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Abstract

In this short course we will start by deriving the basic conservation laws for mass, momentum and energy.
We will extend the results to mixtures in general and then to multiphase flow in porous media. We will
describe the black-oil models and the Buckley-Leverett problem. Second, we will review the basic numerical
methods for solving the differential equations that model a fluid in a porous medium. Finally, we will give
some typical problems of flow and transport and show how they can be solved numerically.
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Chapter 1

Equations of Motion.

1.1 Conservation Laws

We will start by deriving the equations of motion for a simple fluid consisting of only one phase and one
component. Assume the continuum hypothesis. Let @ = (z,y, z) be a point in space.
Let v(z,t) be the velocity of a particle of fluid moving through x at time ¢.

Let p(z,t) be the mass density, so that the mass of a fluid region W is

~

m(W,¢) = /W oz, £)dV

The equations of motion are based on the following conservation principles:

1. Mass is neither created nor destroyed.
2. The rate of change of momentum equals the applied force.

3. Energy is conserved.

1. Conservation of Mass
Let W be a fixed region, the rate of change of mass in this region is

d B dp
Gty = [ SR av.

This rate of increase (decrease) of mass in W equals the rate of mass getting into (exiting) the volume:

d
— pdV:j{ pv - n dA,
dt Jw ow "~ ™

where OW is the surface of W and n is the outward unit normal vector. The divergence theorem states that:

f~ndA:/ divf dV.
ow~ "~ wo



Applying it, we then have

/ [gﬁ +div (pi)):| AV = 0.
w

This is the conservation law in integral form. Since this is valid for all W we have the differential conservation

form:

% + div (pg) =0.

2. Conservation of momentum:

Let the velocity be

dx(t)
vzt =~
and the acceleration be
d*z(t)
g( = dt2

Then using the chain rule we have

ov ov ov ov
o =gt ettt a

:8tg+g~V£).

D
Let DL 0y + v - V be the material derivative, that is, the derivative following a fluid particle.

First let’s work with an ideal fluid: the only force is the pressure, there are no tangential stresses.

The force across the surface per unit area is p(z, t)n, where p(z,t) is the pressure and n is the outward unit

normal.

Then the total force exerted on the fluid through the boundary is

S
< ow
S :—]{ pn dA. n
~ oW ow ~
For any fixed vector e:
e-S. :—% pe-ndA:—/ div(pe)dV:—/ (grad p) - e dV.
~ ROW ow o~ o~ W ~ ~



The second equality is obtained using the divergence theorem and the third one by using the vector identity

div((bg) = ¢diva + a - grad¢ with a fixed. Therefore we have that the surface force due to the pressure is
§8W =— /W grad p dV.

If Nb(:Nc,t) is the body force per unit mass, usually only the force of gravity, then the total body force is

B:/pde.
=17

Therefore, for any piece of material, the force per unit volume is —grad p + pb. By Newton’s second law,
(which states that, for constant density, the force is equal to the mass times the acceleration), we have the

balance of momentum law

Dv
pFNt = —grad p + pb.

3. Conservation of Energy

First we will deal only with mechanical energy, that is, kinetic energy. Over a volume W;, that always

has the same molecules, it is defined as

Its rate of change with time is

d d |1
Pt —dt[z/m

ov

1D 2
The last equality is since 5D HUH =v- —Nt + (’U . (’U . V) v) as can be proven working component-wise.

Incompressible Flow

The rate of change of the kinetic energy equals the rate at which the pressure and body forces do work:

d
—Ek:—/ pv-ndA+/ pv-b dV,
dt ow, ~ "~ w, ~

and using the divergence theorem we get:



dv = —/ div(pv) — (pv - b)dV.
W

9
/th vl tuVy

D
Since the fluid is incompressible the law of mass conservation, F’: + p div v = 0, implies that divv = 0.

Therefore the last integral is

—/Wt (g-Vp—pg-i))dV.

And, since the volume is arbitrary:
v
plv-lg Toe Ve
Do

or pD—Nt = —Vp + pb which is the conservation of momentum law.

Navier-Stokes Equations

Now we will include the viscous forces, so the force acting on a surface S per unit area is —p(z,t)n +

o(x,t) - n, where o is the shear stress tensor, which is of rank 2.

We need more assumptions to be able to close the system. We assume that the fluid is newtonian, for

which the shear tensor is given by
1. .
g =2u [D - 3d1v3[} + ¢(div v)1,

where p is the first coefficient of viscosity,

2
=X+ 3 1 is the second coefficient of viscosity and

1
D is the deformation tensor, given by D = B [gradg + (grad g)T} .

1 (0u; Ouy
Component-wise the deformation tensor is D;; = 3 ( 8u + au] ) .
€ €X;

And I is the identity matrix.

Using the divergence theorem as before, the moment balance law gives the Navier-Stokes equations:

Dv
pFNt = =Vp+ (A + p)V(div v) + pAv,
0? 0? 0?



1.2 Mixtures

Many real life problems involve fluids that consist of more than one phase (liquid, gas) and more than
one component or species (water, methane). So we have to determine how to study solutions, or fluids in
permeable media, or mixtures with chemical reactions? To answer these questions we need to obtain the

conservation laws for mixtures.

Definition: A mixture is a collection of N bodies called constituents, forming overlapping continua. At each

point in space, x, we can have material from each constituent.

For example: Salt water has water and sodium, N, and chloride, CI~ From a molecular point of view the

species are separated but macroscopically they occupy the same space.

Another example is sandstone, which is a porous and permeable rock, filled with water. The segregation
of the phases is observable at a microscopic scale much larger than the molecular scale. But macroscopically

sandstone and water occupy the same space.

Suppose we have N constituents, « = 1,..., N Each one has its own motion:

x® = 2*(X*¢t)

~ ~

X = X*(a%,1),

where X is the Lagrangian label of the particle initially at spatial (eulerian) position 2.
Also its own velocity:

v () = () () = v ().

and its own density p®(x®,t) (mass of o per unit volume of «).

The total mass of « in a part P of the mixture is

M (P) = / prdV
=2 (P)

~

For multiphase mixtures, we assign to each constituent o a volume fraction, ¢®(z%,t), which is the
fraction of the volume occupied by «. So that in any part P of the mixture the total volume within P
occupied by « is

F*(P) = / P*dV,
z*(P)

~

N
1 f
where ¢p% = vorume O_ S Therefore, 0 < ¢* < 1 and E o =1.
volume of mixture

a=1



We need some definitions.

Definition.- Overall mass density:

N
p° multispecies mixtures
a=1
p =
N
o p* multiphase mixtures
a=1
Definition.- Mass fraction: N
r multispecies mixtures
p
w® =
o P . .
Pt — multiphase mixtures
p

Note that

N
Z w® = 1.
a=1
Definition.- Baricentric velocity (mass weighted mean of velocities):

Z prv multispecies
| N

- Z Q% p*u® multiphase
p a=1 -

The diffusion velocity of a constituent a with respect to the mean mixture flow velocity is

v = 0% —w.

~

Note that for multispecies mixtures

Supt = L3 e ) = 1 (3 e 3
« p « p « «
1
=v——-vp=0.

And similarity for multiphase mixtures. For mixtures the general global balance laws are:

Multispecies

N (d
Z (dt/ prY*dV — Ia'QdA_/ pago‘dV> =0.
Va Ove Ve

a=1

Multiphase



N

d
g (/ gbo‘po‘d)ade% To‘~ndA—/ ¢D‘pagadV)0.
a=1 dt Va BVQN ~ Ve

Local or differential mixture balance laws are obtained in a similar way to the one constituent case.

Multispecies:
N OL
Z { (p“*) + P pedive® — divr® — p%g } 0.
a=1
Multiphase:
N Oé
> [ (6% p™Y*) + ¢ p*pdive® — divr® — ¢apaga] =0.
a=1
Here 5
Do o for functions of Lagrange coordinates (X . t)

Dt
+; v -V for functions of spatial coordinates (z,1).

ot

To write the conservation law for each constituent we need to take into account the interactions among
constituents. Let e® be a measurement of the exchange of v into constituent a from other constituents.

Therefore we have:

Multispecies

DO[

E(po‘z/)a)—i-pawo‘divga—divzo‘ — p%g® = e”, a=1,...,N.
Multiphase

T (070°0%) + ¢%p ydive® —divr® — ¢%p%g% =e®,  a=1,...,N.

From the laws for the whole mixture we can see that

N
g e* =
a=1

As a first example, consider the transport of a dissolved contaminant by a fluid.

The constituents are: S=solute(contaminant) F=fluid.
So we have a multispecies mixture with no chemical reactions.
Looking at the mass balance: ¥ =1 T =0, g* =0, e* = 0.

(e™ is the production of constituent o by chemical reaction but in this case there is none).



D% | adive® = P71 div( o) — _
Dt + p*divy —ﬁ—i—dlv(pg)—O a=5F
aaLt +div(p™v) + divj® = 0,

where: j% = p®v® is the diffusive flux.
Consider the solute, we need a constitutive law for j°. Use Fick’s Law:

j% = —K5Vp® withK™® > 0, the diffusion coefficient.

~

o S
This implies % + div (pS i’) —div (K o Vps) =0 Advection-diffusion transport equation.

Example: Fluid Flow in porous rock. Even for one fluid this is multiphase. We have two constituents: F
fluid, R, rock. Assume that the flow is chemically inert (no mass exchanges) and that the rock is immobile

(v = 0). Lets look at the conservation of momentum law:

P* = v, velocity

T =1t stress tensor

g% = b, body forces

e* =m*, rate of momentum exchange.

The differential conservation law is then:
D~ ) ) . .
Dt (¢O‘po‘go‘) + ¢ p*v*dive® — divt® — ¢%p*b* =m

DYy

D
pa(baTNt +® E (¢apa) +¢apalei}a — divt® — ¢apaf§a — ?;nu

mass balance

Suppose the fluid is inviscid:

= —pl.

and that the only body force is gravity:

oF i)F =gVz, z is the depth below a reference level.

Suppose the momentum transfer is given by Stokes drag which says that TNTlF is proportional to the fluid

velocity:

o o
TF = — (_3F) = —TUF, whereA is the fluid mobility.

The conservation law is now:

oF pF FEF_i_VpF_ Fovy — ﬁvF
P Dt P g A~



A common assumption is that the fluid inertia is negligible compared with the pressure, gravity and mo-

mentum exchanges:

So the conservation law simplifies to:

o = % (VpF — pFgV2).

The fluid mobility, A, depends on both the fluid and the rock:
k

puF’

A=

where pf" is the fluid dynamic viscosity and k is the permeability of the rock. So finally, we obtain the well

known Darcy’s law:
P k

v = ~LFgF (Vp' — pFgVz).

To a macroscopic observer v is the mean fluid velocity through the pores of the rock. An observer at
the pore scale would need to use the Navier-Stokes equations on the irregular geometry given by the pores.
Darcy derived the law that has his name from experimental observations.

For many sedimentary porous media, the flow is anisotropic. To take this into account let k be a tensor

k
k F 1
v =———-(Vp =pgVz
~ PuF ( )
Although k is supposed to depend only on the rock it is different for gases than for liquids. For liquids there
is friction between the liquid and the rock, there is a no-slip boundary condition between the two. For gases

the friction is negligible.

1.3 Multiphase Flows in Porous Media

Lets look at the simplest of what is commonly called multiphase flow. That is, a flow with two fluid phases.
So we have three phases: rock R, aqueous fluid W, and nonaqueous fluid N. Assume Darcy’s Law holds for

both W and N:

w AW w
o= (Vow = p" gVz)
N AN N

A lot of work has been done into simplifying the problem. Omne possibility is to work with different

variables. Let ¢ = 1 — ¢ = ¢ + ¢V be the porosity of the rock. Define the saturations as

w N
SW:%; SN:%7

fraction of pore spore occupied by the respective fluids.

10



So we have

Sw + Sy = 1.

Decompose the fluid mobilities, A" and AY, into

AW:kLV AN:kl.
pv’ UN

kw and ky are no longer rock properties alone, since one fluid blocks the flow of the other. Suppose that
the effective permeability depends on the fluid saturation of the phase increasing with its saturation. This

is because the more we have of fluid « the less the other fluid interferes with its flow.

kw = kk.w (Sw),

kn = kkon(Sw), Sy =1— Sw.

For two fluids with a fixed interfacial tension, the interfacial geometry varies with saturation so we can

expect py — pw to be a function of the saturation Sy :
PN — pw = penw (Sw)-

The capillary pressure may be a multivalued function due to hysteresis.

Ponw

®
®

Sw

©)

Mass Balance

The differential mass balance is given by:

% (¢7p%) + div (qb“p“g“) ="

If we assume there is no interphase mass transfer, »r* = 0.

Eliminating the mass fractions in favor of the saturations, ¢* = ¢S, we have

O (65up%) + div (6Sup™u”) =01

11



Substitute v* from Darcy’s law (which is the conservation of momentum) into the conservation of W and

N:

9 wy oo | ow kkew W _

57 (@Swp™) —div {p s (Vpw —p 9VZ)} =0

a N . N kk’!‘N N

ot (¢(1 — Sw)p ) —div (p MiN (VPW + Vponw — p sz) =0.

Here, py and Sy, are considered the primary unknowns. Empirical measurements are necessary to establish
the relationships

kra = kra(SW) a=W,N

penw = penw (Sw)

oV = p" (pw)

N:

P PN(PN) = PN (pw, ponw (Sw))

We also need initial conditions py (x,0), Sy (x,0). These are known from measurements and interpolated to

get the desired functions.

The final thing that we need are boundary conditions. Specify py, at the boundaries of the flow region.

Also, specify the normal flux of aqueous fluid across the boundaries. That is, give

w AW

=W (Vow —p"gV2) - n

~

w

Many times, such as in oil reservoirs, there is no flux at the boundary: v" - n = 0.

1.4 Multiphase-multispecies Flows

Many mixtures of interest, such as oil reservoirs, consist of several phases and several species. They consist
of several phases including rock, oil, water and gas. They also consist of many molecular species such as
methane, propane, water and salt.

Let the species be i = 1,... N+1 and consider three fluid phases, aqueous(W), 0il(O) and gas(G) and one
rock phase(R). One of the species is the rock material, for example, sandstone. In contamination problems,
the phase may be rock, water and DNAPL (dense nonaqueous phase liquids) or maybe even bacteria. We
will concentrate on modelling an oil reservoir.

In this mixture each pair (i,«) with ¢ chosen from the species indices and « from the phases is a

constituent. Example: methane in gas is one constituent and methane in oil is another.

p%, intrinsic mass density of species 4 in phase a (mass of i/unit volume of )

¢, volume fraction of phase a

12



Sa, saturation of phase a = ¢, /¢, ¢ =1 — ¢g, porosity
N
pr = Z pi, intrinsic mass density of phase «

i=1

W = p—;, mass fraction of species 4 in phase « [mass i/mass a]
p
p=0o Z Sop®, bulk density of fluids [mass of fluids/volume]
a#R

W, = (?) Z Sap® WS, total mass fraction of species ¢ in the fluids [mass of ¢/mass of fluids]

a#R

The baricentric velocity of phase « is

Constraints

Z W; = Z WX =1, for every o

The mass balance law for constituent (7, ) is:

% (¢ap;’) + div (%pi"gf‘) =i

exchange terms

Rewrite (x) as

9 <¢sa ,anf> + div <¢Sapan v ) + divj* = r®,
ot N~ —— N ~i

~—
ba  PT velocity of phase

where j% = ¢S p*Wu® is the diffusive flux.
~i ~7q

Assume no intraphase chemical reactions and E r = 0 for each species.

a#R

13
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Sum (#x) over all fluid phases to get the total balance law for each species.

0
2 (0W3) +div [¢ (Swp WY oW 4 S0 p WO + Sep W )|

i (¥ +j0+j) =0 =1, W,
7 ~1 ~1
Assume Darcy’s law for each phase

kk
VY = ——Z (Vp® — p%gVz a=W,0,GQG.
v A ( p )

Assume the hydrodynamic dispersion is small

% [0 (Swp WY + Sop? WP + Sap W)

o [ kkpy pV WW kk,.opCWEC
—div % (Vow — py Vz) + % (Vpo — p®gVz)

—kk,.cpCwC
_ RGP Wi (Vpgprsz) =0 i1=1,...N.
Ha
To close the system, we need some supplementary constraints. Some are the equations of state:
pa(WlaﬂaWﬁ]apOé) OZZWO,G

P =
Wia:Wia(Wh'"aWNapa) a:mOaG
Sa:Sa(Wla"'aWNapOé) Oé:‘/VvOaGa

which may be given explicitly, implicitly or in tabular form.
The other constraints are the constitutive relations:

po — pw = pcow = pcow (So,Sa)
pa — po = pcao(So, Sa)
Ko = kra(So,Sa a=W,0,G.

The previous material is based partially on [2], [6], [3] and [4].

14



Chapter 2

Numerical Methods.

2.1 Basic Methods for Parabolic Equations

We will review some numerical methods for parabolic differential equations. We will look at

e Finite Difference Methods

Weighted Residual Methods

Finite Volume Methods

Characteristic Methods

Nonstandard Methods

e Other Methods

Finite Difference Methods

They are the easiest to think about:

Replace derivatives by finite differences

. (%)i ~ B forward difference

du ~ WiTU—1 -
. (%)z ~ — = backward difference

U

u) ~ u1+17ui71
N
K2

° (% central difference

Ui —Uj—1

Uit1—2Ui+Ui—1

¢ (%)i = % (%)i ~ ﬁ {(%)H»l - (%)J = ﬁ (UHAI;M

We will start with an ordinary differential equation example:

Second order equation
d*u
—+2=0
dx? *

15

Az
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Az?



with Dirichlet boundary conditions:
u=0 atz=0
u=0 atx=1.

Replacing the second derivative by finite differences we obtain:

U1 — 2u; + U1
Ax?

+2=0,

which is a system of equations in u;.
If Az =1/2, then we have three points. With ug = 0 and ug = 0 from the boundary conditions, we have
u1 = 1/4 which is the exact value at z = 1/2.

The finite difference solution is

251

Method of Weighted Residuals

We seek an approximate solution @ of the form

N
a(x) = Zuzgoz(x)
=0
7
Unknown Known
Coefficients Basic functions

The basis functions (Legendre, trigonometric, piecewise Lagrange) are usually chosen to satisfy the b.c. but
not the equation.

When we substitute the approximation of the true solution into an equation Lu = f, we get a residual, R:
R(a)=La— f

The residuals are made zero in an average sense: Pick /N weighting functions wj, i=12...,N.

)

Define the weighted average as:

< w,u >= / wudx
Q

and make



which is a system of IV linear equations.

Weighted Residual Methods

e Subdomain: divide the domain €2 into subdomains ; not necessarily disjoint and choose

Wi — 1 (:c,y) S Qj
7710 otherwise

e Collocation: pick N points (z;,y;) in  and choose w;(z,y) =0 ((z,y) - (z;,9;))

< wj, R >= Qé((ﬂv,y) - (xj7yj)) R(ﬁ)dxdy =
R(ﬂ(xj,yj)) :0

So equation is satisfied exactly at (x;,y;).

e Least squares
w = 28
J an
OR 1 OR?
R—dr=- [ —dz=0
0 8'LLO 2 Q ({9u]
e Bubnov-Galerkin
wj = @j

Finite Elements
The method of finite elements requires that the basis functions, ;(x) be finite elements, that is, they be

zero except for a small portion of the domain.

Lets start with a one-dimensional example:

d—u—l—bu:h O<ax<l1

dz
u(0) =1
Define grid: xg,x1,...,xy Let
{os@)},
SN

be piecewise Lagrange polynomials on g, x1, ..

T —Tj-1
—— x;_1 <x <1y
Ti— Ti_
J j—1
. — Tjy1 —
<p3(x) /s T <x § Tjt1
Tj+1 — Tj
0 otherwise

17



The piecewise linear basis functions are:

Yy

A

¥o ®1 P2

Y

T Ty "3 x

ug is known from the b.c.:
u(0) =4(0) =up =1

>

=

N
(z) = wo(z) = Zuj%‘(ﬂf)

N N
The residual is then: R(@) = o) + Zujga; +k| v+ Z uj@; | — h. In this method the weight functions
j=1 j=1
are the same as the basis functions so pick w; = ¢; j=1,...N.

1
/ R()p;dx =0 j=1,...,N
0

The above integrals involve only basis functions. They can usually be calculated exactly, as in this case,
or using Gaussian quadrature formulas. We obtain a system of sparse linear equations, which can be solved

using a Gaussian elimination method designed for tridiagonal matrices known as the Thomas algorithm.
Collocation

The collocation method is similar differing only in the choice of weight functions:
e Choose grid
e Choose collocation points (where solution is exact)
o Define basis functions, ¢;
e Satisfy Dirichlet boundary conditions
e Write approximating function ,

i(x) = po(z) + Y ujp;(x)

j=1

e Substitute approximate solution into equation and find residual function

e Define weight functions, w;(x) = 6(z — T;)

18



e Multiply residual by weight functions and integrate
e Integrals are immediate because of the § functions

e Solve sparse linear system

Finite Volume Methods

Consider
du

. Divide the domain into finite volumes and integrate the equation
Tit1 d2u
[ (2 2w
Ti—1 dx

d Tit1
S e / 2dz = 0
dx |71 o

. Integrating

Si Vi Siyi

T
Ti—1 £ Li+1

Finite volume methods can be based on finite differences or on finite elements. Using finite differences:

Uit1 — Ui U — Ui—1

Ax Ax

= 2Axz.
Using finite elements the method is:

e Choose basis functions

e Write approximate solution as linear combination

e Substitute into integrated expression

e Get same results as for finite differences.

Parabolic equations
Parabolic equations are of the form
up = f(Uge, Us,u, 2, 1)

19



An example is
Ut = Ugy 0<zrx<l, O0<t

u(z,0) = f(x)
U(O,t) = gO(t)au(lat) = gl(t)

The simplest method is the method of lines which consists of
e Discretize the x part of the equation using finite differences or finite elements
e Get a system of ordinary differential equations in time

e Solve using Euler, Runge-Kutta, etc. Usually the method is Euler or backward Euler or an average of

both.
The numerical method that we choose needs to have some properties:
e Consistency: The discretized equations approach the exact equation as the grid is refined.
e Convergence: The approximate solution approaches the exact solution as the grid is refined.
e Stability: Errors don’t grow.

The proof of consistency is easy, but have we really want is that we have convergence. The easiest way of
proving convergence is to use the Lax equivalence theorem:

If the scheme inconsistent, then stability < convergence.
Model equation
The heat equation is

U = Dugy, 0<2Z<Zmax, 0<tu(z,0)=ur, 0 <2 < Tmax

u((),t) = U2
U(Tmax, t) = ug } >0

If we use an explicit scheme

At
+1
;'L - u? A2 (

t is stable if

At
= —<
A Ax? —

)

N |

which gives a restriction to very small time steps.

Explicit molecule:

20



tn+1

X
tn

X X X

Ti—1 X Tit1

Fully Implicit:

n+l _ ,n __ n+l n+1 n+1
u; uj = )\(uFl 2uj —|—uj+1)

(L+ 20T = X (uf +ult) = ul?

This scheme is unconditionally stable, but we need to solve a system of algebraic equations. It also introduces

artificial viscosity.

The implicit molecule is

thrl
b d b d X
ty
b d
Ti—1 £ Tit1

Crank-Nicolson’s method is an average of the explicit and implicit methods:

n+l _  n _ n+1l n+1 n+1
u; uj = [9 (uj+1 2uj —|—uj71)

+(1=0) (ufyy —2uf +uf ) X
0 =0 explicit
0 =1 full implicit

0= % Crank Nicolson

Crank-Nicolson’scheme is unconditionally stable, has better accuracy than the fully implicit method but
still requires solution of algebraic systems

The Crank-Nicolson’s molecule is

21



Unphysical oscillations

<Y

tn+l
X b d

ty
bl b d bd
Ti—1 X Tit1

Convection-diffusion equations

A model equation is

ou 1 &%u  Ou

dt  Pedz? 9z

where Pe=Peclet number :WCX&%X. Applying Crank-Nicolson to the equation we get
1
ou_ urtt —uf
ot~ At
@ - lu?jll - “?jll lu?ﬂ — Uiy
ox ~ 2 2Ax 2 2Ax
Pu 1 (w20 i)
ox?2 2 Az?
1 (ufyy —2uf +u )
2 Ax? '

The truncation error is O(At? 4+ Az?)

2
If Az > o e have spurious oscillations that produce instabilities.
e

The convection-diffusion equation is also written as

Oc oc 0
a + U% — 87‘% (D@c@x) = O,

where v is the velocity of the fluid, and D is the diffusion coefficient. For most problems in porous media,

the convection term dominates. For example in modeling transport of a solute in a fluid. Then the behavior

22



is close to that of hyperbolic equations. Which means that the numerical scheme needs to move information
in the same direction as the differential equation. Upwind schemes are designed to do it:

If v > 0, forward differences:

t
x n+1
t
X x "
Ti—1 T

and if v < 0 then use backward differences:

t
x n+1
t
x—x "
L LTi41

For finite elements the same effect is obtained with the Petrov-Galerkin method, which uses weight

functions that are larger in the direction of propagation.
Characteristic Methods

The method of characteristics is used to integrate the hyperbolic (transport) part. The main problem is

that the mesh gets deformed.

1 T2 T3 T4
L | |
n+1
1 1 1
1 T2 T3 Ty ty

One way to deal with this is to use the modified method of characteristics (MMOC), which uses a regular
mesh and integrates back along the characteristics. The characteristic does not get back at a grid point, but
since we know the solution at that time level we can interpolate to find the value at this “back track point”.
This is a lagrangian method.

If we consider the transport equation
Jdc dc 0 dc
o E_ Y (pZ) =
ot —H)ax ox ( 3z> B(e)
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The modified method of characteristics is

Dc _ 0c n dc O™ (z) = C™(z —v"Ab)
Dt ot Uor At

t t A t time level (n+1)
i i+1
-— particle path

.\.\ ’/7 concentration proflle
.\'\ P

N —— -~

— ; ; ; time level (n)
i-2 % i-1 i Xi+1

e Finite-Difference Approximation (FD):

oMt — o (xy — v At)
At

— 0z(D3,C™ ), = R(CIMY)

Other Methods

e Mixed finite elements. Write second order equation as system of first order equations

Eulerian-Lagrangian Methods: approximate part of the equation using Lagrangian coordinates (fol-

lowing physical particles) and part using Eulerian coordinates

ELLAM (Eulerian-Lagrangian localized adjoint method)

Particle in cell: Follow the motion of particles

Nonstandard methods: Integrate transport-reaction part exactly using characteristics
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2.2 Numerical Methods for Elliptic Equations

In two dimensions Poisson’s equation is

Ugy + Uyy = _f(xay) in (Oa 1) X (Oa 1)
u=ug(z,y) on the boundary

Finite difference approximation

Wity = 2y Wiy | Wigen = 25 W1 vy
Ax? Ay? "

(N —1)(M — 1) interior points with unknowns.
0

Solving for wu;;

Ui = m [(Wig1,j + wie1,5) Ay® + (w1 +wij—1) Ax®
+ fiijQAyQ]
= 01 (Wig1,j + Ui—1,5) + 02 (W j1 + wij—1) + 6 fij,
where 6 Ay? Az? Az?Ay?

2022 +2A127 7 2A22 + 2Ay2° 2A12 4 2Ay?
Iterative Methods

Jacobi

UE;LJFI) =01 (uz(’i)l,j + uz(‘ri)l,j) + 02 (“E?ﬂ + “@4) +0fij

i,

Gauss-Seidel Use updated variables as soon as they are available:

n+1 n+1 1
ulf ™ =6 (“Ei)l,j + U'E—LT,J')) + 02 (U%)ﬂ + UEZ:)) + 6 i
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SOR
) =) (uz(’i)l,j + u(n+1’)> + 02 ("EZ)H + UEZﬂ)) +dfi;

i—1,5

with 0 < w < 2 for convergence (w =1 Gauss Seidel).

Line iterative methods: improve all points in a line at the same time.

Line Jacobi

)

i =0 (uit) + D)) = 8 (i + ulll) + sy
In each iteration we have to solve a tridiagonal system (direct method).

Line Gauss-Seidel (by columns)

a0 =y () 1) = 6 (W ) 05

¥ i—1,7

Line SOR  (by columns)
W g, (20 4 70) = 5y (a2 + D) 1 0,

,J

ug}ﬂ) _ UE? T w (EEZH) _ ug?)

Alternating Direction Methods
Consist of a row line iteration, then a column line iteration and so on.

For example, ADLSOR is:
1 1 1 1
W) gy (ﬂ?jﬁ} + ﬂﬁ’f{j)) =0, (u“}{rl + ugf;fi)) +6f;

4,3

1 n+1 n
ol o (- )

n4+41
ay ) = o (@Y +atY) = o (ull]) +u"1Y) +of

1 1
a7 = 7w (@ )
One advantage is that the influence of b.c. spreads faster into the whole domain.This implies better conver-
gence.

Conjugate Gradient Methods
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e Symmetric matrices: Conjugate gradient and preconditioned conjugate gradient

e Nonsymmetric matrices: Orthomin, GMRES, ....

Finite Elements In 1-D we have for piecewise linear basis functions,that are given by piecewise Lagrange

polynomials. They can also be written in terms of functions defined in [—1,1]:

Figure 2.1: Linear basis functions in terms of £

pa(@)=50-¢ @) =50+¢

o] = NI
DN =

or g, == (14+&&) where & =—1,1

)

In two dimensions the easiest is to form the product of two one-dimensional bases, one in each direction

1
=7 (14 &&) (1 +nm)

Triangular elements

The linear basis functions are of the form

¢(x,y) = ax + bx + ¢ making it one at one node and zero at the others we get

_w(yy —yk) Hy(ze — x)) + (2596 — Try;)
wi(z,9) = det(P)

where (4, j, k) is a cyclic permutation of (1,2, 3)

i oy 1
and P is z; y; 1
rr yr 1
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(1,1) /

/) o

(-1,1)

Figure 2.2: Example of a 2-D linear basis function

(903,3/3)

(22,92)

(3317y1)

Figure 2.3: A triangular element

det(F;)

Let P; be the matrix obtained from P when (z;,y;) is replaced by (z,y) then ¢; = det(P)

1
or in terms of the areas of the triangles (since A = 3 det(P))

A;
pi(x,y) = "

All three ¢; are not independent since
Ai+As+As=A

and p3 =1— 1 — o
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Chapter 3

Numerical Methods for some
Problems in Porous Media.

3.1 1-D Steady Flow

We consider the steady flow of water through a porous medium consisting of three zones with different
hydraulic properties. Water is injected at a unit rate into the left side of the medium and at the right end
the head is maintained at at constant value of 5.

The flow is given by Darcy’s law:

v =

_kpg (1 0p 0z
w \pgdx Ox)’

Define the hydraulic head as h = p/(pg) + z and the hydraulic conductivity coefficient as K = pgk/u, then

Darcy’s law is
oh
—-K—.
Ox

We discretize the medium using three elements, and four nodes: at the left end, two at the boundaries

v =

between elements and one at the right end.

Figure 3.1: Three element composite porous medium

Consider an element e with local nodes 1 and 2. The flow is positive if it is entering the element. We

will use linear basis functions. Darcy’s equation at each node is

Q1 =KA

hi — hs
L

and

ha —h
Q2= KA= =,
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where K is the hydraulic conductivity, A the cross-sectional area and L the length of the element.

Writing the system in matrix form

KTA—LAehle Qle
B et

or

Here the e denotes we are working at the element level.

To assemble the global set of equations, we write the above equations for each node: For element 1

'c§11> c%) 0 0] h1 Q%
céll) 6(212) 0 0 ha _ Qs
0 0 00 hs 0
0 0 0 0 | hy 0
For element 2
ro 0 0 07 hy 0
0 ey &2 o) (_) @
0 c§21) cgzz) 0 hs 3
L0 O 0 0| ha 0
For element 3
ro 0 0O 0 T hy 0
00 O 0 ho 0
00 ¥ 3 hs () @F
L0 O cg?i) cg;) ] h4 3
Adding the three matrices we get
where
hi
_ ) he
h = he (°
ha
(1)
W) O
Q=1 9T
§)+Q§)
(3)
2
and e
BB e e X
c Coyy +C c 0
=10 7 B, e ®
0 Co1 Cyy tCi1 Cig
0 0 cg) cé?;

Note that c;; = cj;. Enforcing the continuity of flow at the internal nodes 2 and 3: Qél) =
Qg) = Qgg), so the right hand side vector becomes

(1)
1



Using the boundary conditions we have le) = (@1 = 1. The other boundary condition hy = 5 has to be

incorporated carefully to keep the symmetry of the system:

ci1 ci2 c13 0 hy 1—5c14

co1 ca2 ca3 0| ) ha | _ —5c24

c31 c32 ez 0| ) hs [ —5c34
0 0 0 0 hy 5

Finally we need to solve the linear system.

3.2 Slightly Compressible Fluid

The continuity equation is now

ov dp
5, = latef) 5
Since
on _ 1 p
ot pg ot

the equation of continuity can be written as

o oh oh
(o +08) 5, = —pala+aB)Fr = Si .

where S; = pg(a + ¢3) is called the specific storage. Combining this equation and the continuity equation

0 Ooh oh
oz <Kam) =S

Consider the above equation on 0 < z < X, with the initial and boundary conditions h(z,0) = k)0, h(0,t) =0

with Darcy’s law we obtain

and h(X,t) = 0. Using the Galerkin finite element approach, approximate h by
h(z,t) = Z ®y(x)hs(t).
J=0

Substituting this approximation, multiplying by the weight function ®;(x), integrating over x and integrating

by parts the term with the second x derivative we get:

X X
oV, d dh
> ( —I—thdwr/ SS\I/IxI/Jde> =0.
0 0

> Oxr dx dt
Or
dh
Z(C[JhJ—FM]JdtJ):O, forl =2,3,...,n—1.
J
Here .
dU; v,
Cry= K——d
7 /0 dr dz
and

X
MIJ:/ SS\IJI\I/JCZ.’I}.
0
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The time derivative can be approximated by finite differences or finite elements. Lets do finite differences.

Use a super index k + 6 to denote the time level, with 0 < 6 < 1:

dh
Z <01Jh13+9 + MIJ(dtJ)k+0> =0.

The time derivative is approximated as

dhy

LY — (B~ )/t

(
and the values of the head at k + 6 by
RET0 = (1 — 0)R% + okt

Our system is now

M
S (Cnstonts + - opnby+ S wlt ) ) =

For 6 = 0 we obtain the following explicit scheme
My 1 MiJ k
Z[ 5t hy —Z( 5t = Crs]hj.

For 6 = 1 the scheme is fully implicit. After moving all the terms at the new time level k + 1 to the left

and all the terms at the k level to the right we have

Mgk - N~ Mg
> Crs+ — I = > 5
And finally for § = 1/2 we have the Crank-Nicolson scheme

Crs Miyp i _ N~ Mo Crryyy

The explicit scheme is the easiest to solve but is only conditionally stable. Both the implicit and Crank-
Nicolson are unconditionally stable.

The two previous examples are from [3].
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3.3 Non-steady Aquifer

Consider an aquifer with uniform thickness b and assume that it is uniform in the vertical direction. Assume
that there is recharge from precipitation or extraction by wells given by a function R, the volume of water
added or subtracted per unit time per unit area. Take a small rectangular region of size Az by Ay by b.

The continuity equation is now
V-v=R/b.
Substituting Darcy’s law v = —KVh we get

oh h_ By
ox2 = oy? T

where T is the transmissivity defined as T'= Kb. The finite difference form of this Poisson equation is

hicag = 2hij +hivyg | higoa = 2hig +hijn R

(Ax)? (By) o7

It can be solved using Gauss-Seidel iteration.

For problems with pumping of water through wells we need to introduce the storage coefficient S which
represents the volume of water released from storage per unit area per unit decline of head

g —AV,,
AzAyAh’
where AV,, is the volume of water released from storage within the element of volume with area AxzAy and
thickness b. Adding this term to the continuity equation we get
R SOh
Vive—— ——.
V5B T bt

Substituting Darcy’s law we get
9*h  9’h  SOh  R(z,y,t)

a2 o TTa T T
If we use a forward difference time approximation

ot~ At
and the usual approximation for the second space derivatives we get

B

n n n n n n+1 n
im1,j — 2hil; +hit N hijq —2hi; +hi o Shy =N

mn
i _ iy 1

(Ax)? (Ay)? T At T

Letting Az = Ay = a and solving for h;lj"'l

4T At ATAN (W) +hi s +hi_ +hY . RLAL
el — (1= A i—1j i+1,5 2% vi+ v )
g ( Sﬁ)”*(wJ< 1 s

This example is done in [5].
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3.4 Mixed Finite Element Example

Assume a rigid porous medium saturated with a viscous, incompressible fluid, If the medium is also assumed

to be homogeneous and isotropic and the fluid and solid are in thermal equilibrium, the equations of the

fluid are
Bui
p— .1
oz, 0 (3.1)
PO P+ M s = 2 | P, Ou; O
o ot + (\/EHUH_ K) u; = oz [ Péi; + e (8% + a2, + pfi- (3.2)

Here p is the density,x is the permeability, ¢ is the porosity, ¢ is the inertia coefficient and |lu|| is the
magnitude of the velocity. p is the viscosity coefficient, P is the pressure, f is the body force, and the
subindex e refers to effective viscosity. We sum over repeated indices.

The above system is a generalization of the Darcy’s equations for isothermal flow in a saturated medium.
It is called the Forchheimer-Brinkman model.

The boundary conditions are the same as for viscous flow: Dirichlet boundary conditions:
= f(s,t) onT,
or Neumann boundary conditions:
T, = 0i(s,t)n;(s) = f7(s,t) on T,

where s is the coordinate along the boundary, t is time, n; the outward unit normal and I" the boundary.
The weak form of the above equations is obtained by multiplying by weight functions (Q,w) and inte-
grating over the domain Q.

Using the shorthand f; = 0 and fy = f3 for equations 3.1 and 3.2we get

/Qfldx:O

Q
/W'fde:/W'fng.
Q Q

Integrating by parts the term inside the square brackets in the second equation we get
5‘ul

O —
/ A axz

B B% ow; Ou; ~ Ouy B " _?{ .
O—/[ T + w (f||u||+ ) +8xj ( Pézj-i-ue(a +6x1) pw; fi| dx sznds.

As in any Galerkin finite element approximation we write u and P in terms of basis functions and use the

and

same basis functions for the weight functions
M
= Z Y (x)ul (1) = BTy,
m=1
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Z bi(x =o"Pp

Q=®Pand w=W.

Substituting into the equations for conservation of mass and momentum we get

T
—[/q)aql dx]ui:()
o Oz

[ 9] it [ S0 ) 7] [ ]
O megatie g;p A dx} u; + {fg eaaq;T aaq;lT dX} — [fQ oy ‘I)de:| P
= fQ sz‘I’dX] + {fl“ Tl‘IldS}

The above equations can be written in matrix form as

—QTu=0

and
M+ C(u)u+ Au+ Ku— QP =F
where u = (u;,uz,u3)” and

M= [ PouTix
Q

Cw) = | Low(@|uf) ¥ dx

f

A He T

A—/—\II\I’ dx
o R

dx

K_/ 0w’ ow’
E Q/J*e 8(1/'] (9961

Qz:/ 8‘:[,‘}de
¢

) 04

F, = / pfi\Ildx—k?{Ti\Ilds.
Q r

Writing it as a single matrix equation

ERIHEE R

For Darcy’s case, ¢ = 0 and pu. = 0, the system simplifies to

ol TR

It can be shown that for the discrete system not to be overconstrained the basis functions for the pressure

o e
——
|
—

must be at least one order lower than the basis functions for the velocity. Furthermore, the pressure does
not need to be continuous across elements. The Ladyzhenskaya-Babuska-Brezzi (LBB) condition needs to
be satisfied, so there are additional restrictions on which basis functions work with the given elements.

For 2-D problems a common element is a rectangle with nine nodes, one in each corner, one in the middle

of each side and one in the center. The velocity is represented using biquadratic Lagrange functions. The
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pressure can be given as a bilinear which is continuous across elements and defined at the corners of the
rectangle. Or it could be given as bilinear but discontinuous.

This section was inspired by [4].
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3.5 Transport of a Solute

The transport of a nonreactive, nonradioactive solute in the absence of adsorption is given by

0 0 0 dc
—¢c + —vjc = — D,. —— ,
8t¢ Bxl ¢ Bxl <¢ * 31'])
where summation over repeated indices is assumed. c is the concentration of the solute per unit volume, D;;

is the dispersion coefficient and ¢ the porosity. To obtain the velocity we need solve the pressure equation

5} 0 )
5+ 5 Mg+ pg)] =0

H
ot 8%1 8(Ej

where H = —p(a + ¢f) and M;; = pkii/p and substitute the pressure into Darcy’s law

kij , op
= (ax]- + pg;)
To simplify notation lets introduce the central difference du, = u,11/2 — ur_1/2 and the backward

difference Viu, = u, —u,_1 and use a subindex to denote the variable with respect to we take the difference.

1 5. okii [ O 5 p
) D J () T . X —
Az, (‘W ”mﬁ) T (ijp”g]) Ao O Ag VH20)
o 1 1
Atvtp+ Al’l(sm [ 7 (AIJ 6wjp+pgj):| 0

We have a system of 2NV nonlinear equations in 2N unknowns, p and c, where N is the number of nodal
points. These equations are weakly nonlinear and are usually solved sequentially. That is, first solve for the
pressure, and find the velocity, and then solve for the concentration. Explicit finite difference schemes are
commonly used, in spite of having to restrict the time step to avoid nonphysical oscillations. But implicit
methods that don’t have this restriction, introduce artificial diffusion. They also require to calculate second
cross derivatives which increase the number of off-diagonal elements in the system matrix.

The material in this section is based on [3].
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3.6 Modified Method of Characteristics for Transport

Problem Description 1.- Fluid flow equation

In this section we consider transient groundwater flow in a 2-D aquifer. There is a dissolved solute that is

transported by the flow and also diffuses.

The pressure equation is

Ip
S— -V -(KVp)=f,
9 (KVp) = f
where S(x,t) is the specific storage, p(x, t) is the pressure or hydraulic head, K (x, t) is the saturated hydraulic

conductivity and f(x,t) represents the sources or sinks.

As before this equation is derived by combining the mass balance law

Ip
S—=+V.v=
ot + v=f
with Darcy’s law for the groundwater velocity
K 'v4+Vp=0.

Numerical Solution of the Flow Equation

S5~V (EVp)=f vs. t
Klv+Vp = 0

e Mixed Finite-Element Method

— variational formulation:

/K’lvhw—/phvow:o, Yw e Wy =Wy x W/
Q Q

0
/qupth/qV-vh:/qf, Vg € Qn
o Ot Q Q

— lowest-order Raviart-Thomas spaces — Qp, Wp,

— forward-difference and matrix splitting

Or writing it as a matrix system:
p N ][] B D-4A N [Tt 0]"
NT At~ M| |P B NT At M| |P G| -
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e Multigrid based solver at each iteration level

e Pressure and velocity nodal values:

*

n-1 \4
X X X X
0 PO 1 |:>l 2 n-1 Pn_1 n

The error estimates:

the approximate pressures and velocities obey equal-order L? global error estimates that are O(Ax).
Problem Description 2.- Solute transport equation

The convection-dispersion-reaction equation for single species transport in a 2-D aquifer is

O¢c

SV (vo) = V- (D V) = 1(0)

where ¢(x,t) is the solute concentration, v(x,t) is fluid (barycentric) velocity, r(c) are the reaction and
source terms and D(v) is the hydrodynamic dispersion tensor:

B 10 dp [ v vy dr [ v —vyu,

Vyve U] v | —vavy, 02 ’

where d,,, is the molecular diffusion coefficient, and d;, and dr are the longitudinal and transverse dispersiv-
ities.

The derivation of the transport equation is based on combining the mass balance law
O¢c .
i+V~(vc)—i—V-J:r(c)
ot

with Fick’s law for the diffusive flux
j=-D Ve
It is important to remember the changing nature of the solute transport equation

e hyperbolic (convection-dominated) — preserves sharp fronts

e parabolic (diffusion-dominated) — smoothes sharp fronts

Numerical Solution of the Transport Equation

%—FV-VC—V-(D-VC):?“(C).

A very reliable method to solve the above equation is the MMOC-Galerkin Method. Tts two parts are
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. Modified method of characteristics:

c (X, tpg1) — (X" ty)
: - = tn = )
o +v-Ve (X, tnt1) At

where the backtrack point is X = x — v At
Galerkin finite-element method:

1 n =N n n
AL (ChH —Ch)e +/ DVC;LH'V@:/T(C;;H)%
Q Q Q

Gauss quadrature method is used to calculate ¢ (x) = ¢} (X™). Also Picard’s iteration is needed to
accommodate 7(cj ")

Following particle paths:

t t A t time level (n+1)
i-2 i-1 Xi i+1
-— particle path
.\ concentration profile
A N ¥ P
/’/ : \'s ........... -
e | | time level (n)
Xia X X X Xi+1

An alternative numerical solution of the transport equation

%+V-V0—V-(D~Ve):r(0)

It is called the MMOC — Streamline Diffusion Method

e Modified method of characteristics:

Oc

Dc c(X,tnt1) — c(x — v TIAL L)
E“!‘V'VC:E(X,tn_’_l)ﬁ n n

At

e Streamline diffusion method: ¢ — ¢ +yv - Vo

1 n * n
I ACIETATEREY AU A N
Q Q

+ D~VCZ+1~V<,0:/7'(
Q )

The new integral term mimics the longitudinal entries of the hydrodynamic dispersion tensor D(v)

2
7 |: ,U:E vxgy :|
Uyl Uy

The error estimates for the combined MMOC-SD method are L? error bounds: O(Az + At).
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3.7 Multiphase Flow

Here we consider an oil reservoir with two phases: water and oil. Darcy’s law is

__FKijkry (Opy 9z _
T (3$j+pfgaf5j - SEwe

To account for volume changes due to the different pressures at the reservoir and at the surface it is convenient

to introduce a formation volume factor, By = V;/Vy,. Thus we obtain the following continuity equations

_ O (i) _ 0 (5
ox; Bf ot Bf ’

where S is the saturation of phase f, defined as ¢7/¢, with ¢ the volume fraction occupied by fluid f and

is the porosity. Substituting the Darcy’s velocities into this equation we ge
is th ity. Substituting the D ’ locities into thi ti t

0 [k (00 02 5,
0z, [ B, (axj”fgaxjﬂ 5‘t< :

where \; is the mobility factor defined as Ay = ky¢/fif.

Averaging over the vertical thickness b

oz, {b B, <ax]+”f 992, )| = % \B; )

Assuming k12 = ko1 = 0 the finite difference form can be written

(Axi)Q(S i [ By (5r1,pf+/0f95rzz)] = AtVt <¢Bf) . (3.3)

All the terms in the left hand side are evaluated at time s + 1, which gives a coupled nonlinear system of
equations.

The Implicit pressure-Explicit Saturation method (IMPES) proposes to be a more efficient method. The
idea is to eliminate the saturation terms and obtain an equation that contains only the pressure as the
dependent variable. This equation is solved using an implicit finite difference approximation. Then the
saturation can be solved explicitly from the original equations.

Assume that the capillary pressure peow = po — P does not change over a time step. Therefore Vyp,, =

V:p, and letting p = p, gives

dwl dw2
5@ [awz(éa:lp 5$1pcow + pwg(Sg;lz)] Evt AL VtSw
and
d d02
dm[aoz(é‘x p+ /7095@2’)] Evt At vtSo;
where
Ohiis i=1,2

afi = (sz)2Bf » <

WB) | S do]

i = At (570)s dps Bot1 dp
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and
dr2 = (¢/By)s1-

Here s refers to the time level. Remembering that S, + S, = 1, we reduce the above two equations to an

equation in the pressure by multiplying the first one by d,2, the second one by d,,» and adding

doady do1dy
20w1 | ol 2>th.

d025mi [awi (5@]0 - 5mipcow + ng(;ri Z)] + dw26ri [am(ar,p + pogé'r7 Z)] = < At At

Using the capillary pressure at time s, we can rewrite this equation in a similar for to that for a one-phase

flow:

dy1 | dordy
Gy | dordwe
At " dpAt

dy
5.% [awi (63:717 + ng@c,ﬁ)] + 7262:, [am’(éacip + pogéxiz)] = ( ) Vip + 5’161 (awi(;.tipcow,s)-

do2

This is an implicit nonlinear difference equation for psii. Equations (3.3), f = o,w can now be solved
explicitly for the saturations.
Similar procedures can be used for the case of three phases: water, oil and gas. For more information see

[2], [6] and [3].
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