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\ Motivation \

We are interested In model and simulate the fate ofj
microerganisms in porous media, which Is a very
Important, complex and Interacting phenomenon;
mainly because It involve living entities.

The systematic modeling approach to continuum
systems [1], allow us to derive a model including

as many constitutive laws as we need! to describe
even the most complex phenomena.

COMSOL Multhiphysies (2], provide us with a
multifunctional and general framework as well as
useiul application modes to iImplement our model.

[1] Allens et al.“ Numerical medeling in science and enginegringphn Wiley & Sons., USA, (1988)
[2] COMSOL Multiphysics Earth Science Module, UserGuide Version 3.3, 37, COMSOL LAB (2006)
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\ Background \

In spite of that there are some models propoesed In
the literature for the transport of microorganisms
In porous media [&5], we derive our model and
perform a procedure to set It up, with the intend to
achieve more insight about the problem.

In all these above mentioned references, the

transport model has been Implemented using
Finite  Difference Methods; evidently our
COMSOL implementation IS solved using Finite
Element Methods.

[3] Tan et al.” Transport of bacteria in an aquifer sand: Experingeahd modesimulations, \Water
Resources Research, 30 (12), 33252, (1994)

[4] Senet al. “ Bacterial transport in porous media: New: aspectshaet mathemasal model, Colloids
and Surfaces, A 260, %2, (2005)

[5] Chang et al.“Modeling and Laberatery’ Investigation of Micrebiatansport Phaemena in Perous
Medid", SPE 22845, (1991)
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\ The model (1) \

The local balance eguation of the intensive propesty

-77)=g;; Ox0B(Y

where V® is the velocity of the phase;,’ Is the flux field
through the boundary, ang; Is the generatido the body.

the PDE [1]: ,

Phase (a) Component( ) Intensive Property ¢’,C,r
Water (W) | Water (w) o
Planktonic (pm) @\évm
Nutrients  (n) @,

Biofilm (b)| Sessile  (sm) Co =p.0
Solid (s)| Rock P, =(1- qo)pr
Nutrients on

Table 1: Intensive properties associated with nefissampenents
IHere @ Is the porosityQ  represent mass dessicidentes-concentrations anor
IS the velume ofi sessile microerganisms by unitelot oulk prous media.
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\ The model (2) \

TThe mass local balance eguation of pienktenicmicroorganisns:

2 {ams) +0tfe 0% m() = (kK)o koylo-0)

where the total velocity Is composed by adding nveaier,
chemotacticand sedimentation velocities, Ne= V" + V° + \/°

the dispersion tensor i8,,

the Monoed specific growth rate |8
the celis specific decay rate Ig,
the adsorption rate coefficient is, |
the desorption rate coefficientis
and the minimum velume of sessile cell fractio|s.
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\ The model (3) \

The mass loecal balance equation of $essile microorganismns:

9
a(pma) =(u—ky =k )p,0+koc, + ko g

remember that the desorption term exists only ¥ o, .

The total mass local balance eguation ofinbEientis:

o+ prbacxvq?)%cn“ o -Dym(eq) = -u(e&. + 0.0)! i,

select one ofi the predefined adsorption; Isotherm.
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The model (4)

The nitial conditions are:

W —_— —

The inlet boundary condition (general) Is:
sl AR )

= T

wherey = pm nand ¢, #0 only during pulse injection, i.e., fa<t <t

x=0

The outlet boundary conditioradvectivdiux) Is:

as abovey = pm, n.
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\ COMSOL implementation (1) \

The norconservative form ofi the governing eguation for
saturated media available in tisolute Transpoerapplication
mode of COMSOMultiphysicsis as folloews [2]:

960 dc, 0G

L+ + [] QD (Jc)=—=ulllc+ R. + R +
0t IOb 0C 01: [q Li ) q R_I RI §

which IS used to Implement the mass local balancatemns
ofi the planktonic microerganismand nutrient, whereas the
coefficient form of the PDE mode Is used to implenes
mass local balance equation of sessile micreorganism

[2] COMSOLMultiphysics Earth) Science Module, UserGuide Version 3.3, 37, COMSOL LAB, (2006)
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\ COMSOL implementation (2) \

The predefined boundary conditions for selute tramsare {2]:

G =G, Concentratior
n{6.D,Oc -ug)=N, Flux
n{6,D,0c —ug)=0 No Flux
n{{6.D,0c —ug)=nlig,+ N, General

n{6,D,Oc)=0 dective flux

We use the general and tladvectiveflux ones, although the
concentration one Is used too, to make a comparison.

[2] COMSOLMultiphysics Earth) Science Module, UserGuide Version 3.3, 37, COMSOL LAB, (2006)
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\ Jracer In sandy column (1) \

v'A column packed with aquifer sand.
v The fluids are injected at constant flow velocities.

v The sand column was saturated with stedésonized
water prior to obtain the breakthrough curve (BTC).

v A BTC Is a graph of the relative concentration versu
time.

[3] Tan et al.“ Transport of bacteria in an; aquifer sand: Experingeand modesimulations;, Water
Resources Researc (12),32423252, (1994)
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\ Jracer In sandy column (2) \

Objective: To obtain the dispersion coefficient, D.

TThe mass local balance equation of lizeer|s:
9 () + D fge v~y m(pg)) =0

ot

Porosity @=0.3¢
\Water velocities v=0.05, 0.1, 0. mm/s

Tracer injected concentration €. = 0.01 mol/L

Injection time ty =1h

Column length X, =0.3m

Tlable 2: Input data for traceBTCsin sandy celumn [3]
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Tracer in column (3)

Tracer BTCs

—v=0.05 rhm/s .

—v=0.1 mm/s
—v=0

2000 4000 6000 8000
Time [s]
Figure 1: BTCsof sodium chloride

D" =1, 2, £mn¥/s

[4] Senet al.“ Bacterial transport in porous media: New: aspectshal mathemacal modeli, Colloids
and Surfacesh 260, 5362, (2005)
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| Microorganisms transport (1) |

Besides of the previous experiment conditions, we hays

v Once porous media saturation has been achieved, tigE
suspension of microorganisms IS injected for 1 hour.

v Then the flow of sterildeionizedvater was resumed.

v The experiments were conducted at low temperatur
to prevent growith and death of microerganisms.
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| Microorganisms transport (2) |

Goal: To fit the adsorption and desornption coefintss kK & k
To compare models with varying features.

TThe mass local balance eguation of pienktenicmicroorganisms:

3 () +efoei-DLm(0cs) =kt 0 fo-0 )

TThe mass loecal balance equation of $essile microorganisms:

0 w
a(pmo-) = _krlom (J_ Ty ) t kaa:pm

Dispersion coefficient D;;Vm =D/ =4mn¥/s

Water velocity v=0.2mm/s

Microbial injected concentratiop CZ,V% =1.2x 10 cellsl.

Minimum adsorbed sessile cell g, =0.02

Table 3: Input data for micrebidTICsin sandy column |3} 4]
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Microorganisms transport (3)

Microorganisms BTCs

|/ —without conditional desorption\.k"-,
| /--— with conditional desorption '\
¢ — with Neumann BC
— with porosity reduction
—with all previous included . :
1000 2000 3000 4000 5000
Time [s]

Figure 2: BT Csofi microerganisms
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Microorganisms Transport (4)

Without conditional desorption Withi conditional desorption

Spatial-Tempord distribution of sessile microorganisms . Spatial-Tempord distribution of sessile microorganisms

Figure 3: SpatialTemporal distribution (every minute) of sessile mucganismavithoutandwith conditional desorption

Unphysical adsorption “Clogaing
g#0 for t~0 at X=X around x=0.18m for 13<t<25 minutes
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\ Microbial/Nutrient coreflood (1) \

v’ Microbial/Nutrient solution was continuously injedte
v Sedimentation anchemotactic/elocities are null.
v There are not nutrient adsorption.

v All'others parameters will be included and used both
In our model and simulations.

Objective: o simulate a micrebial/nutriecoreflood

[5] Chang et al.“ Moedeling andl Laberatory Investigation of Microbiatahsport Phaemena in Porous
Medig", SPE 22845, (1991)
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\ Microbial/Nutrient coreflood (2) \

TThe mass local balance eguation of pienktenicmicroorganisns:

0 (g )+ 0ifeu- D () = (- - K)ot o001

The mass local balance equation of $essile microorganismns:

gt(pm )=(u-ks—k)p,0+koc + ko g

remember that the desorption term exists oniy/ 4 o;; .

The total mass local balance eguation ofnoiEientis:
—qacn +0o"e’ - Dy m(pq)) =~ (@&, + p.o)!
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\ Microbial/Nutrient coreflood (3) \

Poroesity

@=0.229¢

Injection rate

u =1 ft/day

Nutrients dispersion coefficient

D" =0.008: ft?/day

Microerganisms dispersion coefficiern

t D7, =0.005¢ ft?/day

Maximum specific growth rate

U =8.4day?

Monod' constant

K., =0.5 b/t

Yield coefficient

Y, =05

Specific decay rate

K, =0.22 day?

Desorption rate

k =37 day?

Adsorption rate

Minimum adsorbed sessile cell

K, = 25day?
.. =0.00¢

Nutrients injected concentration

w
C, = 2.3 |b/fts

Micreorganisms injected concentrati

W — C
om, — 1.8 7 lp/ft3

Table 4: Input data feBTCs& distributions of nutrients & microorganisms coreflooding[5]
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Microbial/Nutrient coreflood (4)

Nutrients and Microorganisms BTCs

— with conditional desorption
without conditional desorption|
~ without conditional desorption

Figure 4: BT Csof nutrients (red curves) & microorganisms (blue \vas) forcorefloodingwith; and
without conditional desorption
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Microbial/Nutrient coreflood (5)

i Spatial-Temporal distribution of nutrients and plaktonic microorganisms Spatial-Tempord distribution of sessile microorganisms

Figure 5: Spatialllemporal distribution (every hour up to the 6th, ary 3 hors hereafter) of nutrients §lanktonic
microorganisms (rising from 30 kg#lnas well as sessile microorganisms
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\ Conclusions \

We derive a very complete model, we implement
numerical model nte COMSOLMultiphysics
environment, and we perform simulations which
can be used to analyze some phenomena involved
In transport of microorganisms and nutrients
through perous media.

\We point out the complementary role of the spatial
temporal distribution of components relative to
the BTCs because th&8TCsalone do not render
complete information about the behavior of boeth
fluent and adsorbed components.
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\ Perspectives \

A first successful step in modeling the fate of
microorganisms threugh poreus media has
been done.

Ini order to obtain a more complete and seund
model, It IS required to couple the present
model with a flow model like that which was

presented by M.A. DiaViera et. al., in this
samesession of the conference

Furthermore, some aspects asemotactioof
microorganisms and  adsoerption  of
nutrients, will be simulated soon.
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Thanks for your attention!

iGracias por su atencion!
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