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Abstract

This project deals with the mathematical formulation of flow during grout-
ing, specifically the Biogrout process in sand. The model takes cue from
the contaminant transport model, wherein both the concentration of both
the aqueous species(the reactants) and the non-aqueous species (the product
that acts as the cementing material) are taken into account. The porosity
is variable and thus is the hydraulic conductivity of the medium. The rate
of reaction is varying as it is set to depend on the initial concentration of
the reactants via a time decaying relation. The governing equations are dis-
cretized using Finite Difference. The numerical scheme is implemented in
MATLAB and relevant plots are obtained.
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List of Symbols

crrea Concentration of aqueous urea (kmol/m?)

ot Concentration of aqueous calcium ions (kmol/m?)
CNHI Concentration of aqueous ammonium ions (kmol/m?)
C©aC0s  Concentration of solid calcium carbonate (kg/m?)
0 Porosity

6o Initial porosity

q Darcy velocity (m/s)

r Reaction rate (kmol/m3/s)

t Time(s)

Umaz Maximum reaction rate (kmol/m3/s)

tmaz Life span of bacteria (s)

K, Saturation constant (kmol/m?)

D Hydrodynamic Dispersion Tensor(m?/s)

o, Longitudinal Dispersivity(m)

mcaco; Molecular mass of calcium carbonate (kg/kmol)
pcaco;  Density of calcium carbonate (kg/m?)

k Intrinsic permeability (m?)

dm Mean particle size of the subsurface medium (m)
1 Dynamic viscosity of the fluid (Pas)

p Pressure (Pa)

g Gravity (m/s?)

p Density of the fluid (kg/m?)



Chapter 1

Introduction

Injection of a slurry or a liquid solution into a soil or rock formation is
termed grouting. Biogrout is a technology for the in-situ strengthening of
unconsolidated soil using naturally occcuring microorganisms.It is a new soil
reinforcement method based on microbial-induced carbonate precipitation

(MICP).

First the microorganisms con-
taining the enzyme urease are cul-
tivated and are then transported to
the locations by water flow where
the soil is to be strengthened. A
fixation fluid is injected as a next
step to ensure homogenous distribu-
tion of the bacteria. This fixation
fluid overtakes the weakly adsorbed
bacteria and fixes strongly onto the
soil skeleton. Next the reactant
chemicals namely urea(CO(NH3)2)
and calcium chloride(CaCly) are in-
jected. To get a more homoge-
neous distribution of calcium car-

Figure 1.1: PERMEATION GROUTING

bonate over a large distance and in order to prevent crystal accumulation
around the point of injection, the urea (CO(NHz)2) and calcium chloride
(CaCly) solution are supplied only after bacterial placement. The reaction

involves two steps.

1. Hydrolysis of urea into NHI and COg_ catalyzed by urease.

bacteria

CO(NHz)2(aq) + HoO 2522 2NH (aq) + CO3 ™ (aq) (1.1)

2. In the presence of CO%‘ and if the solution is over-saturated The



precipitation of CaCQOgs occurs.

Ca** (aq) + CO3™ (aq) — CaCO;3(s) (1.2)

Combining the reaction equation for the production of carbonate,(2.1), and
the reaction equation for the precipitation of calcium carbonate, (2.13), gives
the overall Biogrout reaction equation:

CO(NHa)z(aq) + COZ™ (aq) + HyO 222 oNH} + CaCOs(s)  (1.3)

The CaCOj3 crystals fill the void space and act as a cementing material, thus
increasing the stiffness and the strength of the soil mass. As a result the
porosity decreases. The decreasing porosity influences the permeability and
hence affects the flow.

1.1 Objective

The objective of this project is the development of a Finite Difference model
for the flow of a conservative tracer in porous media and coding for the same
in MATLAB. The model simulates the permeation grouting.

1.2 Methodology

e Derivation of the relevant governing differential equations for

— Aqueous species(the Advection-Diffusion-Reaction equation)
— Non-aqueous species

— Porosity

— Flow

¢ Solution of the above equations by suitable numerical method (FEM/FDM)

with boundary conditions typical of a grouting problem.

e MATLAB code for simulation of the model.

1.3 The Mathematical Model

The current mathematical model accounts for the following parameters:

e the concentrations of aqueous species e.g urea, calcium chloride, am-
monium chloride and nonaqueous calcium carbonate, which change
due to dispersion, advection and reaction;

e the density of the solution, which changes due to alteration of compo-
sition of the chemicals;



e porosity and permeability, which decrease as a result of the solid cal-
cium carbonate precipitation;

e flow through the porous medium, which is influenced by injection, ex-
traction and variation in density, porosity and permeability, in which
the changes in the porosity and permeability are caused by the pre-
cipitation of calcium carbonate.



Chapter 2

Literature Review

2.1 Governing Differential Equation

2.1.1 Transport of Aqueous Species

The following theories are developed from
the study of [1]. Contaminants participate
in several physical, chemical, and biological
transformation processes during the course - i_i i E+
of their travel. The basic physical law for t

flow in a porous medium is derived from ! |

mass balance of the chemical tracer. Mass

balance states that : dz

Figure 2.1: MASS BALANCE

=13
2|3

dy

the rate of change of the total E e
mass in an arbitrary region Q of | e v
the medium must equal the net ‘A)\
rate of mass inflow into the re- ¥
gion through its boundaries 0§,
plus the rate at which mass is
created, or destroyed, within €.

il
&

Therefore, considering an arbitrary €2 of the medium, mass balance, written
symbolically, leads directly to the integral conservation law

d/CQdV:— Q-ndA+/F9dV (2.1)
dt Jo o0 0

where
C(x,t) =concentration in mass/ unit volume of liquid
0(x,t) =porosity

d
Rate of change of solute= — / codv
dt Jo

Q(x,t) =flux in mass/unit area/unit time



n(x) = outward normal at x

Flux of the solute through the boundary=— / Q-ndA
oN
F(x,t,C) =reaction term/source term in mass rate/unit volume of solution

Rate of reaction= [ F6dV
Using Gauss-Divergence Theorem

/Qd(gtc)dvz_/ﬂv.de-k/ﬂaFdV (2.2)

leading to the differential form(assuming that the functions are sufficiently
smooth to allow application of the divergence theorem)

d(6C)

dt
At this point, a constitutive relation, usually based in empirics, must be
postulated regarding the form of the flux Q. There are three generally ac-

cepted ways as to how dissolved particles move from one position to another
in a porous medium.

=-V-Q+0F (2.3)

1. advection, which means that particles are simply carried by the bulk
motion of the fluid. The Darcy velocity, therefore, is equal to the
advective flux

QY =Cq
q.

2. molecular diffusion, This is the spreading caused by the random
collisions and molecular motion of the particles themselves. Molecular
diffusion is present regardless of whether or not the fluid is in motion.
This type of motion is driven by concentration gradients and the flux
due to diffusion is given by Fick’s law.This is called the molecular
diffusive flux

Q™ = DM vC
where D™ (x,t) is the effective diffusion coefficient.

3. Mechanical Dispersion.This is the mixing phenomenon, or spread-
ing caused by the variability of the complex microscopic velocities
through the porespace in the medium. So, it is related to the hetero-
geneities present in the medium and is present only if the flow exists.
The idea being that different flow pathways have different velocities
and some have a greater than the average velocity to carry the solutes
ahead of a position based only on the mean velocity. The mathematical
form of the dispersion flux

QY = —DWvC



In a higher-dimensional formulation of the equations, the hydrody-
namic dispersion would be different in different directions, because
generally it is observed that in three dimensions the spreading caused
by dipersion is lower in the transverse direction of flow than in the
direction of the flow.

Thus the net flux is given by

Q=Cq-60DVC (2.4)
where D = Q™ + D@  is the hydrodynamic dispersion coefficient.
Hence the mass balance equation becomes

d(6C)
dt

The above is the standard reaction-advection-dispersion equation.

= —V-(Cq) + V- (§DVC) + OF (2.5)

The following equations are derived from the study of [3].

80 urea

05, =V (0D VCW) —q-VC —or (2.6)
el 24 24
0> ~=V-(0D- Ve —q- VO —or (2.7)
NH
98@? " —v.(6D . vONIT) — g veNTT 4 26, (2.8)

For Non-aqueous Species CaCOj3

Once any CaCOg_ is generated, it precipitates immediately and attaches
itself onto the matrix of the porous medium. Hence, its concentration is
defined in terms of weight per unit volume (and not per unit volume of the
voids) and the differential equation is derived to be

8cCaCO3

ot = MCaCO; Or (2.9)

2.1.2 Differential equation for porosity

As CaCOg fills the void the void space,hence the porosity decreases by an
equal amount.The change in porosity Af in time At is
A% AOCaCOg

A = = —
Vv PCaCOs3

The rate of change of porosity can be expressed as follows

@ - 1 aCCaCO;;
ot pcacos Ot




2.1.3 Differential Equation for flow
The head h available for flow

h=p+pgz (2.10)

k k
q= —;Vh: —;(Vp—kpgez) (2.11)

2.1.4 Differential Equation for Pressure

The fluid has been assumed incompressible and it is also assumed that the
hydrolysis of urea and precipitation of CaCOs has no effect on the total
volume of fluid. Hence the amount of fluid transported through any closed
surface(S) must be equal to the change in volume of the domain(2) enclosed
by the closed surface.Thus the following results.

00
ndS=—- | —dQ
/San o ot

Using Gauss divergence theorem

00
V-qdQl=—- [ —dQ
I, %
As this is true for any subdomain of {2
00
Hence the resulting differential equation is
k a
-V ((Vp + pgez)) _ MCaCOs (2.12)
H PCaCO3

2.1.5 Expression for Reaction

U t
— 1— 2.13
= maa M( tw) (2.13)

for 0 <t < t,4e and is zero else.

In the above equation a linear decay with time has been assumed : in .44
seconds the reaction rate decreases from a maximum reaction rate, vy,qz, to
zero. Further, the reaction rate becomes zero, if there is no chemical present
and is maximum if an abundant amount of reactant chemical is present.

10



2.1.6 Expression for Intrinsic Permeability

The intrinsic permeability is determined, using the Kozeny—Carman rela-
tion: an empiric relation between the intrinsic permeability and the porosity
that is commonly used in ground water flow modelling,

2, 6

= oy (2.14)

ky = ky = k.

11



Chapter 3

One Dimensional Case:
Constant Coeflicients

The 1D form of the general equation is given below.

Ou g2 D on2h (3.1)

9527(1% 81‘( Ox

DZOéLf

ar=longitudinal dispersivity

Constant 6 and ¢

As 0 and q are constants D is also a constant and hence can be taken outside

of the derivative. 5 P o2
U q ou u
u_ 49t pgt 2
ot = 6oz oz | 2

The above equation is of second order and is non-linear because of r.

3.1 Finite Difference Discretization

The one dimensional spacial domain x is replaced by a grid of Nz+1 equidis-
tant points indexed ¢ = 0,1,2,..., N, — 1, N,. The time domain is similarly
replaced by a grid 7 =0,1,2,..., Ny — 1, Ny.

TN, — X0 TN, — o
Now Ax = N and At = N,
The discretization is done by Crank-Nicholson scheme,which is obtained
by taking the average of the explicit and implicit schemes.This method is
unconditionally stable and is accurate to second order in both space and

12



time.

At Ax?

20 2Ax

t
and s = —— we get

A
Rearranging and taking ¢ = 4qHA;p 4Az?

(—c—s)ul 1+ (1 + 28)ul ™ + (¢ — s)uijrrll

j+1 j Jj+1 Jj+1 Jj+1 J J
Ui — Ug _Q (ui—l - 2U,L + Ui+1) -+ (ui—l — QUZ —+ u
2

SR 4 .
q ((ug+1 —u )+ (uig + ug—1)) .,

€5+1)>

= (c+s)ul_ 4+ (1 —2s)u! + (—c+ s)u{H — At

(3.4)

These equations hold only for 1 < i < N, — 1. In matrix form the above

equation can be written as

[—c—5 14+25 c—s 0
0 —c—s 14+2s c¢c—s 0 .

[c+5 1—25s —c+s 0
0 c+s 1—2s —c+s 0 ..o

..................... c+s 1—2s —c+s 0

..................... 0 c+s 1—-2s —c+s]

where rf is obtained by putting uf in (2.13).

(3.5)

There are N, — 2 equations in N, unknowns.The boundary conditions pro-

vide the two missing equations.

3.2 Boundary conditions

This specific problem is to be solved with a Dirichlet boundary condition at

xo and a Neumann boundary condition at xp, .

1. Dirichlet: (xg,j) = up for 7 =0,1,..., Nt

ou

2. Neumann: (%)IN = (0. Now applying a Backward difference at zy,

j j

u — U . .

Ny Ng—1 i ]
— 5 =0 = uy, =uy,,

13

At



3.3 Equations in Matrix Form

The matrix equation (3.5) can now be modified by applying the boundary
conditions.

j+1 ;
[14+25s c—s 0 ujl‘+1 (—c— S)Uéﬂ
—c—s 1+2s c—s 0o ......... Uy 0
.......................................... : + ==
—r— — i+1
............... c—s 1+ 2s c— s ug\}i;i2 0
I 0 —c—S l1l4+c+s J+1 0
(YN, -1
[1—-2s5s —c+s 0 w (c+ S)Ug 51
J
c+s 1—2s —c+s 0 ......... uj2 0 )
.......................................... + -4
............... c+s 1—2s —c+s ug\fﬁ 0 7“3\74
............... 0 c+s 1l—c—s i i
L Ung_l 0 7/‘g\fgc—l
(3.6)
In a compact form the above equation can be written as
Mw ! 4+ b/ = MW + bl — 1 (3.7)
— Wt = M <Mruj + (bl —bith) - rj> (3.8)

14




Chapter 4

One Dimensional Case:
General Formulation

4.1 Finite Difference Discretization

The one dimensional spacial domain x is replaced by a grid of Nx + 1
equidistant points indexed ¢ = 0,1,2,..., N, — 1, N;. The time variable ¢
is nondimensionalized using t = 7t,, to avoid difficulties during numerical
computation as long term behavior of the model is sought .Then the 7
domain is similarly replaced by a grid j =0,1,2,..., N, — 1, N,.

TN, — 0 TN, — 70
Now Az = —=2—— and A= ———.

N, N,

For Pressure

(k) _moco,,
dz \ pdz PCaCOs
At each time-grid point j = 1,2,..., V¢

k k

i+% d£ _ i—% @ _ MCaCOs eiAI‘
poodzl poodzf_1 PCaCOs3
kip1 ki g m
- CaCO
2(pit1 —pi) — —=(pi —pi1) = — ——20;Ax?
PCaCO;
k, 1 ki1 ki kiy1 m
g e T ) g gy = - P g A (1)
K K H K PCaCOs3

The superscript j is omitted for compactness as it is a differential equation of only
x.

15



For Flow

__kdp
wdz
%:—%mifo (4.2)
qf:—%p”;;fFl for 1<i<N,—1 (4.3)
an, = - TW (4.4)
For Concentration of Aqueous Specis
where d = 0D = 90@@ = arlq|
— g0t oy D (f?gj) ~ 6y (45)

where e =qt,,, f=dt,, ¢g=rtn

The discretization is done by Crank-Nicholson scheme,which is obtained
by taking the average of the explicit and implicit schemes.This method is
unconditionally stable and is accurate to second order in both space and
time.

- , , - - A ,
elufr — u] _ _€i (uin —wity) + (u +uiy)
YOAT 2 2Ax
. . A - —
<f;;“g—1 - (fi% + fir%)ug + ff+%ug+1>
*y Az?
+ Ax? —0igi

16



— J
+ 4Ax 2Ax? Yit1
egAT fi_ 1 AT ol f{‘j—%AT fz‘j—k—AT
| 4Az 2Ax? R 2Az2  2A22

4Ax 2Ax2
(4.6)
Concentration of CaCO3
auCaCO;g
ot = MCaco;3 07
u?“ = uf + m@frZJrlAt = uf + mﬁggnglAT (4.7)
For Porosity
00 1 OuCaCos
Ot pcaco, Ot
.0
o =gy - (4.8)
p
Updating Values of » and k&
. J t
rl =w - <1 — ) 4.9
i max K, + uz b ( )
) d2 93
S = 4.10
180 (1 —6)2 (4.10)
4.2 Boundary Conditions
D Curea CrCa2Jr CNH;r
xg  p=p1 (pressure driven case) C" = ¢;, cCa™ = Cin CNHI —
o oCurea 80Ca2+ o 8CNHI o
TN, pP=p2 gn— =0 o =0 T =0
The Neumann Boundary Condition at xp,, (%)xz\; = 0 can be dealt with

by applying a Backward difference at xy,

17



j o7
Un, — Un,—1

_ Jjoo_ ]
=0 = Uy = Uy g

Using the above conditions the Finite difference schemes can be modified
and written in a matrix form as given below.

4.3 Equations in Matrix Form

For Pressure

At each time-grid point j = 1,2,..., V¢

_—(k‘% + k‘%) k‘% O i p]i+1
ks —(k)g + k§) ks 0 p%“
2 2 2 2 ] B
5 — +1
......................... sz_§ (k;Nz_% + kNa:_%) kNm—% p‘}VI_Q
ERREER R R R 0 sz—% _(sz—% +sz—%)_ p]]\;;l—l;
—klp($0) (917“1
0 927‘2
_ MCaCOs 5 2
0 PCaCOs ON,—2TN,—2
—ky,1p(zN,) ON,—1TN,—1
(4.11)

For Concentration

In a compact form the matrix form of the equation can be written as:

) i1 ) . )
M/ 4+ b =M, + bl - g (4.12)
J+1 _ gl J J J+1 J
= v/ =M, (M,w + (bl -b/")-g (4.13)
where v .
. ; AT . i fiAr . .
w AT '3 uw el AT + 1 uw 9193
Jl 47z 212 0 1Az 2722 0 } }
Uy 0 0 9265
w = b} = _ bl = . gl = : AT
j : : J J
UN,—2 0 0 IN,—20N,—2
W g P
N.—1 0 0 N,—1YN,—1
[ Far far j+1 fAar ]
Vi d E el AT e
O+ ke +ohe i o O
fLAT . fLAT fLAT P fLAT
6'7A7‘ 3 i 3 5 8.7 AT 5
~dae oAz Dt axe taae v v 0
VL = |
Eg\]l AT IJ\].T?%AT o ;mejAT f}f\a_%AT Ay AT i’r*%AT
"""""""""""""""""""""" T 4Ax 2Ax? Ne—2 T 2Az? J+ 2Az? 4A’L] T 2Aa?
e{,\717 AT fNT,? AT i AT (’5\,17 AT
e 0 — et AT On, 1+ —oaer— + A,

18
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e{AT f% Ar
T 1Az 2Aa2
f';' AT f]5 AT
—_ 2 __ 2 _
2Az? 2Az?
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Chapter 5

Computer Simulation

5.1 Algorithm

Initially, the concentration of calcium carbonate, urea, calcium and ammo-
nium are equal to zero.
At each time step, Eqs. (4.1)-(4.10) are solved.

1.

First the equation for the pressure, (4.1), is solved, using the porosity,
density, intrinsic permeability and reaction rate from the previous time
step.

Subsequently, the velocities are calculated, using Eq. (4.2),(4.3) and
(4.4). Again, the density and the intrinsic permeability from the pre-
vious time step are to be used.

The differential equation for concentration of urea has the non-linear
reaction term and it is solved using Eq. (4.6), using the porosity from
the previous time step.

The differential equations for the concentrations of chemical species
present are solved using using Eq. (4.6) and reaction r obtained from
the differential equation for urea.

Subsequently, the equation for CaCOg concentration, (4.7), is solved,
using the porosity from the previous time step and the reaction rate
from the current one.

Finally, the intrinsic permeability k& and the porosity 0 are recalculated
with Eq. (4.10) and (4.8), respectively.

Also the boundary conditions and the density of the fluid p are up-
dated, if necessary,

20



5.2 Constants Used in MATLAB Program

o — 0 TN, = 1
N, =100 N; = 10°
Mcacos = 100.1 Kg Kmol ! pcaco; = 2710 Kgm™3
tmaz = 2.88 x 10°5(=80h)  Vpmae = 9 x 1072 kmol m 35!
uw=115x10"3Pas 0o = .35
ar, = .0lm K, = .01
dpy =2 %x 107*m ¢in = 1.0kmolm—3

5.3 MATLAB Codes

1 clear all

2

3 L=1; $length of x domain
4 tm=288000; S%Stmax

5 T=1; %$tau max

6 vm=9e—5; $Vmax

7 Km=.01;

8 m2=100.1; $molar mass of CaCO3
9 dm=2e—4; $mean particle size
10 mu=1.15e—3;

11 rho2=2710; %density of mass of CaCO3
12 Cin=1;

13 pl=100854;

14 p2=le5;

15 Nx=100;

16 Nt=100000;

17 dx=L/Nx;

18 dt=T/Nt;

19 alpha=.01; %horizontal dispersivity
20

21 %Cl=concentration of urea

22 %C2=concentration of CaCO3

23 %initial condition

24 for i=1:Nx+1

25 X (1)=(i—1)+dx;

26 Cl(i,1)=0;

27 C2(i,1)=0;

28 end

29

30 %boundary conditions at X0 (Dirichlet)
31 for j=1:Nt+1

32 t(J)=(3—1)*dt;

33 end

34 Cl(1,1:Nt+1)=Cin;

35 C2(1,1:Nt+1)=0;

21




36
37
38
39

40
41

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86

p(l,1:Nt+1)=pl;
p(Nx+1,1:Nt+1)=p2;

g(:,1)=tm*vmx (1—t (1)) *C1l(:,1)./(Km+Cl(:,1));% initial
reaction rate

por (1:Nx+1,1)=.35;

k(:,1)=dm"2/180*por(:,1)."3./(l—por(:,1)."2);%intrinsic
permeability

for j=1:Nt

$Solution for pressure
for i=1:Nx

kk (i)=(k (i, 3)+k(i+1,3))/2;
end

Q=—m2/rho2*por (2:Nx, j) . g (2:Nx, j) xdx*dx/ (tm) ;
0(1)=0(1)—plxkk(1l);

Q (Nx—1)=0Q (Nx—1)—p2+kk (Nx) ;

aa (1l:Nx—2)=kk (2:Nx—1);

for i=1:Nx—1

bb (1)=—(kk (1) +kk (1+1));

end

cc(l:Nx—2)=kk (2:Nx—1);

MMp=diag (bb, 0) +diag(aa,—1)+diag(cc,1);

p (2:Nx, j) =MMp\Q;

$solution for flow
q(l,3)==k(1,3)/mux(p(2,3)—p(1l,3))/dx; S$forward diff.
for i1i=2:Nx
q(i, 3)=—k(i,3)/mu* (p(i+l, j)—p(i—1,73))/(2xdx); S%central
diff.

$solution for urea concentration (Cl)
e=tmxq(:, J);
f=tmxalpha*abs (q(:, J));
ff=zeros (Nx,1);
for i=1:Nx
fE(1)=(£(1)+£(i+1))/2;
end

aal (1:Nx—2)=—(f£f(2:Nx—1)/(2*dx"2)+e (3:Nx) / (4*dx) ) =xdt;

for i=1:Nx—2

bbl (i)=por (i+1l, J)+ (f£ (i) +£f (i+1)) *dt/ (2+«dx"2);

end

bbl (Nx—1)=por (Nx, j)+dt/ (2+«dx"2) »ff (Nx—1)+e (Nx) »dt / (4xdx) ;
ccl (1:Nx—2)=—(££(2:Nx—1)/ (2+xdx"2)—e (2:Nx—1)/ (4+xdx) ) *dt;
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MMl=diag(aal,—1)+diag(bbl,0)+diag(ccl,1);
rl=zeros (Nx—1,1);

aar (1:Nx—2)=(ff(2:Nx—1)/ (2xdx"2)+e (3:Nx) / (4*dx) ) »dt;

for i=1:Nx—2

bbr (i)=por (i+1, J)—(ff (i) +ff (i+1)) *xdt/ (2+«dx"2);

end

bbr (Nx—1)=por (Nx, j)—dt/ (2+«dx"2) »ff (Nx—1)—e (Nx) »dt / (4xdx) ;
cer (1:Nx—2)=(f£(2:Nx—1)/ (2+xdx"2)—e (2:Nx—1)/ (4xdx) ) *dt;
MMr=diag (bbr, 0) +tdiag(aar,—1)+diag(ccr,1);

rr=zeros (Nx—1,1);

rl(l)=—dtx (££(1)/(2+«dx"2)+e (2)/ (4%dx))*C1l (1, j+1);

rr(l)=dtx (££(1)/ (2*dx"2)+e (2)/ (4%dx)) *C1 (1, J);

uu=C1l (2:Nx, j);
Cl(2:Nx,j+1)=(MMl)\(rrfrl+MMr*uu4por(2:Nx,j).*g(2:Nx,j)*dt);

o

$calculation of reaction—rate,CaCO3 concentration(C2) and
porosity

g(:,Jj+l)=
tmxvm* (1—t (J+1) ) *Cl(:, J+1) ./ (Km+Cl (:, j+1));%reaction rate
C2(1:Nx, j+1)=C2 (1:Nx, j) +dt*m2+por (1:Nx, J) .*g (1:Nx, j+1);
por (:,j+l)=por(:,1)—(C2(:, J+1)—C2(:,1)) /rho2;
k(:, j+1)=dm”~2/180*por (:, j+1) .7 3./ (1l—por(:,j+1))."2;
J
end

$Neumann Boundary Conditions at Xn
Cl (Nx+1, :)=Cl (Nx, :);

$Plots

$urea—x

figure(l);

plot (x,Cl(:,ceil (72000/2.88+1)), "—", %, ...

Cl(:,ceil(144000/2.88+1)),"'—",x,Cl(:,ceil(216000/2.88+1)),

x,Cl(:,ceil(288000/2.88+1)),'—");

$urea—T
figure(2);
time=tmxt;

plot (time,Cl(1,:),'—",time,Cl (ceil (0.2/.01+1),:), '—"',time, ...

Cl(ceil(0.5/.01+1),:),time,Cl(ceil (1/.01+1),:))

$CaC03—X
figure (3)
plot (x,C2(:,ceil (72000/2.88+1)), "—'", %, ...

C2(:,ceil(144000/2.88+1)),"'—",x,C2(:,ceil (216000/2.88+1)), . .|

'—',%x,C2(:,ceil(288000/2.88+1)),'—")

%porosity
figure (4)
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plot (x,por (:,Nt+1))
$permeability
plot (x,k(:,Nt+1))
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5.4 Plots
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Figure 5.1: The urea concentration as a function of x at several times.
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Figure 5.2: The urea concentration as a function of ¢ at several positions
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Figure 5.3: The concentration of calcium carbonate as a function of x at
several times.
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Figure 5.4: the porosity as a function of the position at ¢t = ¢4z
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Figure 5.5: the intrinsic permeability as a function of the position at t = ¢4
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Chapter 6

Inference

In the pressure driven case modelled above, initially, the inflow velocity is
high . Both the porosity and the permeability decrease due to the precip-
itation of calcium carbonate. Since the pressure at the inflow and outflow
boundary remain constant, the inflow velocity decreases.

The calcium carbonate concentration in the domain at several times for
the pressure driven case. For example, in the first 80 hours, in about 20 %
of the domain, calcium carbonate has been formed in the pressure driven
case. Eventually, the inflow velocity became so low that the urea molecules
could not reach the end of the column. As a result no calcium carbonate
has been formed in the remaining part of the domain.

An increase of the generated calcium carbonate concentration, gives a de-
crease of both intrinsic permeability and the porosity. This phenomenon is
confirmed in the above figures.

Conclusion

A model has been formulated to describe the Biogrout process. The model
gives insight into several aspects of the Biogrout process. The Biogrout
process influences several properties of the subsoil. The precipitation of
the solid calcium carbonate decreases the porosity and the permeability. A
consequence of a decreasing permeability is that the pressure should increase
to keep up the same flow rate, or, if the pressure is constant, that the
flow rate decreases. The model contains the concentrations of the dissolved
species that are present in the biochemical reaction. These concentrations
can be solved from a advectiondispersionreaction equation with a variable
porosity. Other model equations involve the bacteria, the solid calcium
carbonate concentration, the (decreasing) porosity, the flow and the density

of the fluid.
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Scope for Future Study

The model has been created under several assumptions. These assumptions
should be validated using experiments.

The first assumption was that the process is governed by the given
biochemical reaction. In reality, however, this reaction happens in
several steps, some of which being equilibrium reactions that depend
on the pH.

The retardation factors have been assumed to be 1 and it is also as-
sumed that the total volume of the fluid remain unaltered due to the
hydrolysis of urea and the precipitation of calcium carbonate.

It has also been assumed that calcium carbonate precipitates locally
and will not be transported. Calcium carbonate can precipitate in
several ways e.g. it can attach to sand grains but can also form crystals.
When these crystals are large enough, they will stick in the porespace
and it can be assumed that they are not transported. However, when
these crystals are small, they should be considered to be transported.

Another assumption was that of the distribution of bacteria being
homogeneous and that the reaction rate has a linear decay with time.

To calculate the intrinsic permeability the Kozeny-Carman relation
has been used, the validity of which is to be verified in case of Biogrout
process.

The viscosity has been assumed to be constant and independent on
the concentrations of various chemicals involved.

Only pressure driven case has been discussed. The flow driven case can be
investigated where the flow is constant at the boundary points.

The model deals with only one dimensional case. Similar models can be
developed for two and three dimensional cases.
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