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3DFATMIC

Purpose: To simulate transient and/or steady state-density-dependent flow field and transient
and/or steady state distribution of a substrate, a nutrient, an aerobic electron acceptor (e.g., the oxygen),
an anaerobic electron acceptor (e.g., the nitrate), and three types of microbes in a three-dimensional

domain of subsurface media.
Scope: This program computes and predicts the distribution of pressure head, moisture content,

flow velocity, and total head over a three-dimensional region in either completely saturated, or

¢ompiflety unsaturared, or parudiy UOSAUTATEN or par!r 1y ST SO R, T

computes and predicis the spatial-temporal distribution of microbes and multi-chemical components.
The mexlia may consist of as many types of soils and geologic units as desired with different material
properties. Bach soil type may be isotropic or anisotropic. The processes governing the distribution
of chemical and microbe concentration and temperature include (1) reversible sorption, (2) microbe-
chemical interaction, and (3) hydrological transport by flow advection/convection, dispersion/diffu-
sion, and effect of unsaturation.

Method: The generalized Richards’ equation and Darcy’s law governing pressure distribution
and water flow in saturated-unsaturated media are simulated with the Galerkin finite element method
subject to appropriate initial and four types of boundary éonditions. The equations (a set of PDES) of
transport and fate of chemicals and microbes are derived based on the principle of conservation of
mass and the hypothesis of Monad kinetics. The coupled set of PDEs simulated with either the
conventional finite element methods or the hybrid Lagrangian-Eulerian finite element method with
the adaptive local grid refinement and peak capturing scheme subject to appropriate initial and four
types of boundary conditions. Hexahedral elements, triangular prism, and tetrahedral elements are used
to facilitate the discretization of the region of interest.

Input: (1) Geometry in terms of nodes and elements, and boundaries in terms of nodes and

segments; (2) soil properties including (a) saturated hydraulic conductivities or permeabilities; (b)
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compressibility of water and the media, respectively; (c) bulk density; (d) three soil characteristic
curves for each type of soil or geologic unit which are the retention curve, relative conductivity vs
head curve, and water capacity curve; () effect porosity; and (f) dispersivities, and effective molecular
diffusion coefficient for each soil type or geologic unit; (3) initial distribution of pressure head over
the region of interest; (4) net precipitation, allowed ponding depth, potential evaporation, and allowed
minimum pressure head in the soil; (5) prescribed pressure head on Dirichlet boundaries, (6) prescribed
fluxes of chemicals and heat on Cauchy and/or Neumann boundaries; (7) artificial withdrawals or
injections of water, (8) number of chemical components as well as microbes and microbe-chemical
interaction parameters such as specific yields, utilization coefficients, saturation constants, etc; (9)
artificial source/sink of water and 2!l chemical mmpc;nents, heat, and microbes; (10) prescribed
concentrations of all chemical components and microbes as well as temperature on Dirichlet bounda-
ries: (11) prescribed fluxes of all chemical components and heat on variable boundaries; and (12) initial
distribution of all chemical component and microbe concentrations and temperature. All inputs in
iterns 4 through 11 can be time-dependent or constant with time.

Qutput: (1) pressure head, total head, moisture content, and flow velocity over two-dimen-
sional grid at any desired time; (2) water fluxes through all types of boundaries and amount of water
accumulated in the media at any desired time; (3) distribution of chemical concentrations, microbes,
and temperature over a three-dimensional grid at any desired time; and (4) amount of chemical and

heat fluxes through all boundary segments.
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Summary of 3DFATMIC

IDFATMIC is a 3-Dimensional Subsurface Flow and FAte and Transport of Mlcrobes and
Chemicals Model. It can be used to investigate saturated-unsaturated flow alone, contaminant transport
alone, sequential flow and transport, or coupled flow and the fate and transport of microbes and chemicals
in subsurface environment. Typical applications of 3DFATMIC are problems involving the
bicremediation.

IDFATMIC is designed to solve the following system of governing equations along with initial
and boundary conditions, which describe flow and transport through saturated-unsaturated media. The
governing equations for flow, which describes the flow of variable-density fluid, are basically the
Richards’ equation .

Governing Flow Equation

40
Py dh

@ |3

- v Vh+ L vz]+ L glor L (
KK (V0L 0] Lglor L) )

W w

The saturated hydraulic conductivity K, is given by

K - g2 ca)

™ (8ug)
where h is the referenced pressure head defined as p/p,g in which p is pressure (M/LT?), t is time (T),

K, is the saturated hydraulic conductivity tensor (L/T), K is the relative hydraulic conductivity or relative
permeability, z is the potential head (L), q is the source and/or sink (LY/T), and 8 is the moisture content,
p and p are the density (M/L?) and dynamic viscosity (M/LT) at microbial concentrations C,, Cy, C;, and
chemical concentrations C,, C,, C,, and C, (M/L’); and K,,, p,, and p, are the referenced saturated
hydraulic conductivity tensor, density, and dynamic viscosity, respectively. The strength of the source/sink

is the discharge or withdraw flow rate g, and p’ is the density of the injected fluid. These referenced
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2
values are usually taken as the saturated hydraulic conductivity at zero microbial and chemical

concentrations. The density and dynamic viscosity of fluid are functions of microbial and chemical

concentrations and are assumed to take the following form

£ 1.7 _l,_ici, i=1,213,800n7p (2b)
pw 1 pw Pi
-1-{1’_ = 1+B,C+BCo+ B,C, +BCy v BLC + BG + iy (2c)

where C, and p, are dissolved concentration and intrinsic density of substrate, respectively (M/LY; C, and
p, are dissolved concentration and intrinsic density of oxygen (M/L?), respectively; C, and p, are dissolved
concentration and intrinsic density of nitrate (M/L?), respectively; C, and p, are dissolved concentration
and intrinsic density of nutrient (M/L"), respectively; C, and p, are dissolved concentration and intrinsic
density of microbe #1 (M/L%), respectively; C, and p, are dissolved concentration and intrinsic density of
microbe #2 (M/L%), respectively; C, and p, are dissolved concentration and intrinsic density of microbe
#3 (M/L?), respectively: and B, B,, B., By, By» B, and P, are viscosity effecting factor of associated species
(L*/M). It is assumed that microbe #1 utilizes substrate under aerobic conditions, microbe #2 utilizes
substrate under anaerobic conditions, and microbe #3 utilizes substrate under both aerobic and anaerobic
conditions.

The Darcy velocity is calculated as follows.
V = KK -(P"mvy @)
p

Initial Conditions for Flow Equation
h =h(xyz @R @)

where R is the region of interest and h; is the prescribed initial condition, which can be obtained by either
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field measurement or by solving the steady state version of Eq.(1).
Bound onditions low Equation
Dirichlet Conditions:
h = hyx,¥,z,t)  on B, (%)
NWeumann Conditions (gradient condition) :
—n'K.K,-f-!Vh = g (X YwZpt)  on By (2.6)
p
Cauchy Conditions (flux condition) :
un-K,Kr-(%Vh+Vz) = q (X, Yo Zot) on B_ (2.7
Variable Conditions - During Precipitation Period:
; Pw (2.8a)
h = h (R Yy O iff -n-K,KI(TVh +Vz)zq, on B, .
or
KK, (X V) - q 5y, 7,0 i hsh,  on B, (2.8b)
P
Variable Conditions - During Non-precipitation period:
h = (nyyzd n-K_-K,(fp!vmvz) 0 onB, (2.8¢)
or
h = b (%, ¥,2,0) n'K.-K,*(%ﬂVh*er) < q, on B, (2.8d)
or
(2.8¢)

—n'K.K[-(%Vh+Vz) = Q% YoZp) if h 2y B,

where (X,, ¥ %) is the spatial coordinate on the boundary; m is an outward unit vector normal to the
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boundary; by, q,, and g, are the prescribed Dirichlet fimctional value, Neumann flux, and Cauchy flux,
respectively; B,, B,, and B_ are the Dirichlet, Neumann, and Cauchy boundary, respectively; B, is the
variable boundary; h, is the allowed ponding depth and q, is the throughfall of precipitation on the
variable boundary; h,, is the allowed minimum pressure, and q, is the allowed maximum evaporation rate
on the variable boundary, which is the potential evaporation.

The governing equations for transport are derived based on the continuity of mass and flux laws.
The major processes are advection, dispersion/diffusion, adsorption, decay, source/sink, and microbial-
chemical interactions.

Governing Equations for Transport

Transport of the carbonaceous substrate, oxygen, nitrate, and nuirient in the bulk pore fluid is
expressed by advection-dispersion equations coupling sink terms that account for biodegradation. The four

nonlinear transport and fate equations are (derivation shown in Appendix B)
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ac p .
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The transport equations for the three microbes are

x p x
(9+Pme)?1 + VUC, = VODVC, - AB8+p K IC, + q,Cp + (?“’v-v(_e.,)_%qb]cl
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(2.15)

where 8 is the moisture content, p, is the bulk density of the medium (M/L?), t is time, V is the discharge

L0 -
ugj, v 7 U 0% Ope oo, b o Gisporson cocmorom oo U - A e [, K,y S e

gLl

and K, Ko Ko Ky Ko Kgp Ky are transformation rate constants and distribution coefficients of
dissolved substrate, oxygen, nitrate, nutrient, microbe #1, microbe #2, and microbe #3, respectively;
is the source rate of water; and C,, C Con Con Cun, Cpp, and Cy,, are the concentrations of substrate,
oxygen, nitrogen, nutrient, microbe #1, microbe #2 and microbe #3 in the source, respectively.

Tn each of Eqs. (2.9) through (2.15), term (1) represents the rate of material increase per unit
medium volume, term (2) is the rate of transport by advection, term (3) is the rate of transport by
dispersion-diffusion, term (4) represents the rate of first order transformation, term (5) is due to the rate
of artificial injection, and term (6) is the rate due to the rewriting of the transport equation from
conservative form to advective form. In Eq. (2.9), term (7) through term (10) are the substrate removal
rate under aerobic condition of microbe #1, aerobic condition of microbe #2, aerobic condition of microbe
#3, and anaerobic condition of microbe #3, respectively. In Eq. (2.10), term (7) through term (1m
represent the oxygen utilization rate resulting from the energy requirement for the growth of microbe #1,

the energy maintenance of microbe #1, the energy requirement of microbe #3, and the energy maintenance
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of microbe #3, respectively. In Eq. (2.11), term (7) through term (10) are the nitrate utilization rate
resulting from the energy requirement for the growth of microbe #2, the energy maintenance of microbe
#2, the energy requirement of microbe #3, and the energy maintenance of microbe #3, respectively. In
Eq. (2.12), term (7) through term (10) represent the nutrient removal for the synthesis of microbe #1 under
aerobic condition, microbe #2 under anaerobic condition, microbe #3 under aerobic condition, and microbe
#3 under anaerobic condition, respectively. Term (7) and term (8) in Egs. (2.13) through (2.15) are
growth rate and decay rate of microbe #1 under aerobic condition, microbe #2 under anaerobic condition,
and microbe #3 under aerobic condition, respectively. Term (9) and term (10) in Eq. (2.15) represent the
growth rate and decay rate of microbe #3 under anaerobic condition, respectively.

The dispersion coefficient tensor D in Eq. (2.9) to Eq.(2.15) is given by
6D=a |V |[6Ha -a)VV/|V|+0a té (2.16)

where | V| is the magnitude of V, & is the Kronecker delta tensor, a; is lateral dispersivity, a, is the

longitudinal dispersivity, a, is the molecular diffusion coefficient, and 7 is the tortuosity.

Col ™o NP . .
G, = [1 - f"] is an inhibition function which is under the assumption that denitrifying enzyme
c

inhibition is reversible and noncompetitive, where K_ is the inhibition coefficient (M/L?). ", u,@, p,®
and p ™ are the maximum specific oxygen-based growth rates for microbe #1, the maximum specific
nitrate-based growth rate for microbe #2, the maximum specific oxygen-based growth rate for microbe
#3, and the maximum specific nitrate-based growth rate for microbe #3 (1/T), respectively; Y.\, Y, @,
Y.®, and Y™ are the yield coefficient for microbe #1 utilizing oxygen, the yielding coefficient for
microbe #2 utilizing nitrate, the yielding coefficient for microbe #3 utilizing oxygen and nitrate, in mass
of microbe per unit mass of substrate (M/M); K, “, K, @, K@, K9, KW, K@, K, K, are the

retarded substrate saturation constants under aerobic conditions with respect to microbe #1, #3, the

16
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retarded substrate saturation constants under anaerobic conditions with respect to microbe #2, #3, the
retarded nutrient saturation constants under aerobic conditions with respect to microbe #1, microbe #3,
and the retarded nutrient saturation constants under anaerobic conditions with respect to microbe #2,
microbe #3, respectively; K@, K @, K@, K. are the retarded oxygen saturation constants under aerobic
conditions with respect to microbe #1, microbe #3, and the retarded nitrate saturation constant under
anaerobic conditions with respect to microbe #2 and microbe #3 (M/L?), respectively. A%, A%, L, and
A,? are the microbial decay comstants of acrobic respiration of microbe #1 and microbe #3, and the
microbial decay constants of anaerobic respiration of microbe #2 and microbe #3 (1/T), respectively; AL
@, v.®, and y,? are the oxygen-use or nitrate-use for syntheses by microbe #1, microbe #2, or microbe
#3, respectively; o, o, o,®, and @, are the oxygen-use or nitrate-use coefficient for energy by
microbe #1, microbe #2, or microbe #3, respectively; I,™, L@, T @, and I, are the oxygen or nitrate
saturation constants for decay with respect to microbe #1, microbe #2, or microbe #3 (M/L*), respectively;
and £, £, £, and £, are the nutrient-use coefficients for the production of microbe #1, microbe #2,

or microbe #3 with respect to aerobic or anaerobic respiration, respectively.

Initial Conditions of Trangport

C. . (xy.2)
C, <,y
C <. (x.y,2)
Cp=Cm(x, v,7) in R (2.17)
C,=C(x.y,7)
C,=C,(x,y,2}
C,=C,(x,y,2)

Prescri oncentration (Dirjc| oundary Conditi

11
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C,=C (%, ¥, 5t
C,=C (% ¥y Zo)
G C ol Yy 2t
Cp =de(xb= yb’ Zb,t) on Bd
C,=C (%, Vi Bot)
C,=ColXy Yy ot
Gy = Xy Yy ZpoD)

Varjable Boundary Conditions

n{(VC,D-VC)=nVC, (x.y,.2,0
n{VC_6DVC)=nVC_(x.¥,. 7.1
n{VC, €D-VC)=n-VC (x,¥, 2t}
n{(VC HDVC)=nVC (x,,Y, z,,t)
n{VC, -DVC )= VC (X,.¥,,Z.t)
n{VC,-0DVC)=VC, (x,y,7,t)
n{(VC,-0DVC,)=mVC, (x,y,.7,t)

n{-0D-VC)=0
n{-6D-VC)=0
n{-EDVC)=0
n{-6DVC)=0 if nv=Q
n{-8D-VC )=0
n{-D-VC)=0
n{-8D-VC,)=0

Caychy Boundary Conditions

n(VC 8D-VC)=q_(x,,y,.Z,t)
n(VC, -8DVC )=q_(x,.¥,. 2.1
n(VC_-8DVC )= (.7, .1
n{VC,-8D VC )=, (X,,¥, 7,)
0 (VC,-8DVC )=q, (x,. ¥, Z,.1)
n '(ch -6D 'ch) =qzs(x1:’ MY zt:f’t)
n{(VC,-8DVC,)=q, (%, Y Zt)

Neumann Boypdary Conditions

SOFTWARE

i V=0

on B

P&GE 12

(2.18)

(2.192)

(2.19b)

(2.20)
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n{(-6DVC,)=q,,(X,, ¥, Zpt)
n{-D-VC )=q_(x,, ¥, %)
o{(-90-VC )=, (%, ¥, Zt)
Il'('ﬂD‘VCP) =qrm(x|,: Yy Zh:t) on B (2.21)
n(-8D-VC )=, (x..¥,. Z,.)
n(-8D-VC,))=q, (x,, ¥, Z,,1)
n (8D VC)=, (X, ¥, Zst)

where C,, C,, Cp Cuo Cyiy Cy, and Gy, are the initial concentrations of substrate, oxygen, nitrogen,
nutrient, microbe #1, microbe #2, and microbe #3; and R is the region of interest; (x,,¥,,2,) is the spatial
coordinate on the boundary; m is an outward unit vector normal to the boundary; C,, C , C.4, G0 Cae

C,p Cypp and C,., Cyp Cayr €,y C

o Ciy Caye Cy,, are the prescribed concentrations of substrate, oxygen,

v
nitrogen, nutrient, microbe #1, microbe #2, and microbe #3, on the Dirichlet boundary and the specified
concentrations of water through the variable boundary, respectively; B,, and B, are the Dirichlet and
variable boundaries l'CSpECtiVEly; Gaer Joct Gner q,,.;, Tyer Qoer Hac and Qonr Gonr Gome qpn! Qinr H2ar Ynr AFE the

prescribed total flux and gradient flux of substrate, oxygen, nitrogen, nutrient, microbe #1, microbe #2,

and microbe #3 through the Cauchy and Neumann boundaries B, and B, respectively.

For the flow module, Galerkin finite element method is used to discretize the Richards’ equation
and for the transport module, the hybrid Lagrangian-Eulerian approach with an adapted zooming and peak
capturing algorithm is used to discretize the transport equation. This approach can completely eliminate
spurious oscillation, numerical dispetsion, and peak clipping due to advection transport. Large time-step
sizes as well as large spatial-grid sizes can be used and still yield accurate simulations. The only
limitation on the size of time steps is the requirement of accuracy with respect to dispersion transport,

which does not pose much severe restrictions.

The special features of 3DFATMIC are its flexibility and versatility in modeling as wide a range

13
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of problems as possible. This model can handle: (1) heterogeneous and anisotropic media consisting of
as many geologic formations as desired, (2) both spatially distributed and point sources/sinks that are
spatially and temporally dependent, (3) the prescribed initial conditions by input or by simulating a steady
state version of the system under consideration, (4) the prescribed transient concentration over Dirichlet
nodes, (5) time dependent fluxes over Neumann nodes, (6) time dependent total fluxes over Cauchy nodes,
(7) variable boundary conditions of evaporation, infiltration, or seepage on the soil-air interface for the
flow module and variable boundary conditions of inflow and outflow for the transport module
automatically, (8) two options of treating the mass matrix - consistent and lumping, and (9) three options
(exact relaxation, under- and over- relaxation) for estimating the nonlinear matrix, (10) automatically time
step size reset when boundary conditions or sources/sinks changed abruptly, (11) two options, Galerkin
weighting or upstream weighting for advection term in transpott module, (12) two options for the
Lagrangian numerical scheme in transport module, which are enabling and disabling adapted zooming
scheme, (13) two options for solving Eulerian step including the enable and disable of diffusion zooming,
(14) the mass balance checking over the entire region for every time step, and (15) modification of

program if different conditions are used.

14



