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ABSTRACT

Biofilms play avery important rolein porous media. The most useful application isthe use of biofilmsto
form biobarriers to restrict the spread of contaminant plumes. They can also be used to consume the pollutants
by interacting with them. Biofilmsare still not well understood. Here we present amodel for fluid flow, and
contaminant and nutrient transport, coupled with biofilm growth. The model is complicated due to the effect of
the flow on the biofilm growth and vice versa, so that all the effects are strongly coupled. The model is
discretized using finite el ements to take into account the pore geometry and the amount of biofilm growth.
Results of different calculations are presented.
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INTRODUCTION
Themainmotivation of thispaper isto devel op amathematical model of biofilmgrowthin

porous mediaat the microscopic scae. Biofilmsarefound on essentia ly any environmental surface
provided that sufficient moistureispresent. Biofilmsfirst start with somecellsor bacteriabeing
immobilized at asolid surface (substratum). After being adhered to the substratum for awhile, the
cellsor bacteriamay consume nutrients, and begin to grow, reproduce, and at the sametime
produce extracel lular polymersand other byproducts.

Thedevelopment of biofilmsismost rapid in flowing syssemswhere adequate nutrientsare
available. Biofilmsareresponsiblefor much of thetransformation and degradation of natural and
man-made organic compoundsin thewater. They can bebeneficial or detrimental, depending on
their location and on the biotransformation process.

Biofilmsgrow in porous mediaand play animportant mechanism for many processes. For
example, in porousmediabiofilm growth can cause detrimental permeability reduction through pore
blocking or it can causethe souring of petroleum reservoirsthrough sulfide production. But thereare
beneficia agpectsof biofilmslikethe bioremediation of contaminant plumesand theformation of
biobarriers. The significance of biofilmsmakesit necessary to understand the processes associated
with biofilm growth (Chenet d., 1994).

Thegrowth of biofilmsin porousmediaisavery complicated process. It involvesfluid dynam-
ics, masstrangport, biofilm accumulation, and biotransformation of organic congtituents. Duetoits

complexity, itisimportant to try to understand and model the basic processes occurring and their
ratesat the porelevel. Fluid-biofilm modeingisfundamentd in the understanding and the prediction
of physical processes. A brief review someof biofilm modelsfollows. Picologlou et a., 1980, dealt
withthegrowth of biofilmsin pipes. Cunninghamet d., 1991, have studied theinfluence of biofilm
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growth on the permeability and porosity of aporous medium. Saez and Rittman, 1988, derived
algebrai c equationsthat approximate the growth of abiofilm. Reichert et a., 1990, developed a
codecalled BIOSIM that model sbiofilm growth using units. Chen et al., 1994, presented apore-
scalemodd using avariation of BIOSIM for someirregular biofilm growth smulations.

Inthis paper, wewill extend theresults by implementing abetter biofilm growth modd inthe
sensethat wewill alow thebiofilmto grow to any thicknessinirregular domains,

MATHEMATICAL MODEL

In this paper, we have amicroscopic model of the porous mediausing pore channelsthat are
dividedintofluid and biofilmregions. Along thewallsof the pore channels, thebiofilm grows, while
thefluid flowsthrough. Theinterface between thefluid and the biofilm separatesthe bulk fluid region
fromthebiofilmregion.

Bacteriawill attach to solid surfacesto take advantage of the organic mol ecul es adsorbed
there. After being attached for sometime, the microorganisms start to consume nutrients, grow,
reproduce, and a so produce extracel lular polymeric substances (referred to as EPS) which bind the
cellstogether. Thisaggregate of attached microorganisms, EPS, and other particulate matter is
termed ashiofilm (Characklisand Marshall, 1990; Costerton and L appin-Scott , 1995).

In saturated porous media, processes governing fluid dynamics, masstransport, biofilm
accumulation, and the biotransformation of organic constituentsareintrinscaly interrelated (Chen et
al., 1994). The net accumulation of biofilmin porousmediaistheresult of biomassadded tothe
surfacefrom the processes of adsorption, growth, attachment, and filtration lesstheamount of mass
removed by the processes of desorption and detachment.

Asthefilm thicknessincreases, the effective pore space of themediawill decrease, thereby
causing acorresponding decreasein mediaporosity and permeability. If the piezometric gradient
remainsconstant, theporevel ocity will also decrease thereby reducing both advectiveand diffusive
transport of nutrientsthrough the system. Decreased nutrient transport resultsin acorresponding
reduction inthe biomass specific growth rate and thusin therate of biotransformation of organic
materia. Decreased porevelocitiesalso reducetherate of detachment.

Thesignificanceof biofilmsmotivatesusto understand the processes associ ated with biofilm
growth (Visser, 1998). These processes need to be understood at the pore scale before scaling up
tolaboratory and field scalescan bedone.

A biofilm system congstsof different compartmentsincluding the substratum, the biofilm, and
bulk water. In these compartments different phases can be distinguished (Gujer and Wanner 1990):
1. A continuousliquid phase, usually water, whichfillsthe connected fraction of thebiofilmvolume
and containsdissolved species.

2. Solid phases composed of aspeciesof microorganism and extracellular material. Thesolids
cannot movefreely asthey areattached to each other.
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The concentration of acertain component intheliquid phaseissmply the mass of component
contained in oneunit volume of theliquid phase. Thedensity of the solid phasewill bethe density of
themajor or bulk component inthat phase. Thevolumefraction refersto thefraction of thevolume
that each of the phases occupiesin the biofilm matrix.

Our maininterest isto coupletheflow through aporous medium with biofilm reactionsand
growth ontheporewadls. Thedynamicsof biofilm formationisacomplex processwhichinvolves
fluid dynamics, masstransfer, chemical reactions, and biochemical reactions (Brading et a., 1995).
Thefluidwill bring nutrientsto the biofilm, whichwill grow and gradualy changethe geometry and
flow propertiesof themedium. Thiswill affect theflow pattern, whichinturnwill changetheavail-
ability of nutrientsto the biofilm. The strong interaction of these processesismodeled viaacoupling
of theflow, transport, and growth processes.

Bulk Fluid Region

Thebulk fluid regionisdefined astheregion outside the biofilm regionsdepicted in Figure 1.
Hereweassumethat the concentrations of dissolved congtituentsinthe bulk fluid are small enough
so that the solution can be considered dilute. That meansthe propertiesof thefluid arenot influ-
enced by the presence of dissolved species, but only by the geometry of thefluid region. The
transport of liquid and dissolved congtituentsisinterrel ated. Theflow of thefluid will certainly affect
the concentration of thedissolved constituentsthrough aflux-like process. Although the concentra-
tion of the nutrientswill not affect thefluid velocity directly, it will surely influencethe growth of
biofilms. Thegradualy changing geometriesof our domain dueto thebiofilmgrowthwill inturn
affect thefluid vel ocity.

Navier-Stokes Equations

Sincethefluid with which weare concerned isNewtonian flow with constant viscosty, the
bulk fluid dynamics can be model ed by the Navier-Stokes equations. The continuity equation
obtained from amasshbalance on thefluid (Girault and Raviart, 1986) gives
Mw O. 1)

Whilethe balance of momentum givestheequations (Girault and Raviart, 1986)

%—l:+uDDu— vVAwJ B f 2

whereu(x,t) = (u,,u,) isthebulk fluid vel ocity and P(x,t) isthe pressure of theflow. f isexternal
forceacting theonfluidandv > Qisthekinematic viscosity.
Thegradient and Laplacian of avector intwo dimensionsare defined by

Hu= (ﬂj
ax].
2x2

Au = (Auy, Au,) |
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Species Balance Equations
The speciesbalance equation for dilute concentrations of dissolved speciesinthebulk fluidis

givenby Birdet al., 1960, and Probstein, 1989,

g = _DD‘Ji+ ri (3)
ot :

where C = C (X,t) isthe concentration of speciesi andr, isthe production rate of speciesi. J. is
thetotal massflux of speciesi andisgivenby

J, =ullC- DX C. 4

Thefirst term on theright hand side of above equation representsthe convectiveflux dueto bulk
fluid flow. The second term representsthediffusiveflux which isassumed to obey Fick’sfirst law
(Characklisand Marshall, 1990). D, (X) isthediffusion coefficient for speciesi.

Insertion of (4) into ( 3) gives

aa_ct:'+u|:|]:|CI:|]]:| (Di()[l) @I) =i 1. , Ns. ©)

Here N isthetotal number of dissolved species. Our current model does not consider transforma
tion of any speciesinthefluid, sowe assumethat r'=0.
Biofilm Region

Thebiofilm model usedinthisdissertation isbased onthe multi- speciesbiofilm modd given
by Wanner and Gujer, 1986. Themodel isaone-dimensional model in spacewith biofilm growth
only normal to the substratum. A biofilm consistsof different compartmentsincluding the substratum,
thebiofilm, and water. Assume k different phases can bedistinguished in the biofilm matrix. Each
phaseoccupiesafraction e of thetotal biofilm volume. Wewill consider that we have only one
liquid phaseand all the other phasesare solid phases. Using theindex | for theliquid phaseand
index sfor thebiofilm solid phases, wewill have

Zek:q +Zes=1. (6)

Liquid Phase
Themassbalance of dissolved speciesinliquid phaseinthebiofilmisgiven by

98%; =-MJ,+ 7
ot o

whereC,, r, arethe concentration and the production rate of the dissolved speciesi inliquid
phasel.
Theflux J,; of speciesi inthebiofilm, dueto diffusion, isassumed by Fick'sfirst law as

J,; = _Dl,i(X)DCI,i : ®
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whereD, ; isthediffusion coefficient of dissolved speciesi inthebiofilm. Estimating d,i inthebiofilm
issimilar tothat of J,inthebulk fluid, except that the effect of theflux dueto the movement of the
fluidinthebiofilmisregarded asnegligible. Insertion of (8) into( 7) gives

068G,

o = W(Dl,i(XD] Cl'l") . ©)
Solid Phase
Under the same assumptions, the massbalancefor the solid phaseinthe biofilmisgiven by
%ep, _ IFr, (10)
ot

wherep_isthedensity of theonly solid phase; r_isthe production rate of thesolid cells; and J _is
theflux of theonly solid component withinthe solid phase s. Since the solid biofilm phaseismainly
subject to acommon advection process (Characklisand Marshall, 1990), i.e., if any one attached
particlemoves, it causesdisplacement of itsneighboring particles. TheJ_ will bean advectiveflux
andisgivenby

Js = VPeE,, (11)

wherev_=v_(X,t) isthevelocity vector of thesolid phasein biofilm.
Sinceweassumethat the biofilm growthis predominantly normal to the substratum, itimplies
thet

M=

0J 0

s = _(Vspses)) (12)
on adn

wherewe usen to denote the direction perpendicular to the substratum. Insertion of (12) into (10)

gives

oep, 0

=—-— 13
IS 13

We now further assume constant density r_and volumefraction e, so equation (13) smplifiesto

v _ fs (14)

on ep,’

Integrating from O ton, with the boundary condition that the biofilm growth velocity v, at the
substratum equalszero, we have
1

V=
€05

_[On ran. (15)
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LetL =L, (&,t) betheheight of the biofilm growth at the space point € andtimet. Whenwe
consider themoving of theinterface, wea so haveto takeinto consideration effects of the detach-
ment. Assumeat each point & along the substratum, theinterfaceismoving at velocity V, normal to
the substratum. Then the movement of theinterfaceisdueto the effect of the biofilm growthinterms
of v_aswell astheeffect of biofilm detachment interms of the detachment ratey;

VI esps = Vs( Lf )esps + ys, (16)

wherev (L) isthebiofilmgrowthvelocity v_at L... Herewemainly consider the erosion detach-
ment. The detachment dueto erosion has been studied by Peyton and Characklis, 1992, who
indicatethat nutrient supply, biofilm thickness, and hydraulic shear areimportant factorsinthe
erosion. Furthermore, the shear stressapparently influencestherate and extent of erosion. Wanner
and Gujer, 1986, inatheoretical study, used-D__, L asthedetachment rate, whereD,__ isa

etach —f

rate coefficient that may depend onloca hydraulic shear and biofilm strength.

From (17) weobtain
i (&
Vimv(L)+ e = 2 (g e Ve
eSpS eSpS 0 eSpS

V, isrelatedtoL, by
_dL (1) (17)

! dt
and thereforewe obtain the biofilm growth equation

de (Elt) 1 J‘Lf (E*t)rsdr] +L . (18)
0 eSpS
Noticethat r_dependson C,;, so the abovebiofilm growth equation is coupled with the concentra-

tion equation (9) intheliquid phase.

dt e.0,

Biofilm Kinetics
Wewill mode! thecell growthrater_ by Monod Kinetics (Characklisand Marshall, 1990)

PG
r - S Al _b 19
s umaxKJrqli P, (19)
and thesubstrate utilizaetionrate as
'Y K+C,

Here, u__ isthemaximum specific growthrate, K the Monod saturation coeeficient, b the endog-
enousdecay coefficient, and Ytheyield of cell material fromC, .
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NUMERICAL SIMULATIONSOF THE TRANSPORT AND THE BIOFILM
GROWTH
Numerical Simulations of Transport

Theveocity profileinthefluid flow regioniscal culated by solving equations (1) and (2) usnga
mixed finite-element method with arbitrary quadrilateral eements(Li and Chen, 1998). Wewill use
asan exampleof aporeregion asinusoidal domainwith oneexpansion. Thethroat isfairly narrow
toillustrateirregular flow regions.

Theflow of thefluid carriesnutrientsto the biofilm and causesthe biofilm to grow. The nutrient
transport equationsare given by equation (5) inthe previous section.

Asfar asthe boundary conditions, we have the concentration at the entrance of the pore, given
to beconstant. Along theinterfacesthat separatethe bulk fluid and thebiofilm, thenormal deriva
tivesare specified. At theexit of theflow, we assumethereisno change, that isthe normal deriva-
tivevanishes. Wewill usethefinite e ement method over quadrilatera sto solve equation (5) with the
same partition of the domain that we used when solving for thevel ocities.

Actually theequation for transport inthe bulk fluid is coupled with thetransport equationsfor
concentrationinthebiofilm region. Although wedistinguish thebulk fluid and theliquid phaseinthe
biofilm, physicdly, itisnatural to requirethe continuity of both the concentration and theflux of the
concentration along theinterfacesthat separatethefluid and thebiofilmregions. Itiseasy to enforce
the continuity of one of the above quantities. However, we need the continuity of both quantities.
Wewill illustrate how we achieve thisafter we present thetransport equationsinthe biofilmregion.

Inthebiofilmregion, therearenutrientsdissolved in theliquid phase of thebiofilm. Thecon-
centration equationsin theliquid phase of the biofilm region aregivenintheprevious section.

Noticethat inthebiofilmregion, thereisone concentration equation (9) associated with each
point on the substratum. So each equation governing the concentration in thebiofilmisonedimen-
sional. Asfor theboundary conditions, for each equation (9), we specify thenormal derivativeat the
end point on the substratum to be zero since thereis no flux through the substratum. At the other
end point ontheinterfacewith the bulk fluid, even though we do not know thereal boundary vaue,
wejust assumeavauefor thenormal derivative. To assurethe continuity at theinterface point with
thebulk fluid, theouter normal derivativeisenforced to be the same asthe assumption of thenormal
derivativewhen wewere solving the concentration equation (5) in thebulk fluid. To solveequations
(9), sncethey areonedimensiona, weuseafinite difference method instead of afiniteelement
method.

Theresulting stiff matrix isatridiagona definite matrix. Solving theresulting algebraic system,
we obtain the approximate sol ution of the concentrationin thebiofilm.

Now let uslook at thereal problem wherewe do not know the boundary valuesof the
concentration and flux along the biofilm-liquid interfaces. Wefirst assumethe sameflux along the
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interfacesfor the concentration equations(5) inthebulk fluid and (9) inthebiofilm. Eachtimewith
theflux specified along theinterface, we compute the concentration in both the bulk fluid region and
thebiofilm region. Along theinterfaces, we expect ajumpin valuesof concentration that are calcu-
lated from two different equationsintwo different domains. The secant method i sapplied to update
theflux so that thejump of the boundary valueswill decrease until an acceptableva ue. Werepeat
theabove stepsuntil the desired continuity of the boundary values of the concentration isachieved.

Biofilm Growth Simulations

Thebiofilm growth equations (18) aregiveninthe previoussection. Approximating the
integral inthe above equation using thetrapezoidal rule and replacing the derivative by theforward
difference AL (&,t)/At, we obtainthe biofilm change AL (& t) at spatial point § andtimet.

When thebiofilm hasgrown after afew time steps, we change our computational domains
accordingly and recal culate the vel ocity and the concentration. Sincethebiofilmissubject tothe
detachment from theflow and the detachment i s proportiona to the biofilm thicknesssquared, at a
certaintime, when the biofilm reachesacertain height, thewhole system will reach itssteady state.

NUMERICAL TEST CASES

We have performed the smulation of thewholefluid-biofilm systemin several representative
regionsand obtai ned very good results. Our simulation system can be used as an efficient tool for
predicting concentration of nutrientsand biofilm growths. In the example presented, weworked
with the one-poreregionillustrated in Figure 2. We a so considered only one species of nutrient and
one speciesof microbe. The parametersare assigned thefollowing va ues. theinitial concentrationis
set to be 100 gr/cm, g =0.8, ,=0.2, r,=0.8gr/cm, y__ =7.0 1/sec, K=1.0gr/cm, b=1.0
1/sec, Y =.69, and the detachment coefficient D, to be 14.0 1/sec. Theresultsfor biofilm
growth aong thebottomwall areshown in Figure4. If wecheck Figure3 for the concentration
profile, wewill find out concentrationishighinthe narrow throat region and relatively low inthe
wideregions. Thisisbecauseinthe narrow regionsthefluid flowsfaster sothat it bringsmore
nutrientsto the biofilm, wherein thewider regions, theflow isslow so that |essnutrients are brought
by thefluid to thebiofilm. In our model the biofilm growth dependson the nutrientsavailable,
detachment rate, and the biofilm height. So with the same detachment rate, at first the biofilm growth
will mainly depend on how much nutrientsare available. Thisprocesswill continue until the detach-
ment balanceswith the biofilm growth and then the biofilmwill reach itssteady state.

CONCLUSIONS

Inthispaper, weimplemented aworking model of afluid-biofilm system at the porescale. The
wholesystemishighly nonlinear and al the processes are coupled. Theveocity profile, the concen-
tration profile, and the biofilmsgrowth profilewere successfully obtained. The solutionsareconsis-
tent with the physicsof the problems.
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Weimplemented an algorithmthat alowsthe domainsin our fluid-biofilm systemto change
withtimeasthebiofilm grows. We applied the method to biofilm growthin severd regions, al of
which have narrow throats. Theseregionswith varying thicknessal so appear in many aeronautical
sciences, the petroleumindustry, and fluid dynamics problems.
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Figurel. Compartmentsand phasesof biofilms.
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Figure2. Veocity profileinthefirst type of poreregion.
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Figure 3. Steady state concentration profileinthefirst poreregion.
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Figure4. Interpolated biofilm growthinthefirst pore.
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