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Abstract: The growth and evolution of biofilms in porous media involve complex coupled physicochemical and biological
processes. Their pronounced multi-scale characteristics, heterogeneity of the media, and uncertainties in model parameterization

have led to fundamental divergences in the theoretical frameworks of numerical models across different scales. This poses
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significant challenges for the accurate characterization and prediction of biofilm dynamics. In recent years, advances in
computational techniques have driven substantial progress in pore-scale, continuum-scale, and cross-scale coupled numerical
modeling and simulation of biofilm growth. However, considerable bottlenecks remain in model development, validation, and
utilization. These include difficulties in characterizing three-dimensional microscopic pore structures, the complexity of
constructing biofilm growth dynamics models, the lack of quantitative standards for cross-scale multiprocess coupling strategies,
and the scarcity of experimental data required for model parameterization. Based on the mechanisms of biofilm growth dynamics
in porous media, this paper reviews the research progress of pore-scale, continuum-scale, and multi-scale coupling numerical
models, analyzes the theoretical foundations, numerical algorithms, application cases, applicability, and limitations of biofilm
growth models at different scales. It also summarizes the application potential of three-dimensional imaging technologies,
outlines the emerging trends in mechanistic representation of the complete biofilm growth processes, and explores the
optimization pathways for cross-scale coupling modeling strategies. This review provides a theoretical basis for the selection and
improvement of biofilm growth models, and offers technical support for the engineering application of soil microbial technologies
in environmental pollution control and ecological restoration.

Key words: Porous media; Biofilm growth; Numerical model; Soil microorganisms
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Fig. 1 Biofilm growth in porous media ( adapted from reference [7] )
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Fig. 2 Schematic diagram of biofilm distribution at pore scale and continuum scale ( adapted from reference [24])
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Fig. 4 Representative test cases of pore-scale biofilm growth models
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Fig. 5 Conceptual diagram of continuum-scale biofilm growth numerical model ( a) and solving flowchart (b )
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Fig. 6 Representative test cases of continuum-scale biofilm growth models
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Table 2 Summary of parameterization schemes for numerical models of biofilm growth at the continuum scale
TE# PHERE AR A R At E W
Author Diffusion coefficient Biofilm growth rate Other Year Journal
Eberl 2513 1l F£T Monod 3 J1 2K E K — 2000 Chemical Engineering
R Science
Eberl 251 LR RIY FETF Monod 3h 194 K — 2001 Journal of Theoretical
AR R Medicine
Towler %534 — — Burger Zisii A K 2007 Biotechnology and
i Bioengineering
Balsa-Canto  ARRMEHEMREY 3T Logistic KM% 4= — 2017 Applied Mathematical
U AR Kl Modelling
Arjes %02 [ 7 1 3T Monod B /12K BHTRRLRMALE 2021 eLife
AR MR
Wang 455 JET MR R 3T Monod 3 112 | — 2024 Water Resources Research
HIYBCR B Logistic 34K pRELAY A K
5 Wiz 3 2Z B A B AE A BUERESR, IETE JIBREI ( ~Vp, ). I ( pg ). Brinkman Fh{%

ﬁtﬁ&ﬁhﬂﬂﬁ%*ﬁﬁ“ﬁm%ﬁﬁ?Lﬁiﬁ%@“'”k Hoap

Y HE 2838 H F45 DBS RHOULE £ FH 1 HE 42 11 38R 4 7
ﬁ%(Dmm“*W@Emw@*?,gﬁﬁﬁ
R o (R BUF 3 e 45— 1A A i sh X 5 241
I XA AR T Bl I3 A SR S RO A 43 SR A
LS 349 S BB o0 - R A 152 (/L 7a), HL 0
ﬁ%ljij‘j:

opu
%Py, ﬁgfﬁf =
&r ot Er
: : (8)

— H 2— H —
Vo +pg+—Vu,——u
PrtpP8 f kf f

r
{b, e, AALBUATR P B BT LR 0 2 1,
i, (mes™ ) WEBUPHHE, b, (Pa ) RIER
FHETL, k() WBER, ABEREE LTI
B ¢ | i il Kozeny-Carman ( KC ) Jy #it& 2 1)
Horb, A4S ALBRATE N I 2 AL BURF IR BE 3R 1k

P AR KR MR . BRI, A
AL [F) AR BRI ZE AU TR

T ( vzﬁf)ﬂl ﬁlﬁﬂjﬂﬁ(— i, ) B
f

I, %'lef R 1B, FoR PRI EAT EUAR, ik
B N-S TRl ; 24 0<s, <1 B}, Brinkman 3
(Evia, ) kv ( —a, ) SEFEFEEZ IS
&r ky
TR R TS 7Y fE LR T, BT AR
-9 O R AT AR R

)

o(e,Cr) o a =

(T+v-(ufcf.)=v-(ngvcf)+Rf (9)
A, Cohg-m™> WOVEREE, &,D K5 FHHK,
R, KR BRI T 7 L A SR B AR

WS ( ( o ) ). XA ( V~(ﬁfC_'f) )NE/N e

(V-(,DVC,)) FIIL (R, ) Hrh, R FAEM
SEIRYIHAE S A YRR KO R, A RO
YIRS 12 RS 0 s i R A G L ol

Carrillo 1 Bourg®™ 3% F DBS #t L ¥ & T

http://pedologica.issas.ac.cn



5 1]

BRI . 2L B AR B A i A A 5 BB PDLRIT 7 i

1439

Darcy-Brinkman-Biot ( DBB ) #i%l, i D4l 1
Z AR5 AR B A4 . R ALE X A
IR (e, =1) SEZAARIK (o, <1) B175
— 3R, SR T AR G ik b A 2R 1 ST SR A BOE
FCAEH I BRAE A B s XCEER T N-S I, 7EZAL
I B X SR H Biot Bt , #FIgE—Hfiik T ZHHn A
sl 52N BUBIEAT R, MERREE TR - AR A 1R
AT RSz 1% .

Sl EE, AT DBS fE4E, DDM J2 [ N4k

a) b)

. 4 U o AP A
Nutrients 074 O
 Nrns bﬁrg?gg%gp san

W Fluid < |

@®

@ = Biofilm

@ DBSTrR/N-ST7 R, AP A
DBS equation/N-S equation, Darcy's law

@ S -P HOr R Convection-Diffusion equation
@ EW AR IR

Biofilm growth kinetics equation

e 7

o M T o N A W A R RO A R B
o BRI AR XX o 2R, TEANRE
TIPSR S A A i o o A AR A T
TG, DLSE I RORAE B 5 2 WA A i A a2
A D3 3S1 DDM [ A SRR 7R RS SR
RO RUE I 7 S RUBE 9 DX 3k, A Al O R DX R
I N-S 5 R AR 8l , 2 R X S A 1A
PsE A, il AE IE 5 R S P S Ak g
JE 330 B A iy e s P 360 (| 7).

JEESE S B IX IR, FESA T X,
WAL Initialize the (16 (AR E: Initialize the
physical field L physical field

| ST Ty

IR Set up the
computational domain

computational domain

¥
[ %5 Fi%& Mesh division |

KAEN-S AR Solve the N-S
equation
[ 2
TUHdE Y, b
Update the velocity field and
pressure field

3
SRR - HO R
Solve the convection-

diffusion equation

¥
TUHrik 1% Update the
concentration field

¥
SR DA K5l )2y
Solve the biofilm growth
kinetics equation

)
UOpnRIE . s
Update the concentration

field and biomass field

I
pin ﬁ“ﬁiﬂﬁ Update the

computational domain

]
[ 2/} FI4s Mesh division

]
SRAIATE EHE Solve the
Darcy's Law

]
BB . £ Update

speed and pressure

1
SRR - AT
Solve the convection-
diffusion equation

]
B¢ Update

concentration

1
R REA R B R
Solve the biofilm growth
kinetics equation

i
BUHE . et
Update concentration and
biomass

ZEH Result

S HE A Interface coupling

Z RPEAEY A KEEAR AL SR (a) 55T DDM MR SR i 22 (b)

Fig. 7 Conceptual diagram of multi-scale biofilm growth numerical model( a ) and solving flowchart of Model Construction Based on DDM( b )
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