smaller than the height, experiments show that the growing of
the biofilm occurs only in the upper and lower walls [15]. Therefore, we can model the biofilm in the thin channel in a
two-dimensional domain. Figure 8 shows the different domains, boundaries, and interface in the rectangular geometry.

re
- (0,1,0) Ok
g | ® o5 e
ib Y

m y» Fan®

[X r (#) . ‘74”’ Q8 (t) LS, (t)
72,

s et ab g Ly
d(zt) () d(@t) ch(tﬁ“ Z ré®
— w— (0,-1,0) < Ot h

Figure 8: Pore of length L, height 2/, and thickness w in Cartesian coordinates.

To achieve non-dimensional quantities, we use the reference values defined in section 4 (T, L, Q, U, P, and C). The thin

strip is characterized by the ratio of its height to the length € := /L.
The two-dimensional space domains for the non-dimensional formulation are given by

Channel Q% = [0,1]x[0,1],
Water chv’g(t) = {¥ye(~-1+d%(z,t),1 —d®(z,t)), z€ (0,1)},
Biofilm ngs(t) = {f| y € (_17_1 +d£(Z,l)) \ y € (1 _de(z7t)a 1),2 € (Oa 1)}a

and the boundaries and interface are given by
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Inflow ,»’g = [0,1] x {0},
Outflow o = [0,1) x {1},
Water inflow TS = {X]ye(—1+d8(z0),1 —d(z,1)), =0},
Water outflow ~ ITSE(r) == {X|ye (=1+d%(z,1),1 —d®(z,1)), z=1},
Interface l'fvbe(t) = {¥y=+(1-d*(z1)), z€(0,1)},
Biofilm inflow l'ﬁf(t) = {X|ye(—1,-1+d%(z,1)) Vye (1—d*(z1),1), z=0},
Biofilm outflow ) = {¥lye(-1,-14+d(zt) Vye(1—d*(zt),1), z=1},
Wall ¢ = {+1}x(0,1).
The dimensionless system of equations for the water flux is given by
8yqfv(y) +o.489 = 0 in QG (1),
w(e 2a2qfv<”+ay2qfv(»")) — 29 in QCE (1),
we2dlqy? v a2q? = 9.t in Q5 (1),
Xt +0.455 = 0 in QC¢ (1),
(@02 oY) = o in Q5 (1),
w
Lok + 0k ) = am-@V ) megt,
w
(o™ —pfy — ooy 4 pf) = evV (ol — a0,
w
o ey w ,
EV())(%%"]E()) —Ph— N’ay‘IW +py) = (Z>(N7ayq5v(z) - 8th ) at Fibg(t)a
w
@) = @ 4" a5 (o),
@47 = (0.0 al I,
The equations for the nutrients become
1 .
Oty — 5 (€7200ch +02¢E) + (k) + d:anTel) = 0 inQFF(),
e
6 .
3(0uch) — o (€700ch +07¢5) +0y(a, ")) + k(g ef) = RS inQy%(0),
e
1
52 (b = Budhef) — (e — i) + A (Buch — <)
e
d,d*
+ o (0, — 0,0:5) + 9 (g Y —hh ™) = 0 atT(),
e
Ouc, = ¢ at Fi’lf(t),
ot = 0 atl,

where

4

b
kit

= —1,05p,

The dimensionless equations for the growth velocity potential are given by
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(66)
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(70)
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%(ayue(y) + azug(z)) = 28 in Qg‘ﬁ (t)v
WD, D) = —(9,@°,e20.0°)  inQS(),
o = 0 at TS (1),

8yq)€ =0 at FE’S’

where

pi ¢ (pi
& .= <pZYE+Ya)u;’95k}l+c + (PZ - 1>k;639,f.

The equations for the biomass components become

U 3 t
2,65 + é(ue@)azej FUED08) = Y6 ’; khibcg _gexe in Q5 (1),
U c® .
0,65 + é(u*f(y)az«c);f +ut99,65) = Y,u,6f m —Iljci — k85— 6FZF in Q5 (n),
U k)
2,05 + é(u*s(y)az«c);j Fuf@0,08) = Ky, Z? 9 — 6Exe in Q4 (1),
d
—0,6,+€0,d°0.6;, = 0 ic{ea,d} atT< 2 (1),
20, = 0 ic{ea,d} at ICE,
For the biofilm height we have
(=5 (—uf®) 4 0.afuf@)] ifd=1,
o,df = _J1+@@ﬁyﬁhy_%@ﬂqw+@ff@% ﬁ0<d<Ladﬁﬂﬂ,
0, ifd =0,
where
S =l =vevehwmrve,
and

v = ay qi ) € 81 qfv o) .
e! ayCva(Z) afov(Z>

We define the average water flow as the following integral

; ; ; @ ) o e
4(z,t) = Gw(z,t) +qp(z1) :/ ‘Iw.ody‘*‘/ qp odY+/ qp0dY-
—(1—dp) ’ -1 ’ 1-dy

We define the following space regions in the channel

(x]
\

=

=  {F1-d°<y<1 Az <z<z+68z},
= Xy <1-d® N7y <z<z1+8z},
X -1<y<—-(1-d%) Nz <z<z1+6z}.

[x]
5~

(x]

~

Integrating (61) and (64) over the previous regions and using the Gauss Theorem yield
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0= /_v.qidv+/ v-qj,dv+/ V. gEdv
B OH El

0
=m

Zl+62 . 1—dy
- 2/ G v|y:17d€dz Jr/ (qa(Z) |z:zl+57 a qf"(Z) |z:zl )dy
2 —(1—do) <

u+d e - —(1=d®) £(z) £(z)
_/ (qi.v{y=—(1—d8)+qi'v’y=—l)dZ+Ll (qhz ‘z=zl+62_qb |z:z1)dy

<]
2146, 1
- o —E 7, £(z2) £(z)
7/11 (qb ’ v‘y:l +4- v|y:17d)dz+/lid£ (qb |z:zl+52 —4p |zzzl )dy'

Recalling the no-slip condition for the water flux on the wall (70) and the continuity of fluxes at the interface (69), the
previous equation becomes

I=do o) e(2) —(1=4%) o) £(2)
/7(]7‘1())(% ey s — v !Fm)derL O B A R I'3%

(2) | (2) |

1
€ e
* 1—dt (4 =g +8. b )dy =0

=71
Dividing the previous equation by &, and letting &, approach zero, we obtain for the lowest-order terms in €

azq_ = azq_w(z7t> + 8z‘?b(za[) =0,

where we have used the definition of the average water flow (88).
The lowest order terms in the Stokes model (61-63) leads to

8}76155, )+ 8zqfi)() =0, dypwo =0, u’3fq% = 9:Pw- (89)

From (89b), we conclude that p,,( does not depend on the y coordinate. Analogous, for the Brinkman model (64-66),
the lower-order terms in € give
e

10 = %:Pbo. (90)

From (90b), we conclude that p;, o does not depend on the y coordinate, and from (68) we conclude that
Pwo(2:1) = pro(2,t) := po(z,t). Integrating twice (89) and (90) with respect to y and using the symmetry, interface, and
boundary conditions

Byqéf})) + qu;(f,’()) =0, Ayppo =0, %9361;(,% -

2
2) Y 9:po
) 2 1
e (2 +V> w 1)
g5 = (W@hﬂhw,+Xey¢aﬂ,_k>aﬁ@’ o

where the coefficients are given by

(% +k’)(e*d° VOw/k 4 gdoy ew/k’) + Mh(e’do VOu/k _ ooy 9”'/"’) —2k

V= — ,
efd() V O /k: + ed() V 6 /k
W ke MO /k) 4 /k:0,heV Ok
e~ d0\/Bu/k | pdoy/Oufle
¥ kehVO/k) _ . /50, heV Ow/k
efd() \Y4 GW/IO + edO \Y4 ew/k’ ’
h= —1+dpy.

To obtain the average water flow defined in (88), we integrate (91) and (92) as follows
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W (1-do) \ 2
_ ((l—do) +6V(1—d0 We \/T/k dor/Oufke _ 1)
Xe«/ew/k ~dov/Bulk _ 1y _ kdﬂ))azpo
w
= T Z
This is the Darcy law
__ K(d
q=— £7O)azp07

where &;(dp) is the effective permeability given by

1—d 2 —(1-dp)
g %P0 ( / ! (y +V>dy+2 / ’ <We>’v /b 4 Xe ™V "W/"’k')dy)

Ke(do)= - ( (1=do)” +36V(1 —h) 15 <\/§Wem(edom ~1)

—/ g—’Xev O/l (o=dov/Bu/k 1) k*d()) ) :

The growth velocity potential equations (76) and (77) for the lower-order terms in € are

%(Qyu(()y) + 8Zuéz)) =29, ué}’) = _ayq)b,07 M(()Z) _ O,

where the conditions at the interface (78) becomes @, o = 0 and wall (79) becomes dy®;, o = 0.

In dimensionless form, the volume fraction equations (80-82) are

U :
30° + é(ug@)ayeie + @ 0.6f) = RY — 0fx°,

(93)

(94)

with i = {e,a,d}. We focus on biofilms where the biomass components change slightly along the y direction, resulting

in the approximation 6;o(y,z,t) = 6;0(z,¢). Using (93c), the lower-order terms in (94) are

96,0 =Rio— 6;0Xo.

Integrating (93a) over y and using the boundary conditions (78)-(79) one gets

ud) = %Eg(y—l—]).

For the nutrients, integrating (71) and (72) y yields
1-df £ L 2 2 € e(y) e €(z) &
(1-d#) alcw - F(e ay ¢yt az Cw) + ay(‘iw Cw) + az(qw cw) dy
—1— e

2 —(1-d%) 2.(6..¢ 797 _282 92c¢E) 4+ 9 £(y) & p) £(2) &
. t( wa) P ( Cp+ zch)Jr y(qb Ch)+ z(qb Cb)

e

(95)

(96)

er. b
6,0, —= |dy  =0.

ki +cj,

Interchanging the integration and the differentiation operators, these equations become
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1= € € & 1=d) 1 £ £(z) ¢
o /_(1_d€)cwdy +20,d CW’y:,(l,dg)*az /(1 ) Pazcwqu & |dy 97)

1 £(2) ! e(y)
—20.d°¢ <E8Zcfv—qwz c@) |y<lds>+2<£2fz8ycfv—qw} cn ) ly=—(1-a®) =0,
—(1-d*)
2@(/' aw;@> 20,d6ych] (1)
-1
04 () e (2) e
—Q@(/I ( " ,c5 —q), %)@)+Qaf< 0.5 —q, %>\ (1-®) (98)
6 (=)
_2(82Pé hCly — qb Cb) ly=—q d€)+2HnPa/1 O“Sk;l+cf;dy =0.

Next, the lower order terms in the equations for the conservation of nutrients (71)-(72) are

2 2
ay Cw0 = 0, 8y Cb’() =0.

The interface coupling condition (73) becomes 9w8ycb‘,0 = 8).cw’0 and (74) becomes 6,,c, o = cy,0, wWhile the boundary
condition on the wall (75) becomes 8ycb70 = 0. The symmetry in y implies that both nutrient concentrations do not
depend on y, resulting in ¢,,0(z,7) = 6wcpo(z,t) == co(z,). Using the aforementioned results, both equations (97) and
(98) can be written as

2—2dy I=do
0 (co(2 —2dyp)) —|—2a;d0C0|y:7(17d0) P a CO+CO/<1_d0)qW7ody
1
_Zazdo <Pe’azco — qE‘f)CO) ’yzf(lfdo) + 2 (£2P7 & CO QEVOC0> |y— 1—- d()) = 0?
1., ~=
d;(2dyco) — 23;d0€0| —(1=dy) ~ OP" az co+co | qbvody
A _

1 ,

—|—281d0< d;co — q; ())Co> ‘ —(1—a®) ~ 2 (2.(9}6() — L]l()}())CD) |y:,(1,ds)
e“pP; ,

co
2d =0.
+2dopt;,P,,6a, Ok’ oo
Then, adding both equations and using the interface condition (73), we finally obtain
o1 €0
dco+ ;| cog — Féazc() —dol;,04,0P) 77— ks + co

‘We focus on the water-biofilm interface (85):

[~ 5 (—ufO) 4+ 9. uf )] ifd=1,
Kd® = —\/T+(€0:d%) ek, || (T = VEVET )M VE|| = S (—ufD) + 0.dfufD), if0<d <1,
0, ifd=0.

Using the set-valued Heaviside graphs (56), we can write the previous equations as

ddf € Ho(d)H,(d®)) ( — /14 (€0.d) 2k '] (1 — VEVET )M V|| (99)

~ (4 0 ) (1= H ) G )+ )

Using the regularized Heaviside functions (58), we can write (99) as

NI = vEVET ) MvE||

od* = HY(d®)HP (d%)) ( —\/1+ (£0.d¢)%ek;

—g@f®+@ff@0+0—Hﬂf»kgef®+@ff@np
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Using (86-87,91,93a,96), for the lower-order terms in € we have

31d° = HY (d°)HP (d°))(~ki (1 — do)|3-po| +doZo) + (1 — HY (d°))[~Eo]s.

Letting & go to zero in order to return to the nonregularized formulation, we get

Lol ifdo =1,
ddy =< —kiy (1 —do)|d;po| +doXo, if0<dy<1,
0, ifd = 0.
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