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ABSTRACT

Surface geochemical exploration methods for petroleum are based essentially on
the premise that light hydrocarbons migrate vertically from the subsurface_ TESETVOLTS to
the near-surface soils and sediments. During the last 60 years, many surface and near-
surface techniques, based on vertical migration of light hydrocarbons, have been
developed. Although the mechanism involved in moving light hydrocarbons from the
surface petroleum accumulations to the near-surface is not yet clearly understood, the
evidence is available which substantiates the concept that this movement does occur.

Since vertical migration of light hydrocarbons is a required fundamental
mechanism of surface and near-surface exploration methods, it must be understood in
order to fully utilize the strengths, and to realize the limitations of those methods. Up
to the present time, few reports dealt with the measurement of the vertical migration rates
due to the experimental barriers in determining such rates.

Two computer programs were designed that simulate the vertical migration of
light hydrocarbons as a gas phase or in true solution, Migration as a gas phase or in true
solution are the most likely of many proposed mechanisms to explain the light
hydrocarbon migration. The equations used to model the light hydrocarbon transport in
walter or as a gas phase are solved using the finite-difference technigue.

Both models have shown that overlying rock permeability is the most important
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parameier in determining the rate of light hydrocarbon migration. The models

demonstrate that light hydrocarbon concentrations change within the overlying rocks and
are found to be pronounced near the reservoir and becomes smaller towards the surface.
The models also demonstrate that at a specific depth, the hydrocarbon concentration
increases with time.

For the transport of light hydrocarbons dissolved in water to be considered as a
microseepage mechanism, a shallow reservoir and/or higher permeability of the overlying
rock is required. The light hydrocarbon movement in water is a slow process compared
to flow as a gas phase and requires a long period of time to reach the surface from a
reservoir. By comparing the results from the two models with data from nature, it is
found that the migration as a gas phase model is the most likely mechanism to account
for light hydrocarbon microseepage. This model suggests transport rates sufficiently
rapid to observe the disappearance of hydrocarbon anomalies above reservoirs undergoing

production.
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1.0 INTRODUCTION

Macroseeps of oil and gas have been widely used in prospecting and have resulted
in the discovery of more oil and gas fields than any single method. With the
development of modern sensitive analytical instrumentation and procedures of modern
chemistry, it has become possible to detect minute amounts of microseepage and related
alteration in near-surface soils. Surface geochemical exploration methods for petroleum
are based essentially on the premise that light hydrocarbons migrate vertically from the
subsurface reservoirs to the near-surface soils and sediments.

The earliest recorded iiterature on the measurement of the near-surface effects of
vertical migration of petroleum constituents can be attributed to Laubmeyer (1933). He
collected soil air from shallow boreholes that were sealed for a period of 24-48 hours and
measured the total gas content. He found that near-surface soil samples contained more
methane over producing areas than similar soil over non-producing areas. Sokolov and
Mogilevski (1933a, b) pointed out in their soil analysis that a halo-like concentration of
light hydrocarbons exists in the near-surface soils and sediments, which outlines the
limits of underlying reservoirs. Rosaire (1938) and Horvitz (1939) have analyzed gases
adsorbed by soils and found that a direct relationship exists between adsorbed soil
hydrocarbons and the subsurface petroleum accumulations at depth.

During the last 60 years, many surface and near-surface techniques based on

vertical migration have been developed . Some of these techniques have been shown to
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be successful in detecting petroleum deposits and others have not shown success or have
had limited success. These techniques may be classified as either direct or indirect. The
direct methods involve exploration techniques dependent on measuring the actual
presence of hydrocarbons in the near-surface soils derived from minute seepages of oil
and/or gas, or measuring the physicochemical effects that seepage produces in the near-
sgrface rocks and soils. The most important direct methods for geochemical analyses
are:

1. Free hydrocarbon gases in soil

2. Adsorbed hydrocarbon gases in soil

3. Hydrocarbon gases dissolved in water

4, Bitumen (soil wax)

The indirect methods are based on the detection of any physical, chemical, or
microbiological changes in the soils, waters, and surface rocks associated with the
underlying petroleum accumulations or induced by the microseepage of hydrocarbons.

The most important indirect methods for detecting hydrocarbon reservoirs are:

1. Oxidation-reduction potential
2. Soil salt content (chloride, carbonate, sulfate, etc.)
3. Inorganic hydrochemicals (salts dissolved in water)

4, Microbiological (bacteria)

5. Geobotanical and biogeochemical
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Although the mechanism involved in moving hydrocarbons from subsurface
petroleum accumulations to the near-surface is not yet clearly understood, the evidence
is available which substantiates the concept that this movement does occur. Some data
and observations that represent some of this evidence are:

I. Hydrocarbon data from samples collected at depth have shown high

concentrations of hydrocarbons.

2. Carbon isotope data from methane, obtained from near-surface samples
located within a hydrocarbon anomaly over some fields, yield *C/'*C
ratios which al;e almost identical to those of methane in the reservoir gas
of the fields.

3. The composition of the light hydrocarbon fraction, in near-surface soil that
is associated with an anomaly, is generally similar to that of the gas phase
of the subsurface petroleum accumulation which the anomaly reflects
(Jones and Drozd, 1983).

4. Light hydrocarbons desorbed from well cuttings from abdve the reservolr
support the concept that hydrocarbons (HCS) leak from petroleum
TeServoirs.

Since vertical migration of light hydrocarbons is a required fundamental

mechanism of all surface and near-surface exploration methods, it must be understood

in order to utilize fully the strengths, and to realize the limitations of these methods.
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Also, for the geochemical methods to be accepted in the petroleum industry, their basic
principles and controlling parameters should be delineated. Such delineations have not
occurred and the microseepage migration mechanism(s) are yet to be established. The
understanding of the hydrocarbon microseepage mechanism(s) would allow better
utilization of surface geochemical exploration methods and give them greater credibility.
Up to the present time, few reports dealt with the measurement of the vertical
migration rate. This is because such measurement requires either the introduction of
tracers into the reservoir and detection at the surface or artificial perturbation of the
reservoir system and intensive monitoring at the near-surface over long periods of time.
It has been suggested that no simple explanation for vertical migration exists but
it is a logical assumption that seeping gases migrate through the overlying sedimentary
rocks by either one or a combination of seepage mechanisms.
The principal migration mechanisms proposed to explain light hydrocarbon
microseepage are:
L. Diffusion (Rosaire, 1940; Kartsev et al, 1959; Siegel, 1974; Donovan and
Dalziel, 1977, Duchscherer, 1980, 1981a, b, 1983)
II. Effusion (Rosaire, 1940; Kartsev et al, 1959; Donovan and Dalziel, 1977;
and Duchscherer, 1981b, 1983)
III.  Vertical transport of light HCS dissolved in deep basinal water through

capping rocks as a result of pressure (Pirson, 1960, 1963; Donovan and
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Dalziel, 1977; Davidson, 1981; Duchscherer, 1981b, 1983, and Roberts,
1980)

Diffusion of gases, which is related to the tendency of petroleum accumulations
to come to equilibrium, chemicaily and physically, with their surroundings, causes the
flow of molecules from locations of high concentration in the reservoir to areas of low
concentrations. The strongest arguments against diffusion are:

1. Diffusion is a spherically dispersive process, therefore, it cannot possibly

account for the sharp surface outlines observed above hydrocarbon

deposits.
2. Formation of "halo" anomalies is impossible.
3. Diffusion is far too slow to account for the rapid anomaly development

and disappearance caused by changes in reservoir pressure (Hunt, 1984).
4, If diffusion were the migration mechanism responsible for hydrocarbon
microseepage, surface anomalies would involve much greater
concentration of C4+ hydrocarbons than they do. However, slow
diffusion of HCS through sediments and microfracture systems, over
geologic time, is partly responsible for background surface hydrocarbon
concentrations in petroleum-bearing sedimentary basins (Price, 1986).
Hunt (197 9)has shown that appreciable vertical diffusion distances through shales

can be achieved only over hundreds of millions of years, times far too long for relevance
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to hydrocarbon microseepage. Smith et al. (1971) showed that it will take 140 miilion
years for methane, 170 for ethane and 230 “for propane to reach the surface by
considering a reservoir depth of 1740 m and an average column porosity of 15.7%.
Jones and Drozd (1983), on the basis of their studies, also suggest that diffusion is not
a possible hydrocarbon microseepage mechanism.

Clearly, vertical diffusion from petroleum accumulations at depth is far too slow
to account for the rapid anomaly development and/or disappearances caused by changes
in reservoir pressure. However, diffusion of hydrocarbons through sediments and
microfracture systems, slowly over geologic time is partly responsible for establishing
background surface hydrocarbon concentration in the petroleum sedimentary basins.

Effusion of gases, taking place in accordance with Darcy’s Law, depends on the
difference between reservoir pressure and the pressure at the surface. The direction of
effusive flow, therefore, is usually vertical because the vertical component is the shortest
(Davidson, .1967). Such a mechanism would be useful if we consider the fact that
fractures are small enough to transmit only the small molecules.

The vertical movement of low-molecular-weight hydrocarbons dissolved in water
migrating through capping rocks has been proposed by many investigators as a possible

mechanism for vertical migration of light hydrocarbons (Roberts, 1980).
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2.0 RESEARCH OBJECTIVES

Two computer codes were designed to model light hydrocarbon migration from
reservoirs to the near-surface soils. The codes model the flow of the hydrocarbons as
a gas phase or in true solution. These are the most likely mechanisms, based on the
previous discussion.

The codes are expected to produce data which will allow the determination of the
most likely mecﬁanism by which light hydrocarbons microseep from different reservoirs.
They are also expected to determine the rates at which different light hydrocarbons can
migrate from a reservoir of specified depth. The predicted concentration of the light
hydrocarbons as a function of depth can also be obtained. The effect of overlying rock
properties (permeability, porosity, etc.) on the rate of light hydrocarbons transport can

be determined.
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3.0 GROUNDWATER AND LIGHT HYDROCARBON MIGRATION

As discussed in the introduction, hydrocarbon gases may migrate primarily as a
separate phase and/or may migrate in true solution. Upward movement of formation
water in deep sedimentary basins has long been recognized as an important factor in
geothermal heat flow and sedimentary mineral alteration (Jones, 1984). The most
important function of a hydrocarbon trap is to leak water while retaining hydrocarbons
(Roberts, 1980). The water can leak through the enclosing membrane and covering
strata because of water saturation. It is evident that deep water discharge is an effective
mechanism for the vertical migration of oil and gas (Jones, 1984).

Different investigators contend that hydrocarbon microseepage anomalies are due,
at least in part, to vertical movement of deep-basin compaction waters, or driven by
meteoric recharge water, moving through hydrocarbon reservoirs to the earth’s surface
(Pirson, 1960, 1963, 1964, 1969; Donovan and Dalziel, 1977; Roberts, 1980; and
Davidson, 1982, 1984). Such waters are believed to carry hydrocarbons which result in
the formation of hydrocarbon anomalies near the surface.

A marked decrease in solubility of normal alkanes with increasing molecular
weight is shown in Fig. 1. The solubility of light hydrocarbon gases decreases with
increasing temperature and salinity, and increases with increasing hydrocarbon pressure.
It has also been documented that the solubility of gases in water is more dependent on

pressure than temperature.
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A relationship between depth and, in turn, pressure and gas solubility can be

obtained from Henry’s Law, which relates the pressure to gas solubility as follows:

C=K*P (Eq. 3.1)
C,=K*P, (Eq. 3.2)
Where:
K = Henry’s constant, moles /¢
atm
P = Pressure, atm
C = Concentration of gas in water, moles
P, = Initial pressure, atm
C, = Initial concentration of gas in water at P_, mc;les
By combining the two equations we get:
C *P
C=20 (Eq. 3.3)

Taking the initial pressure to be one atmosphere at a depth of 10 m at the surface
of the water table and the pressure gradient of 1 atm/10 meters ( =O.5 psi/ft), the
relationship between pressure and depth (ZL) in meters can be obtained as:

lam = I0m

P = ZL
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P=£.
10 m
P=%a{m (Eq. 3.4)

Substituting equation 3.4 into equation 3.3, we can get the following relationship

between depth and gas solubility as a function of pressure:

C = (Eq. 3.5)

The relationship in equation 3.5 is being used in the computer program which describes
the migration of hydrocarbon gases in water.

The transport of hydrocarbon gas in water is influenced by both advection and
hydrodynamic dispersion. Advection is a process by which gas is moving with the
flowing water. Hydrodynamic dispersion is a process whereby gas molecules move in
a direction different from that of the average ground water flow. Two mechanisms
comprise ti{e hydrodynamic dispersion phenorﬁenon. These are mechanical dispersion,
which is caused by variations in the water velocity as a result of the tortuous nature of
the flow paths through porous media; and molecular diffusion, which results from
variations in dissolved hydrocarbon gas concentrations. The dispersion coefficient (D)
is then considered to be the sum of both the mechanical dispersion coefficient (D,) and

the molecular diffusion coefficient (D,) (Bear, 1979).
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D, =D, + D, (Eq. 3.6)

The components of the two-dimensional hydrodynamic dispersion can be written as:

Where:

2 2
D, =aL i, o Y, D, (Eq. 3.7)
| v | v
2 2
T, =« v; * aT V—x * D2 (&' 3'8)
| v] | v
D, =D; = (w-a,) V, V,/ |V| (Eq. 3.9)

D; , D, = total hydrodynamic dispersion in x, z direction, L%t

longitudinal dispersion (L)
transverse dispersion (T)

water velocity in both x and z directions, L/t

the magnitude of the velocity, LT !

The assumption has been made that
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and D, =D, =0

21 z £~ 4

The flux of a single phase gas molecule due to advection and dispersion can be

expressed as:

q. = € (cV-Dy*vc) (Eq. 3.10)

Where:

q. = gas flux

\Y = Velocity of water, LT

€ = Water content, L°

Dy = Total dispersion coefficient, Lt

c = The concentration of the dissolved gas, ML

v = Del operator = a%«-aiz, L

In the absence of chemical reaction and adsorption, the mass balance equation of the

dissolved hydrocarbon gas will be reduced to:

Aeo) | _y. 311
= V * gc (Eq )

Substituting 3.10 in Equation 3.11 yields the gas transport equation in water as shown

in equation 3.12:

9€C _ vep, xVe-Veve (Eq. 3.12)

dt
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This differential equation is solved by the computer program as described in later

sections.

3.1 Numerical Solution

The solution of the two-dimensional differential equation 3.12 that describes
hydrocarbon gas transport in water is obtained by using the finite difference numerical
method, This method starts by a spatial discretization of the reg‘ion of interest into a
number of blocks by superimposing some type of a grid (Figure 2). Time is also
discretized into a number of time steps during each of which the problem is soived to
obtain new values of the unknown parameters. The partial differential equations are
replaced by their finite difference equivalents. Central finite difference technique is used
to approximate the unknown parameters at the center of the blocks. As a result of such
approximations, the partial differential equation describing the hydrocarbon gas migration
in water is replaced by %1 series of algebraic equations and then solved for the unknown

parameters (Thomas, 1982).

3.1.1 The Implicit Method

Numerical methods for solving nonlinear partial differential equations consist of
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various iterative schemes to estimate unknown values at advanced time levels. If the new
values are calculated entirely on information from the previous time level, then the
method is considered to be completely explicit. Time increments and block size
restrictions are applied to this method. In a fully implicgit scheme, the new unknown
value is evaluated at the preceding time level (Carnahan, et al. 1969). The implicit
method has an advantage over the explicit method in not having time increment and block
size restrictions. The implicit method used to solve the transport equation in this

computer program is the strongly implicit procedure (SIP).

3.1.2 Strongly Implicit Procedure (SIP)

The main purpose of the SIP method is to reduce a large number of simultaneous
equations to more simply solved matrices by the elimination process working on a
modified version of the original matrix system. The SIP has the advantage that iteration
parameters can be more easily selected (Thomas, 1982).

Equation 3.12 can be written for each grid of volume v, within the solution

domain as follows:

_[ e gy [V * eDT*Vcdv—IV*el'/cdv (Eq. 3.13)
v ot v v

By transforming the two volume integrals on the right-hand side to surface integrals using
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Gauss divergence theorem (Thomas, 1982), we get:

IV *eD, *Vedy

I_eDT* Vc*nds
v s

IV * Vecdy I_ Vec » nds
v s

where 7 1s the outward normal unit vector.
It is assumed that the volume, V, is small enough that within the block, its

porosity, bulk density, and concentration can be considered constant, and then:

ja[“] -y %

Vv E ot

we then have

p3ed) I_eD * Ve *nds - Il—/ec *nds (Eq. 3.14)
ot s $

The dispersive integral in equation 3. 14 is approximated in two-dimensional flow

by considering only four faces of the finite difference block (Fig. 3). We can write for

the four faces:

4

JeDT*Vc «nds = Y J-eDT*Vc *7 % dS,
s

t1 ¥
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X and Z Component Velocity
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ac dc
i [ lor g ) ] -y
ac ac
+ AelD.. ——+D_ =
|: E[ fedz Tedx ]u.;‘*!‘
ac ac
- | Ae| D, —=+D_ =
|: E[ Tedz Teox ]n.j-_'z

dc Jc
Ae|D, —+D,. —
)L

Where

~
]

index to faces 4 block n,j

n =.nodes in X direction

j = nodes in Z direction

n *+ ‘4, ] & '4 = boundary facies of block n,j

A = surface area of cell face normal to flux direction

The following definitions should be considered in solving the gas transport

equation in water:
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iV §(fn-l,f * 6y)

A ;= Am.i,.j = Az
A . 1 =A 1= Ax
RSy nj+ n
3(: Cu,j—cn-l,j

axn-;..i _;_(Aanﬁaxn)

ac L Cajor¥Cnu1,jo1 ™ Caje1 " Cnmt 1

9z 1. 2 1
Z”-’Z'J Azj+'2-(Azj-l+Azj—l)

Spatial discretization of the advection component in Equation 3.14 is also

accomplished by the central difference technique as follows:

— 4 —
jVec *nxds =Y L‘Vec *nds
s

=1

=-[AeVc] 1.
n :,J

+[AeV.c ]mé.j

~[AeVc ], j !
il

+{AeV ] and

nj*l
7z
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_ | K H, -4,
Vewns = [;] T (Eq. 3.15)
"yl 5 (A%, )
Where:
Ve, = velocity in X direction at n—%, +ve left to right

H = Total hydraulic head
K = Saturated hydraulic conductivity
The time derivative in Equation 3.14 is approximated by a fully implicit

approximation written as:

d de dc
—l(EC) = Cm— +6—
AR T
i+l i i _ L
~ciwE "€ +(e.'+vz)c ¢ (Eq. 3.16)
Ar At
Where
i = index for previous time step
i+l = index for current time step
at = Length of the i+1 time step

Ci+w — Ci+l
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ei+lh = gt!

The final finite-difference form for Equétion 3.14 can now be written as:

Ai’lC,f::_j + Bi*lcui:jl-l + Chlc,:.::‘j + Di'lc,:."jlq + Di*lc’:':'jl = RHS
Where RHS is the right-hand side of the equation. The RHS approximations, definitions
of above A, B, C & D symbols, as well as the remaining numerical equations are placed

in the Appendix.

3.2 Initial and Boundary Conditions

In order to solve Equation 3.14, both initial and boundary conditions should be
defined. The input boundary condition is described as a fixed concentration. A constant
initial hydrocarbon gas concentration is entered as a constant value, C,.

At the end of every time step, the mass flux into the system, as well as the change
in mass stored in the system, is calculated. The total flux is the sum of both dispersion

and advection fluxes.

3.3 Assumptions in the Model
Mathematical models are intended to replicate physical events with the laws of
physics and applied mathematics. Unfortunately, our computational facilities and

numerical analyses cannot solve many theoretical formulas without making simplifying
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assumptions, which may compromise results. In addition, the theoreticél equations that
form the basis of a model often incorporate simplifications and assumptions because the
actuality of the field situation is too complicated to describe with mathematical equations
(Wang and Anderson, 1982).

Bacteria and other microorganisms can reduce the effective permeability of porous
media (Singh, 1965). No allowance is made for any biological intervention. The flow
is considered isothermal and independent of changes in ambient atmospheric pressure at
the surface. Evaporation, as the fluid approaches the surface, is considered negligible.
The model also assumes that hydrocarbon gases are non-reactive in the chemically
reducing environment which exists in the sub-surface and that gradients of water density,

viscosity and temperature do not affect the velocity distribution.

3.4 Computer Program

The computer program is written in Fortran and is operational on the VAX8600.
The main routine of the program provides the instruction for reading the input data,
select the printout requests and call$ the subroutine that computes the new concentration
at each successive new time step. The subroutine is a modified version of that
documented by Healy (1990) which was used to describe solute flow in water. It was
modified to account for vertical transport of the dissolved hydrocarbons in water by

introducing some new input variables such as permeability and compressibility of the
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overlying rocks. The solubility of light hydrocarbons in water at a specific depth
(pressure) was also accounted for in the calculations. A complete program is listed in

Appendix 1.

3.4.1 Input Parameters

A variety of input parameters were introduced to the computer model. These
input parameters can be grouped into four categories. These are li_thological data, water
and hydrocarbon gas data, simulation data and numerical analysis parameters. The
lithology data include rock permeabilities, rock compressibility and porosity. The
selection of such values is based on values reported in the literature. Porosity is directly
proportional to the rock grain size. Porosities of sandstone rock usually ranges from 5
to 30 per cent (Tissot, 1984). The porosity of carbonate rocks and shales is somewhat
less than that of sandstone. The porosities of most hydrocarbon reservoirs are between
10 and 25 percent (Hagoort, 1988). Rock permeabilities to water are also selected on
the basis of reported values from the literature. Permeability, k, is usuaily measured in
cm? or in millidarcies (md) with the following relations:

1 cm/sec = 1.02 X 10%m’

1 md = 9.8 X 10%cm?
Table 1 gives a summary of some values of rock permeability to water. The rock and

water compressibility can be estimated by using Van der Knaap relation. This



T-4081 25

relationship is shown in the subroutine called compressibility. The water and dissolved
hydrocarbon gas data include water density, viscosity and diffusion coefficients. The
simulation data include maximum simulation time, number of time increments and the
number of columns and rows. The diffusion coefficients for the light hydrocarbons used
in the computer program input data file were taken from Leythaeuser, et al., 1982, which
are shown in Table 2. The solubilities of hydrocarbon in water at 25°C, which has been
used as an input parameter, are shown in Table 3.

The upward water flux through the reservoir can be estimated by considering the
permeability of the overlyi.ng rock directly above the reservoir. The estimated
permeability is considered to be a very low value.

An example of an input data file with selected program vartables definition is

shown in Table 4. An output data file is shown in Table 5.
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Table 1 Permeability of Porous Materials to Water*

" Rock Type Permeability (cm?)

Soils, very fine sand

26

§X 107 -1X 10"

Sandstone 1 X10'%-1X 10
Shale 1X10"-1X10M
Limestone and dolomite 1X102-1X 104

Breccia and granite

1X10%-1X10'

* Modified from Bear and Veruijt (1987)
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Table 2 Diffusion Coefficients In Water DIF(cm’s™) at 25°C*

cm= 2.12X 104

C,H, 1.11 X 10

C,H, 5.77 X 107
n-CeHig 3.01 X 107
iso-C,H,, 3.75 X 107
n-CsH,, 1.57 X 107
n-C¢H,, 8.20 X 10°*
n-CH,q 4.31 X 10*
n-CsHyg 1.00 X 10
n-Cy o, 6.08 X 10°

* (from Leythaeuser, 1982)
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Table 3 Solubility of Selected Hydrocarbon Compounds in Water
at 25°C in PPM (wt/wt)*

28

Methane 244 + 1.0
Ethane 60.4 + 1.3
Propane 62.4 + 2.1
n-Butane 6l.4 + 2.6
Isobutane 48.9 + 2.1
n-Pentane 385+ 2.0
n-Hexane 9.5
n-Heptane 2.93 + 0.2
n-Octane 0.66 + 0.05

* (from McAuliffe, 1978)
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Table 4 Input Data File for the Water Transport Model

Options and Parameters

Maximum simulation time (Tmax in years)

Time increments (Delt in years)

Number of rows (Nrow)

Number of columns (Ncol)

Physical characteristics of overlying column and hydrocarbon gas

Column length (Depth in meters)

Number of lithologies (Nlitho)

Lithology permeability (Perm. in ¢cm?)

Molecular diffusion (DIF in cm?/sec)

Dispersion characteristic length (Alpha in cm)

Overburden porosity (Poro)

Initial gas concentration (CI in g/cm?)

Water flux rate (Wrate in ¢cm/sec)

29

1,000,000
100,000

100

1000

1 X 10°
1 X 10°
10°

0.2

1079
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Table 5 Output Data File for the Water Transport Model

***ttttt*i*ttt"Qtttttt't*t*tt*tt!t!!lI!tﬂ'tttttt*.t*‘t*it'*ﬁ*ﬂ'****‘**t'tt*t.tttt*tt

ti'iﬁt*t*tttlttiﬂ*t**ttt*tt**kt*tt***tttt*t***t****tt*itit*i*t**t***.t*tttt*t*tit*tit

1000.00  METERS

RESERVOIR DEPTH

SIMULATION TIME 1000000.0000  YEARS

" NUMBER OF ROWS = 100

NUMBER Of COLUMNS = 3

LITHOLOGY # 1

PERMEABILITY= 1.0E-8 (M2

ETHANE CONCENTRATION (PPM)

Depth {m) Time = 100,00 years Time =300,000 years  Time =500,000 years
1000 5 QLE+D3 < QLE+D3 5.94£+03
985 3.61E+403 L.77€+03 $.10£+03
975 1.96E+03 L.0SE+03 4.40E+03
945 i.12E+03 3.25£+03 3. 66E+03
955 5.4L6E+02 2.L4E+03 2.97E+03
945 3.7IE+02 1.73£+03 2.36E+03
935 2. 136402 1.17e+03 1.84E+0Q3
925 1,22E+02 7.72E+02 1.40E+03
915 7.02E+01 4.95£+02 1.046+03
205 L.03E+01 3.11E+02 7.50E+02
895 2.31E+01 1.925+02 5.29€+02
885 1.336+01 1.17E+02 3.64E+02
875 7.63E+00 7.095+01 2.45E+02
865 L. 38E+00 L. 24E+01 1.62E+02
855 2.52€+00 2.52e+01 1.06E+02
845 LLE4E+D0 1.L9E+01 6.79€+01
835 8.30E-01 8.77£+00 4.30E+01
B25 L. 78E-01 5.14E+00 2.69€+01
815 2.74E-01 3.00£+00 1.67E+01
805 1.57€-01 1.75E+00 1.03e+01
795 9.026-02 1.01E+00 6.26E+00
785 5.18€-02 S.88E-01 3. 79e+00
775 2.9BE-02 3.41E-01 2.285+00
765 1.7T1E-02 1.97e-01 1.36E+00
755 9.82£-03 1.14E-01 8.11g-01
745 5.64E-03 6.56€-02 4. B1E-01
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Depth {m)

735
725
715
705
&95
685
675
665
655
645
635
625
615
805
595
585
575
565
555
545
535
525
515
505
495
L8S
475
L65
455
33
435
425
415
405
395
385
375
345
355
345
335
325
315
305

—_ s e

O

T o S S & T N I e B Y Y B A I S e

J.

1
1
3
3
i
1
6
3
2
1
7
4
2
[

Time = 100,00 years

.24E-03
.B&SE-0Q3
.07e-03
.14E-D4
.52€-04

.02e-04
.16E-04
.6BE-05
.BLE-05
.20€-05
.27€-05
.27e-06
.18E-06
LOE-06
.38e-06
.92€-07
.S5E-07
.61E-07
.50€-07
.63E-08
.P6E-08
.85E-08
.64E-08
.&0E-09
.LOE-DQ
10e-09
.78E-09
.026-09
.89€-10
.38E-10
L94E-10
.12e-10
L2611
L69E-11
C12E-1
.226-11
.00E-12
.02€-12
J1E-12
.33e-12

7.63E-13

A
2
i

.39€-13
.52E-13
.45e-13

Table 5 Output Data File (cont.)

Time = 300,000 vears

3.78€-02
2.18€-02
1.25€-02
7.226-03
4.16E-03
2.396-03
1.37€-03
7.90E-04
4.SLE-04
2.61E-04
1.50€-04
8.62€-05
4.95€-05
2.85€-05
1.64E-05
9.40E-06
S.40E-06
3.10€-06
1.78E-06
1.02€-06
S .88€-07
3.386-07
1.94E-07
1.126-07
6.41E-08
3.68E-08
2.126-08
1.22€-08
6.98E-09
4.01E-09
2.316-09
1.326-09
7.61€-10
¢.37€-10
2.51E-10
1.64E-10
8.30€- 1
L. 77E- 11
2.746E-N
1.576-11
9.05€-12
S.206-12
2.99€-12
1.726-12

2.B4E-01
1.67E-01
9.80E-02
5.74E-02
3,35€-02
1.95e-02
1.13E-02
6.59€-03
3.82£-03
2.21E-03
1.28e-03
7.39€-04
&L 27E-04
2.66E-04
1.42E-04
8.18E-05
4.71£-05
2.7T1e-05
1.56E-05
B.99E-06
5 7E-06
2.97E-06
1.71£-06
9.83e-07
5.65€-07
3.25¢-07
1.87€-07
1.07e-07
6.17E-08
3.55e-08
2.04E-08
1.17€-08
6.73E-09
3.87e-09
2.22E-09
1.28€-09
7.33e-10
4.21E-10
2.626-10
1.39€-10
7.99€-11
4.59E-11
2.64E-11
1.52E-11

31

Time =500,000 years
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Table 5 Output Data File (cont.)

Depth {m)} Time = 100,00 years Time =300,000 years Time=500,000 years
295 §.33e-14 9_87E-13 8.71E-12
285 L.79E-14 5.67E-13 S.01E-12
275 2.75e-14 3.26E-13 2.88£-12
265 1.582-14 1.87€-13 1.65E-12
255 9.09E-15 1.08E-13 9.S0E-13
245 §.225-15 6.19€-14 5.46E-13
235 3.00z-15 I.56E-14 3.14E-13
225 1.736-15 2.0LE-14 1.80-13
215 9.92E-16 1.17E-16 C 1.04E-13
205 5.70E-16 6.75€-15 S.96E-14
195 3.282-16 1.88£-15 3.4L2E-14
185 1.832-16 2.23E-15 1.97€-14
175 1.082-16 1.28E-15 1.13E-14
165 6.232-17 7.376-16 6.50€-15
155 3.582-17 (.24E-16 3.73£-15
145 2.068-17 2.438-16 2.15E-15
135 1.182-17 1.40E-16 1.23E-15
125 6.802-18 8.05€-17 7.09e-16
115 3.915-18 L.63e-17 L.07E-16
105 2.255-18 2.66E-17 2.34E-16
95 1.292-18 1.53e-17 1.356-16
85 7.632-19 8.79g-18 7.7LE-17

75 4.282-19 S .06E-18 L. L6E-1T
65 2.472-19 2.926-18 2.57E-17
5% 1.44E-19 1.70E-18 1.50E-17
45 8.63-20 1.02E-18 8.98€-18
35 5.556-20 6.S7TE-19 S.786-18
25 L.228-20 S.00E-19 4.L0E-18
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Table 5§ Output Data File for the Water Transport Model (cont.)

Depth (m) Time=600,00 years  Time=700,000 years  Time = 800,000 years
5 .94LE+03 S.9LE+03 5.94£+03
1000 §.24€+03 S.24£+03 5316403
985 4.47E+03 4.50€+03 4.686+03
975 3.81€+03 3.956+03 4.D&E+03
965 3.18€+03 3.34E+03 3.48E+03
955 2.60E+03 2.78£+03 2.94E+03
945 2.08E+03 2.28E+03 2.L6E+03
935 1.63£+03 1.84E+03 2.026+03
925 1.26E+03 1.46E+03 1.63€+03
915 9.51E+02 1.13€+03 1.30€+03
905 7.03£+02 8.48E+02 1.02E+03
895 5.09€+02 6.53E+02 7.92E+02
B85 3.61E402 4828402 6.03£+02
873 2.526+02 3.50£+02 4, 51E+02
ggg 1.72€+02 2.4L56+02 3.33£+02
464 1.18E+02 1.75E+02 2.42E+02
a1 7.66E+01 1.21E+02 1.73£+02
825 S .00E+01 8.218+01 1.226+02
81 3.236+01 5.51E+01 8.50€+01
805 2.06E+01 3.65€+01 5.83E+01
7o 1.30E+01 2.396+01 3.95€¢0)
785 8.11E+00 1.54+01 2.65E+01
thes S.02E+00 9.89€+00 1.75E+01
765 3.096+00 6.27E+00 1.15£+01
i 1.89€+00 3.94E+00 7.6LE+00
e 1.14E+00 2.46E+00 4. 78E+00
75 6.91€-01 1.526+00 3.04E+00
730 4.15€-01 9.37e-01 1.92€+00
715 2.48€-01 S.73£-01 1.21E+00
205 1.47€-01 . 3.48E-01 7.51€-01
695 8.73£-02 2.10£-01 4.65E-01
e 5. 16E-02 1.276-0% 2.85€-01
o7S 3.04E-02 . 7.58£-02 1.75¢-01
e 1.788-02 Y 4.538-02 1.06E-01
655 1.0“E'02 t 2-695'02 6.“5‘02
&5 6.11€-03 1.59€-02 3.88£-02
625 2.07E-03 5.54E-03 1.39e-02
615 1.216-03 3.266-03% 8.30e-03
605 7.00€-04 1.91£-03 4&.93e-03
95 4. 06E-04 1.12€-03 2.92€-03
585 2.356-04 6.526-04 1.726-03
575 1.36€-04 3.80€-04 1.01€-03
565 7.84E-05 2.21E-04 5.96E-04
: 1.29€-04 3.50€-04
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Table § Output Data File (cont.)

Depth (m) Time =600,00 years Time =700,000 years! Time =800,000 years
554 4.54E-09 1. EYE Uk 3.0uE " us
545 2.62E-05 7.46E-05 2.05¢-04
535 1.51E-05 4.326-05 1.20€-04
525 8.71E-06 2.50€-05 6.97€-05
515 S_02t-05 1.456-05 4. 06E-05
505 2.89E-06 8.37E-06 2.36€-05
495 1.67E-06 4.BLE-Db 1.37-05
L85 9.598-07 2.719E-06 7.96E-06
LTS 5.52E-07 1.61€-06 4.61E-06
465 3.17E-07 9.29€-07 2.67E-06
455 1.83e-07 5.35€-07 1.54£-06
45 1,85€-07 3.08E-07 B.93£-07
435 6.04E-08 1.78£-07 S.16E-07
L25 3.47E-08 1.02E-07 2.98E-07
415 2.00E-08 5.B9E-08 1.72E-07
405 1.15€-08 3.396-08 9.91E-08
195 6.59€-09 1.956-08 5.71E-08
385 J.79E-09 1.12£-08 3.29£-08
3rs 2.18E-09 6.45E-09 1.90€-08
345 1.25E-09 3.7T1E-09 1.09€-08
355 7.19€-10 2.13e-09 6.2BE-09
345 4.13E-10 1.238-09 3.62€-09
335 2.386-10 7.04E-10 2.08E-09
325 1.36E-10 4.0SE-10 1.20E-09
315 7.84E- 11 2.33E-10 6.89€-10
305 4.51E- 11 1,34E-10 3.96E-10
295 2.59E-11 7.69E-11 2.28E-10
285 1.49E- 11 4, L2E-11 1.31E-10
e 8.55€-12 T e.54E-N 7.53E-11
265 L.91E-12 1.46E-11 4.338-1
255 2.82E-12 B.I9E-12 2.49E-11
245 1.62E-12 4.826-12 1.438-11
235 9.32E-13 2.77E-12 8.22e-12
225 S.36E-13 1.59€-12 L.72E-12
215 Y.08€-13 9.14E-13 2.71E-12
205 1.77e-13 5.26E-13 1.56E-12
195 1.02E-13 3.02e-13 B.97E-13
185 5.B4E-14 1.748-13 5.156-13
175 3.36€- 14 9.97E-14 2.96E-13
165 1.93E-14 5.736-14 1.70€-13
155 1.11E-14 3.298-14 @.78E-14
145 &6.37€-15 1.896-14 S.62E-14
135 3.66E-15 1.096-%4 3.23E-14
125 2.10E-15 6.25€-15 1.86E-14

115 1.21E-15 3.59E-15 1.07E-14
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Depth (m}

Table § Outpat Data File (cont.)

Time = 600,00 years

6.95¢-
§.00€ -
2.30¢-
1.32€-
7.64E-
4.45E-
2.66¢-
1. 71E-
1_.30E-

16
14
1%
16
17
17
1?7

17
17

Time = 700,000 years

2.06€-15
119E-18
6.82E-16
3.93-16
2.27-16
1.326-16
7.9%-17
5.09-17
1APE-7

35

Time = 800,000 years

6.13€-15
35215
2.03E-15
11%-15
6.73E-16
39218
2.356-18
1.516-16
1.15€- 14
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Table § Output Data File for the Water Transport Model (cont.)

Depth {m) Time = 900,000 years Time = 1,000,000 years
1000 5.94E+03 5.94E+03
985 $.33+03 5.376+03
TS 4. T4E+03 4.79€+03
(-733 4. 15E+03 & .24E+03
955 3.80E+03 3.71E+03
945 3.08E+03 3.21€+03
935 2.61E+03 2.74E+03
925 2.186+03 2.326+03
915 1, 79E+03 1.94E+03
905 1.46E+03 1.60E+03
895 1. 17E+0% 1.30E+03
885 9.24E+02 1.05E+03
875 7.21E+02 8.35E+02
845 5.54E+02 6.56E+02
855 . _ 4.20E+02 5.09E+02
84S 3. 14E+D2 3.89€+02
815 2.326+02 2.94E+02
825 1.69€+02 2.20E+02
815 1.218+02 1.626+02
805 8.576+01 1.186+02
795 4.00€+01 B.49E+01
785 ¢ 14E+01 6.03E+01
775 2.83E+01 4, 24E+01
765 1.91E+01 2.95E+01
755 1.28E+0Y: 2.03E+01
745 B L&E+00 1.38E+01
735 S .S4E~00 9.29£+00
725 3.60£+00 6.20€+00
715 2.32€+00 L.10E~00
705 1.L8E+00 2.69E+00
695 $.L0€-01 1.75E+00
685 5.926%01 1.13€+00
675 3.708-01 7.24€-01
665 2.30e-01 L.60E-01
655 1.42E-01 2.91E-01
645 8.75:-02 1.83e-01
635 5.35€-02 1.14€-01
625 3.26€-02 7.08€-02
615 1.97€-02 £.388-02
605 1.19€-02 2.69€-02

595 7.17c-03 1.6LE-02
585 £.298-03 . 1.00€-02
575 2.56€-03 6.08E-03
565 1.53¢-03 3.67€-03
555 9.05E-04 2.21E-03
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Depth {m)

545
535
525
515
505
495
L85
LTS
465
455
445
435
425
415
405
395
385
375
365
355
345
335
325
315
205
295
285
27
265
255
245
235
225
215
205
195
185
175
165
155

Table 5 Output Data File (cont.)

Time =900,000 years

5.36E-04
3.16E-D4
1.86E-04
1.09€-04
6.42E-05
3.76E-05
2.20E-05
1.28£-05
7.46E-06
4.34E-06
2.52E-06
1.47E-06
8.50€-067
4.92E-07
2.85E-07
1.65E-07
$.53E-08
5.50E-08
3.186-08
1.83e-08
1.06E-08
6.10E-09
3.51E-09
2.02E-09
1.17€-09
6.71E-10
3.85E-10
2.22E-10
1.28E-10
7.36E-11
4.23e-11
2.43E-11
1.40€-11 -
B.O5E-12
4.63E-12
2.66E-12
1.53-12
8.79€-13
5.05E-13
2.90E-13
1.67E-13
9.59E-14
5.51E-14
3.17E-14
1.82E-14
1.05e-14
6.02E-1°5
3.46E-15'
2.00E-15
1.16€-15
6.97E-16
4.L8E-16
J.L1E-18

Time = 1,000,000 years

1.33e-03
7.93E-04
L. 73E-04
2.B1E-0¢
1.67€-04
9.85£-05
5.81E-05
3.42£-05
2.01E-05
1.18€-05
6.91€-06
4.DLE-06
2.36E-06
1.37E-056
8.00E-07
4.65E-07
2.70E-07
1.57£-07
¢.08E-08
$.26E-08
3.04E-08
1.76E-08
1.02¢-08
5.88E-09
3.396-09
1.96€-09
1.13e-09
6.516-10
3.756-10
2.16E-10
1.24€-10.
77811
L13E-11
2.37-11
1.37E-11
7.86E-12
4.52E-12
2.60E-12
1.50€-12
8.60E-13
4.94E-13
2.84E-13
1.638-13
9.39-14
S.40E-14
3.10e-14
1.796-14
1.03E-14
5.93E-15
3.46€-15
2.07E-15
1.33e-15
1.01E-15

37
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4.0 RESULTS AND DISCUSSION FOR THE WATER TRANSPORT MODEL

A great variety of techniques have been developed to extract and subsequently
analyze light hydrocarbons from rock samples. Basically, all of them use gas
chromatography (Tissot, 1984). Over the past years, the gas chromatography (for
separating HC compounds) coupled with the hydrogen-flame ionization detector (for
measuring concentration of hydrocarbon) has been developed. The concentration of light
hydrocarbons can be measured to a detection limit of parts per billion (ppb). The
detection limit is of relevance in the discussion of subsequent figures.

Figure 4 shows the relationship between time and ethane concentration as a
function of vertical water velocity. It is clear the vertical water velocity plays an
important role in moving the hydrocarbon gas to a shallower depth. A refationship
between depth and ethane concentration as a function of reservoir depth is shown in
Figure 5. In 10,000 years, ethane is able to reach the surface from a 500 m deep
reservoir while that frmﬁ a 1000 m reservoir reaches only a depth of 500 m in that same
time. Figure 6 shows the relationship between methane, ethaﬁe and butane
concentrations and depth. It shows that the concentration of heavier hydrocarbons
increases with depth. Ethane concentration vs. depth at different porosities is shown in
Figure 7. Not much difference has been noticed between the results at porosity 0.5 and
0.05.

A relationship between depth and ethane concentration at different rock
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Fig. 4 Ethane Concentration vs. Time at Different Water Velocities
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permeabilities are also shown in Figure 8. It is evident that higher permeability is
required for a hydrocarbon gas to reach the near-surface in a measurable amount in a
short time.

Table 6 shows the concentration of the methane, n-butane, n-hexane and n-decane
as a function of depth after 10,000 years of simulated migration. It can be seen from the
table that lighter hydrocarbons travel faster than heavier ones (Fig. 9). It can also be
seen that with depth, the concentration of the different hydrocarbons increases. At a
specific depth, the concentration of hydrocarbons decreases with increasing molecular
weight. As an example, at a depth of 945 m the methane concentration is about 5,000
times n-butane after 10,000 years.

Figure 10 shows the relationship between depth and hydrocarbon concentrations
at 500,000 years, assuming 3 lithologies of different permeabilities and thicknesses.
These are 200 m with a permeability of 1 X 102 cm?, 400 m with a permeability of 1
X 10* cm?, and 400 m with a permeability of 1 X 10° cm?. It is clear that lighter
hydrocarbons (methane and ethane) reach a shallower depth in detectable. amounts while
heavier hydrocarbons (n-decane) reach only deeper depths.

The mass of a gas reaching the surface can also be calculated. Ethane mass. is
also plotted against time in Figure 11. Ethane mass, which is brought to the surface, is
increasing with increasing time starting with smail changes and then increasing with time

in a non-linear relationship.
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Table 6 Methane, n-Butane, n-Hexane and n-Decane Concentration vs. Depth

Depth {m} Methane (ppm) n-Butane (ppm) n-Hexane {ppm} n-Decane (ppm)
1000 1.00E+06 1.00€+06 1.00€+06 ; -%f;‘_:‘;;
985 3.B7E+05 9.03E+04 2.59E+0¢ 15;‘00
7S 1.01E+05 4.35E+03 3.42E+02 f oo
965 1.97E~04 1.436+02 3,05€+00 5 3e6.07
955 3.05£+03 3.60€+00 2.086-02 e 10
945 3.91E+02 7.44E-02 1.16E-04 Y reeas
935 4.34E+0N 1.32€-03 5.54€-07 yebeT
925 4, 2TE+0D 2.06E-05 2.35€-09 320
?15 3.82E-01 2.93£-07 9.03E-12 P
905 3.14E-02 3.BLE-D9 : 3.21E- 14 6 2
895 2.42E-03 4.T26-1 1.07E-16 Z‘m-zz
885 1.76E-04 5.50€-13 5.41E-19 3'oo=ooo
875 1.23-05 61315 1.04€-21 C. £
B&S §.24E-07 6.59€-17 3.09E-2¢ o.oge‘go
855 5.36E-08 6.90E-19 B.9Q1£-27 0.00E °
843 3.408-09 7.05€-21 2.LLE-29 O.OOE:gO
B33 2.11E-10 7.08E-23 L.396-33 o.oo_‘oo
825 1.298-11 7.01€-25 0.00E+00 0-335’00
815 7.80E-13 ©.B7E-27 0.00E+00 3-00;.00
805 L.67E-14 6.58€-29 0.00E+00 O.ODE.OO
795 2.77E-15 -2 h2E-31 0_00E+00 0.005.00
745 1.64E-15 0.00E-00 0.00E+00 . s
s 9.69E-18 0.00E+Q0 0.00€+00 0.00€
765 5. 71E-19 0.00€+00 0.00E+00 o.ooe:gg
755 3.34E-20 D.00E+00 0.00E+00 0.00€
745 1.98£-21 0.00E-00 0.00£+0D 0.00E-00
735 1.17E-22 0.00E«C0 0.00E+00 0.00E+00
725 6.93E-24 0.00E+00 0.00E+00 0.00£+00
715 4.178-25 0.00€+00 0.00E+00 0.00€-00
708 ‘ 2.LLE-26 0.00£+00 0_0D0E«00 0.00E+00
695 1.45E-27 0.00E+00 0.00€+00 0.00£+00
685 B.65E-29 0.00E+00 0.00E+00 ©.00£+00
&75 4.97€-30 0.00E+00 0.0DE+00 0.00E+00
665 1.04E-31 0.00E-00 0.00E+00 0.00E-00
655 0.00E+00 0.00E~00 0.00€+00 0.00E~-00
645 0.00E+00 ¢.00£+00 0.00E+00 0.00€+00

# of Lithology = 1, Permeability = 1 X 10*° cm?,
Water Rate = 1 X 10" cm/sec, Time = 10,000 years
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Fig. 9 Methane, Butane, n-Heptane and n-Decane Concentration vs. Depth
#Lithology=1, Permeability=1 X 102 cm?, Water Rate=1 X 10™° ecm/sec,
Time=10,000 years
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5.0 CONCLUSIONS FROM PREVIOUS DATA

From the previous discussion the conclusions that can be drawn are as follows:

L.

Permeability is the most important factor in determining the rate of
migration of hydrocarbon gas dissolved in water.

Reservoir depth is also another important factor to be considered if the
microseepage mechanism is as a hydrocarbon gas dissolved in water.
Shallower reservoir depths and/or higher permeability are required for the
hydroca;bon gas to reach the surface in detectable amounts in a short
time.

An average permeability in the range of 10®* - 10° cm? are necessary for
getting the hydrocarbon gas to the near-surface at detectable amounts from
a relatively shallow reservoir.

Hydrocarbon concentrations increase with depth when approaching a
reservoir.

At a specific depth, the concentration of hydrocarbons‘ decreases with
increasing molecular weight.

Lighter hydrocarbons move vertically faster than heavier ones.



T - 4081 50

6.0 HYDROCARBON GASES - WATER FLOW IN POROUS MEDIA
The rocks located above the oil and/or gaé reservoirs are considered to be of great
importance for the retention of hydrocarbons within the structural boundaries of the
reservoir. If overpressure conditions are sustained in the reservoir, the possibility of gas
leaking through the overlying rocks exists (Tek et al, 1966).
The hydrocarbon gas leakage through the overlying rocks may be attributed to

either one of the following:

1. Exceeding the threshold pressure of the overlying rocks.
2. Mechanically fracturing the overlying rocks due to excessive overpressure.
3. By fractures extending through and across the overlying rocks as a resuit

of the drilling processes.

The threshold pressure is the pressure required for gas to start moving water or
displacing water out of the water saturated rocks. The presence of water prevents gas
flow since surface forces prevent gas from displacing the water. The ability of a rock
to contain gas is expressed in terms of its threshold pressure (Thomas, 1967). If the
capillary pressure (i.e., pressure difference between gas and water) becomes equal to or
greater than displacement pressure (threshold pressure) the hydrocarbons can enter the
pore spaces of the cap rock and flow through it. A negative relationship is found
between the rock’s displacement pressure and their water permeability, as shown in

Figure 12,
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6.1 Derivation of the Gas-water Flow in Porous Media

As described in the previous section, a certain displacement pressure, dictated by
capillary forces within the overlying rock must be attained before the gas starts to
displace water. At the displacement pressure, gas will start displacing water from
permeable channels within the overlying rock and thus establish communication with the
more porous and permeable formations above. Some questions need to be answered,
which include:

a) Will the hydrocarbon gas displace water from the overlying rock?

b) How far vertically will the hydrocarbon gas reach?

¢) How much hydrocarbon gas will be accumulated at a specific depth or distance

above the reservoir?

The basic equations describing hydrocarbon gas and water flow in porous media

are the continuity equations for each phase. For both gas and water, Darcy’s law is

proportional to the potential gradient of each phase (Tek et al, 1966).

- K
v =-K_"v x ¢, (Eg. 6.1)
- K
Vg =K _2v = ¢, (Eq. 6.2)

e
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where:
;: = velocity of gas
‘-,: = velocity of water
K = rock permeability
K, K, = relative permeability of gas and water
Ke = gas viscosity
ey = water viscosity
be = gas potential, ¢, =P+pgh
by = water potential, ¢,=P+pgh
v = del (a_i,aiy,a%)

The relative permeabilities of both gas (k,), and water (K,) will depend on the
water saturation (Figure 13). The relative permeability of gas increases with decreasing

water saturation.

6.1.1 Mass Conservation

The rate of accumulation per unit volume of a medium equals the net rate of

influx into that volume:
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K
eisz = VK_ZXV¢, (Eq. 6.3)
at B,
as k
ea_: = -VV+gq, = VK.F:‘_ngsd- g, (Eq. 6.4)
[
where
€ = average porosity of the overlying rocks (dimensionless)
By = viscosity (cp)
Py = water viscosity (cp)
Qw = the rate of flow of water
q = the rate of flow of gas

6.2 Relative Permeability and Capillary Pressure

When more than one fluid phase is present, the transport properties of porous
media are modified both because the effective permeability for each phase depends on
the saturation of that phase and because there is a saturation-dependent difference in the
effective pressures for each phase.

The hydrocarbon gas saturation (S,) is related to the water saturation by the

following:
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The relative permeabilities of both water K, and gas K,, can be obtained from Corey
(1954) relationships as follows:
K, =8}
K, =(1-S,)?

The pressure in the gas phase exceeds that in the water by the capillary pressure (Pc).
Pc = P-P = ¢,-9¢,+(,p)8h (Eq. 6.5)

where:
g = acceleration gravity, ML”
h = elevation, L
The relationship between capillary pressure and water saturation as well as the capillary

pressure changes with time can be obtained by using the chain rule as follows:

as as Pc
2 - 22 il . 6.6
a3t ape O (Fq. 6.6

Pc = Pg'Pw = ¢g-¢w+(pw-pg)gh$

dPc a(¢,‘¢w) (Eq. 6.7)
at d¢

From the previous discussion, the following simultaneous non-linear partial

differential equations of both gas and water potentials as dependent variable can be
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obtained:
K as | 0¢, do, (Eq. 6.8)
VK=V e+ g, = ~eope [ T
8
k as | 99, 0¢ (Eq. 6.9)
VKV ¢, +q, = £
KT o Eazﬂ'c[en: a:]

To solve these transport equations, both initial and boundary conditions need to
be specified. Both initial water and gas potentials are considered to be constant and
uniform throughout the overlying rocks. From those initial potentials and also from the
displacement pressure, the initial water and gas saturations as well as the relative
permeability of each phase will be determined.

The gas potential on the lower surface and both gas and water potentials on the

upper surface should be specified at

X=0 o¢,=¢,t,) ¢ = Initial water potential
X=L ¢,=¢, ¢, = Initial gas potential
X=L ¢.,=o, where L = reservoir depth

In this model, flow of water across the lower boundary of the overlying rocks.is
considered to be negligible.
To satisfy the mass balance condition, the total rate of flow of both gas and water

should be zero as:
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Qo+ qp+q.=0 (6.10)
The transport equations 6.8 and 6.9, can be written in terms of dimensionless

quantities using the following definitions:

_IKowl
Oep,,

H

(Eq. 6.11)

PC = (Eq. 6.12)
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where:
t = dimensionless time
X = dimensionless distance
Q. = water potential
Q = dimensionless gas potential
P, = dimensionless capillary pressure

In terms of the dimensionless quantities equation 6.8 and 6.9 may be written in the

following dimensionless forms as:

9 g 90, _ 35 |34, 96, (Eq. 6.13)
X " aX dPc | ar ot
iK ad)x __ a8 e a¢s_a¢w (Eq. 6.14)
9X *3X  8PCu, | 91 ot

Some new terms are introduced which are required by the numerical technique method,

which are:
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P = (0,422

R = [8,-3,)12

E=B"Tag (Eq. 6.15)
e

F=bf g
#8

By substituting in equations 6.8 and 6.9 equation 6.16 and 6.17 which will be solved by

the computer code can be obtained:

3 0P, 3 LOR (3R
= -48°% (Eq. 6.16)
% ax axEax % % = T4 Ea
3 0P 9 OR
0 gdP_ 4 poR =0 (Eq. 6.17)
et Al ) b k4

6.3 Numerical Analysis
The solution to the differential equations 6.16 and 6.17 requires that both initial
and boundary conditions be specified. To solve those non-linear partial differential

equations, either analytical or numerical methods can be used. These transport equations
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are too complex to be solved analytically. Numerical methods are more adaptable to
solving such equations (Crichlow, 1977).

In this model, the numerical method used is the finite difference method. It is
used because of its successful applications in reservoir engineering and also because it
can be solved more easily by a computer compared to other numerical techniques, such
as, the finite element method. The partial differential equations are approximated by
their finite-difference equivalent using the "leap-frog" approach. The advantage of using
the "leap-frog" technique is that substantially less time is required to arrive at a solution.
The basis of the technic;lue is io eliminate one of the two unknowns and thus reducing the
computing time by intrdducing two new independent variables and two functions. These
are the P, R, E & F shown in previous equations.

The finite difference approximations of equations 6.16 and 6.17 are

AEaR™ 4 aFapm+Qr- 0F = -2B[pan_pa]  (Eq. 6.18)
A

ik
AEmAPm*1+AF"'ARm+Q:+Q;' =0 (Eg. 6.19)
where m, m+1 = time levels. Equation 6.17 is used to determine P at the (m+1) time

level using known values of R, E, and F from the previous level, Then P®*!

is used in equation 6.16 to solve for the remaining unknown R™*!,
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7.0 RESULTS AND DISCUSSION FOR THE TWO-PHASE FLOW MODEL

The corﬁputer program used to describe the movement of the hydrocarbons in the
gas phase through the overlying rocks is written in Fortran and is operational on the
VAX8600. The original code which solves the finite difference equations for both water
and hydrocarbon gas transport is obtained from Tek, et al. (1966). A number of
modifications were made to account for vertical transport of hydrocarbon gas mixture.
A complete listing of the modified code is attached in Appendix 2. An example of an
input data file, with selected program variable definitions, is shown in Table 7.

The input parameters are composed of overlying rock properties (porosity and
permeability), which are taken to be the weighted average of all the overlying rocks by
considering the rock type percentage and their respective porosity and permeability. The
hydrocarbon gas properties are determined in this program by first calculating the gas
mixture (C,-C;) mass and then applying different known relations in calculating
hydrocarbon gas viscosity at specified temperature and pressure. The other parameters
including reservoir depth, grid block size, time steps, maximum simulatién times as well
as initial and boundary condition data are also used as input parameters.

The expected results from the displacement program are that the water saturation
of the overlying rocks decreases with time since the water is displaced by hydrocarbon
gas. The water saturation decrease should be high near the hydrocarbon gas reservoir

and decrease with increasing distance above the reservoir. At the same time, the gas
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Table 7 Input Parameters for Gas Migration Model

Reservoir depth (r:eters) T 1,000
Simulation time (years) 27
No. of overburden layers 1
Reservoir gas potential (psi) 3,000
Layer permeability (md) 0.001
Porosity 0.1
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saturation should increase with time and such increase should be high near the
hydrocarbon gas reservoir.

Table 8 shows an output data file using the input data parameters in Table 7. It
shows that gas potential at a specific depth increases with time. A plot of such data is
shown in Figure 14. It can also be seen from the graph that the change in gas potential
is small at short times and the change increases with increasing time. The importance
of overlying rock permeability in determining the extent to which the gas migrates to the
near surface is illustrated in Figures 14 and 15. By comparing Figures 14 and 15, which
were obtained with the same input parameters but with different permeabilities, we can
observe that at a specific depth the change in gas potential decreases with decreasing
permeability. Figure 16 shows the relationship between permeability and gas potential
at a depth of 100 m from the reservoir at different times. It can be seen that gas
potential at specific depths increases with increasing permeability. The increase in gas
potential becomes significant as time increases.

A relationship between the hydrocarbon gas saturation of the ovérlying rocks is
shown in Figure 17. At a specific depth, the hydrocarbon gas saturation is found to be
increasing with time.

At 100 meters above the reservoir, the relationship between hydrocarbon gas and

depth as a function of time is shown in Fig. 18.
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Table 8 Output Data File for the Two-phase Transport Model

DEPIH(m) GAS POTENTIAL(PSI) GAS POTEWTIAL(PS!) CAS POTENTIAL(PSI) GAS PQOTENTIAL GAS POTEMTIAL

TIME=0 YEARS TIME=2 YEARS - TIME =5 YEARS TIME=10 TEARS TIME=27 YEARS
10 1000, 1 1028.6 1030.7 1034, 1065.5%
e 1000.1 1058.3 1062.5 W7 92,7
223 1000.1 1089.4 1095.9 nee. 1821
337 1000.1 1122.% 1131.3 11493 1194 .6
445 1000.1 11%8.2 116%.8 1192.% 1251.4
555 1000.1 : 1928.0 1212.3 1263.4 13167
6L 1000.1 1246.7 1262.3 1298.3 1388.9
m 10001 1305.1 1327.% 1372.0 1.8L.9
832 1000.1 1405.% 1434.8 1696 .4 16464 &

1000 1000. 4 1967.2 2W040.7 21903 2563.4
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Fig. 14 Hydrocarbon Gas Potential vs. Depth
at 2, §, 10 and 27 Years
Permeability = 0.001 md Porosity = 0.1 Reservoir pressure = 3,000 psi
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Fig. 15 Hydrocarbon Gas Potential vs. Depth
at 2, 5, 10 and 27 Years
Permeability = 0.0001 ma@ Porosity = 0.1 Reservoir pressure = 3,000 psi
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Fig. 17 Hydrocarbon Gas Saturation vs. Time
at 100 m Above the Reservoir
Permeability = 0.1 md Porosity = 0.1
Reservoir Pressure = 2,000 psi Reservoir depth = 1,000 m
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Fig. 18 Hydrocarbon Gas Saturation vs. Depth Within the
100 m Interval Above the Reservoir, at 2, 5, 10 and 27 Years
Permeability = 0.1 md Porosity = 0.1
Reservoir Pressure = 3,000 psi Reservoir Depth = 1,000 m
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It can be seen that Hydrocarbon gas saturation at different times increases throughout the
overlying columh, and such increase is sharp near the reservoir.

An important relationship between hydrocarbon gas potential and time (2, 5, 10
and 27 years) as a function of reservoir potential at two depths of 10 meters from the
surface (A, B and C) and at 10 meters from the reservoir (D, E and F) is shown in
Figure 19, The reservoir pressure values were chosen to be in a range between a
minimum, which represents the hydrostatic gradient of approximately 0.5 psi/ft and a
maximum, which represents the lithostatic gradients of approximately 1.0 psi/ft. Three
important conclusions can be drawn from the graph. The hydrocarbon gas potential
increases with time at a specific depth. The hydrocarbon gas potential change at the near
surface does not change significantly (A, B and C) but there is some change even at the
near surface, while 10 meters above the reservoir, the hydrocarbon gas potential is
considered to be significant with increasing reservoir potential (D, E and F). It can also
be seen that with decreasing or increasing the reservoir pressure, the gas potential at a
specific depth will be decreasing or increasing, causing the disappearmcé or appearance
of the hydrocarbon gas anomalies even at 10 meters from the surface. This explains the

change in hydrocarbon anomalies in soil gas after short periods of time.
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Fig. 19 Hydrocarbon Gas Potential vs. Time as a Function of Reservoir Potential
Permeability = 0.001 md Porosity = 0.1
Reservoir Pressures = 1500, 2000, 3000 psi Reservoir Depth = 1,000 m
A, B and C at 10 m from Surface D, E and F at 10 m from Reservoir
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An expanded view of the hydrocarbon gas potential distribution at the near surface (A,
B, C from previous figure) as a function of rese-rvoir pressure is illustrated in Figure 20.
It can be seen that hydrocarbon gas pressure potential at the surface, increases with time
at a specific reservoir pressure but the increase is greater if the reservoir pressure is
large. This can be seen from the slope of the lines A, B and C. The figure shows that
at approximately 30 years, a total of 20-psi pressure change can be produced from a
3000-psi reservoir pressure potential, while a change of only 4 psi can be obtained if the
reservoir pressure is equal to 2000 psi.

Figure 21 also shows a relationship between time and pressure change at the
surface as a function of reservoir pressure. It can be seen that the hydrocarbon gas
pressure increases with time and that such an increase is sharp at first and then
approaches a maximum amount. The figure also shows that a total of 55 psi can be
observed at the surface in 100 years from a reservoir of 3000 psi pressure potential,

while a total of less than 10 psi can be observed from a reservoir of 1500 psi.
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Fig. 20 Hydrocarbon Gas Potential vs. Time Near Surface
as a Function of Reservoir Potential
Permeability = 0.001 md Porosity = 0.1
Reservoir Pressure = 1500, 2000, 3000 psi Reservoir depth = 1,000 m
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8.0 CONCLUSIONS FOR THE TWO-PHASE TRANSPORT MODEL
The conclusions that can be drawn from the previous discussion are the following:

1. Hydrocarbon gas potential change within the overlying column as a function
of time is found to be pronounced near the reservoir and such change becomes
small toward the surface. This conclusion can be related to the observation
that the hydrocarbon anomaly appears and/or disappears in short time.

2. The hydrocarbon gas potential at a specific depth increases with time.

3. Overlying rock permeability is a very important parameter in determining the
extent to which the hydrocarbon gas can migrate. The hydrocarbon gas
potential at a specific depth increases with permeability.

4. The hydrocarbon gas saturation increases with time and depth throughout the
overlying rocks, and such increase is pronounced near the reservoir.

5. The hydrocarbon gas potential changes with time near the reservoir and is
largest near the reservoir, while near the surface such change is smaller but
detectable.

6. With increasing the reservoir pressure, the hydrocarbon gas potential at a
specific depth increases and the increase is pronounced with depth. This
computed result can be compared to observed data of the hydrocarbon gas
anomalies at the surface with increasing reservoir pressure.

7. Decreasing the reservoir pressure causes the decrease of the hydrocarbon gas
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potential. This can be compared to observed data that the hydrocarbon

anomaly disappears as the reservoir pressure decreases.
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9.0 COMPARISON OF THE MODELS’ RESULTS WITH
DATA FROM NATURE
For the hydrocarbon microseepage mechanism model to be acceptable, such a
mechanism should provide results which are in accordance with data that have been
observed in nature. Four most important groups of data and observations should be
compared to the model results for any model to be accepted. These groups of data
include:
1. Surface hydrocarbon anomalies have been observed to appear or disappear in
a relatively short time as a result of changes in reservoir pressure. This
observation suggests that the vertical movement of hydrocarbon gases is
rapid. Horvitz (1968) surveyed the Hastings Field, Texas (which was
discovered in 1939), over which he found a hydrocarbon anomaly in 1946
(Fig. 22). Twenty-two years later, when more than 75% of the ultimate
reserve has been produced, the 1946 anomaly had disappeared (Fig. 23).
Hunt (1979) cited a study which showed that a few months after initiation of
underground storage of natural gas, the gas content of sand located 300 m
above the reservoir was increased ten times. Heroy. (1980) showed that
repressurization during secondary recovery caused a surface anomaly to
increase in intensity at Hilbig Field, Texas.

2. The actual hydrocarbon microseepage flux rates must be low compared to
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those already published, which seem unrealistically high. Rosaire (1938)
estimated the microseepage flux rate at Hastings Field, Texas,to be about
10,000 barrels of oil per day (bopd). Pirson (1941) estimated the maximum
microseepage flux rate for ethane at the Music Mountain gas field,
Pennsylvania, to be approximately 23 mm®24 hrs/ft*. Duschsher (1981) has
estimated the total hydrocarbon gas loss to be about 300 cu ft/year/yd® by
considering reasonable reservoir parameters. If such rates are believed to be
correct, a tremendous amount of hydrocarbons should have been lost, which
in turn will be just a small percentage of the original reservoir. This will
lead to a huge reservoir compared to the amount lost during microseepage
process.

These published microseepage rates are not practical. Millions, or even
hundreds of millions times smaller rates could be practical (Price 1981).
The third group of data which can be used to compare the model data is
based on the fact that the concentration of hydrocarbons increases with depth
(i.e. the light hydrocarbons were found throughout the sedimentary column
at parts per billion concentrations in shallow sediments and at parts per
méllion in deep sediments (Hunt 1984)). Sokolov and others (1971) noted that
in the deeper coring programs, a chromatographic effect is noticed over oil

deposits, with a progressive increase in the appearance and concentration of
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higher molecular weight hydrocarbons with increasing depth (Fig. 24).
Horvitz (1939) noted that the concéntration of the hydrocarbons tends to
increase with depth at Jefferson Davis Parish, Louisiana (Fig. 25). The
hydrocarbon concentration as a function of depth at Rosenberg, Fort Bend
County, Texas (producing), and at Harris County, Texas (dry) is shown in
Fig. 26 (Price, 1986). It is clear that hydrocarbon concentrations are higher
at the producing well and also that their concentrations increase with depth
as the reservoir is approached. Variation of gas hydrocarbon concentration
in shale as a function of depth in a hole drilled near Walvis Ridge (off the
west coast of Africa) is shown in Fig. 27 (Hunt, 1984). It shows that
hydrocarbon concentrations increase with depth. Rocks from the near-surface
intervals of three shallow core holes drilled in shale from west Greenland
shows a pronounced depletion in concentration of light hydrocarbons towards
the surface (Fig. 28) (Leythaeuser, 1980).

The fact that hydrocarbon microseeps are composed dominantly of C, to
C, hydrocarbons, is another piece of data that should be considered
in interpreting the results obtained by any proposed microseepage
mechanism(s). The hydrocarbon anomaly usually does not involve detectable

Cs. hydrocarbons.
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10.0 COMPARISON OF THE TWO MODELS

Both models show that permeability of 6verlying rocks and reservoir depth are
the most important parameters in determining the rate of migration of the light
hydrocarbons. They also show that light hydrocarbon concentration increases with depth.
The models demonstrate that at a specific depth the concentration of light hydrocarbons
decreases with increasing molecular weight, and increases with time. The time required
for a light hydrocarbon to reach the near surface dissolved in water, considering
reasonable properties of both the overlying rocks and fluid, is far more than that required
to reach the surface by considering the two-phase flow model. The hydrocarbon gas-
water transport model explains that hydrocarbon amount at the near surface is not so
significant, but it is significant at deeper depth. This can be compared to the observed
data that only a small concentration of light hydrocarbons are observed on the near
surface sediment even when considering geologic time. The hydrocarbon gas-water
model explains that with increasing or decreasing reservoir pressure, the light
hydrocarbon anomaly at the near surface could appear or disappear respectively. This
piece of data supports the observation that with the increase or decrease of reservoir
pressure, the anomaly may appear or disappear in a relatively short time.

From the above discussion, it can be stated that shallow reservoir depth and/or
high permeability of the overlying rocks are required for light hydrocarbons to reach the

surface dissolved in water in detectable amounts in a relatively short time. Also, it can
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be stated the most plausible light hydrocarbon microseepage mechanism can be attributed
to the hydrocarbon gas-water transport model because it shows the best agreement with

the existing observed data.
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c TEHITTS TR T T ROV OYN YT T
¢
¢ COMPUTER PROGRAM TO SOLVE TWO DIMENSIONAL VERTICAL MIGRATION
¢ OF WYDROCARBON GASES DISSOLVED IN WATER IN A PORCUS MEDIA,
¢ USING FINITE OIFFERENCE WMERICAL TECHNIGUE.
c " LA 4 W ey
Losnsnnas seseacnnacs Y 17T -1 L
c TMAX:  MAXIMUM SINULATION TINE
c TININ:  INITIAL TI%E
c DELT:  TIME INCREMENT
¢ NCOL:  NUMBER OF COLUMNS
¢ NROM:  KUMBER OF ROWS
c XSRID: GAID DISTANCE IN X-DIRECTION
c GRID: GRID DISTANCE IN Z-DIRECTION
¢ RELAX: RELAXATION PARAMETER
¢ ERROR1: CLOSURE CRITERIA FOR TRANSPORT EQUATION
c MAXIT: MAXIMGM [TERATIONS
c WOENSI: WATER DENSITY
c NLITHO: MUMBER OF DIFFERENT ROCK TYPES IN COLUMM
¢ PERM:  ROCK PERMEABILITY TO WATER
¢ WVISCO: WATER VISCOSITY
¢ WCOMPR: WATER COMPRESSIRILITY
c RCOMPR: ROCK COMPRESSIBILITY
¢ PORD:  ROCK POROSITY
¢ LCO:  LEFT COLLIM
¢ RCOL:  RIGHT COLUMN
¢ TPROW: TOP ROW
¢ WRATE: WATER FLUX RATE
e mm e ttc e e rranaaannaaaeaneneaamemneeenvaraanna ee————
INCLUDE ARRAY .OAT+
c --------------------------------------------------------------------
[ !EAD AND “ITE SlH.ILATIm DATA
c-‘ --------------------------------------------------------------- -
CHARACTERY30 MICROSEEPAGE
WRITE(™,*) 'ENTER NAME OF INPUT DATA FILE*
READ(*, 7Ca)’) WICROSEEPAGE
OPEN(2, FILESHICROSEERAGE , STATUS " OLD* )
WRITECY,*) 'WKAT 1S THE RESESRVOIR OEPTH [N METERS’
READ(®, %) DEPTH
READ (2,%) TMAX,TIMIN,DELT
READ (2,*) WCOL.NREM,XGRID,ZGRID
NERR=NROW- 1
NLYY=NCOL -1
NODE S >NROW=NCOL
C----—. ---------------- R e R L L T p
c :n:muzxuc ArmATS § CONSTANTS
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c

c
c
c

1CONVGa0
NTIM=0
NITT=0
NiTt1=0
JFLAG=1
KP=(

D0 1=1,NCDES

f{I) 0.0
PP{1)20.0
HSPERM(1)=0.0
WATCON1(1)=0.0
WATCON2(1)=0.0
HPERM(1)=0.0
VPERM(1)=0.0
FLUX(1)=0.0
A{1)s0.0
3(1)=0.0
£(1)=0.0
D(1)=0.0
E(1)=0.0
RH$(1)=0.0
X1(1)=0.0 -
DX1¢1)=0.0
DX2¢1)=0.0
DZ1()=0.0
022¢1)20.0
vK(1)=0.0
vZ(1)=0.0
cCe1y=0.0
CoLD(1)=0.0
£S5(1)=0.0
NCTYR(L)=0
END DO
ASSIGN HORIZONTAL AND VERTICAL COORDINATES

DO 1=1,NCOL

XXGRID(I)sXGRID

END DO

DG 1=1,NROW

ZIGRI1D(1)=IGRID

END DO

CONTINUE

DO Ns2, KCOL
HOIS{N)=HD1S(N-1)¢0. 5 (XNGRID(N-1)+XAGRID(ND)
END DO

BO =2 ,NROM
VDIS(JISVOIS(J-1)+0.5%(Z2GRID(J-1)+22GRIDCI))
END 00

CONT I NUE

CALL SUBROUFINES TO READ, WRITE AND CALCULATE VARIABLES

---------- e Y L L L T P T Y T L)

CALL INPUT
CALL SOLUTION
CALL OUTPUT
CALL SEQUENCE

{F(.NOT.SSTATE) CALL SETLP

CALL COEF
NITT=NITT#NIT

IF (. NQT.SSTATE) CALL TVELD
IF(.NOT.SSTATE) CALL TCOEF
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tF (.NOT.SSTATE) CALL TSETUP
NITTI=NITT1+NITY

C  COMPUTE MASS BALANCE COMPONENTS

CALL QUTPUT
CALL MASS
[FCJSTOP.NE.1) GO TO &0
END
S bbbt b bbby
c SUBROUTINE INPUT:
¢ 10 IIEAD INPUT DATA
[ =-eecceaesssasssssstesasesmes-ses-ses-esssmesr-SSsssssssmrossceccessooisses
SUBROUTINE Il?l.lT
Commamnnass tassmsmmanmen wmsammmmemoann Miesesamecceissssesssacez-isssssmamamers
INCLUDE ‘ARRAY. DAT'
T e G D DR E L LT L LS b iehdedelddiedleleiedei it
¢ READ AND HlITE IHITIAL DATA

REAC (2,*) ERROR,RELAX, ERROR1
READ (2,%) MINIT, MAXIT

READ (2,%) WDENS!

READ (2,*) MLITHO

1F(MAXIT.GT.200) GO TC 150
£ READ AND WRITE ROCK PROPERTIES FOR EACH LITHOLOGY

Do 20 J22=1,10

00 10 J23=1,100
10 HE(J22,023)=0,

DO 20 J2Z3=1,100
20 HT(J22,423)=0.

D0 30 J22=1,NLITHO

READ (2,*) J
g=980.0

c CALL WVISCOSITY (WVISCO,WDENSI)

READ (2,*) PERM
HK(d, 11)=PERMWDENS | *g/WV [ $CO

€ UNITS IN CH/DAY
HECJ, 1Y8HKCd, 11)%60°60%24
CALL COMPRESSIBILITY (MCOMPR,RCOMPR,DISTANCE,NLITHO)
READ (2.*) PORO

£ TO COWVERT FRCM 1/PSI UNITS TO O SEC2/9

WCOMPR Y= ( (WCOMPA™2,5472.54)/(4537980))
RCOMPR1=( (RCOMPR*2,546%2.54)/(453*960))
HK23 (WOENS [ *g™( (PORC*WCOMPR 1 }+RCOMPR 1))
HK(d, 2)9HR2

HK(J,3)% PORO

READ (2,") HT(J,1),HT¢4,2) 0TI, B)
HTEJ, 1)aNT(Jd, B)*60*60"24

WRITE(10,2000) (HT(J,1),1=1,3)
30 CONTINUE
WRITE (10,3000) -
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c

&0

50

o

100

110
120

READ LITHOLOGY TYPE

JTPx

READ (2,*) TPROW, ICODE
DO 50 W=1,KCOL
IDUM{N )=| CODE

CONT I NUE

00 60 J=JTP, TPROW

00 60 Ns1,NCOL
IN=NROW® (N-1)+]
J22=I0UM(N)

HSPERM( [N)=HK{J22,1)
JTEX(IN}=y22

CONTINUE
(F(TPROW,EQ.NROW) GO TO 70
JTP=TPROW 4

GO TOD 40

CONTINUE

BORDERS OF DOMAIN ARE ALL SET TO NO FLOW BOUNDARIES

DO 80 1s1,NROW
11=NQDES- 11
HSPERM( [ )=0
HSPERM(11)a0
DO 90 Is2, NCOL
11s(1-1)"NROW
HSPERM( [ 1)=0
HSPERM(11+1)80

0C 120 J=1, WROM
DO 100 N=1,NCOL
DUM{N)=D

DO 110 wat,NCOL
[NSNROW® (N~ 1)+
Z1=V0IS{J)
P{IN)=-21
PPLIN)=P(IN)
CONT INUE
CONTINUE

C COMPUTE INITIAL NONLINEAR COEFFICIENT YALUES

130

140

CALL COEF
CONTINUE

DO 130 IN=1,MNODES
NCTYP(IN)=Q
IF{HSPERM({IN).EQ.0) GO TO 130
WATCONZ( IN)WATCONT( IN)
CONTINUE

CCeN)=0.0
COLO(N)=0.0
CONT I WU

C COMPUTE INTERCELL PERMEABILITIES

150

2000
3000

CALL PERMEABILITY

RETURN

WRITE(™,*) MAXIT

sToP

FORMAT(9X, 10¢ 1PD12.3})
FORMAT (1H,5X, 14, 2X, 1001 1)
END
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c
SUERG.IT]HE SEQUENCE:
g 10 CONTROL THE TIIIE SEQUENCE OF SIMULAT{OM

C--semssmasrase--oossmmoonas P L L LR E LR LA b i el
SUBROUTINE SEQUENCE

C ADVANCE TO NEXT TIME STEP

NTIMsNT 1M1
LF (NTIM.NE.T.AND.JSTOP.EQ.1) RETURN
JSTOP=0
JPLT=0
N1T=0
WiT1=0
IF(NTIM.EQ.1) KPLT=!
1#(JFLAG.EQ.1) GG TC 10
60 10 70

10 CONT INUE
KpsKp+1
SSTATE=, FALSE.
READ (2,7) WMAXPC, EROR
MAXPCSABS(MAXPC)

CALL SOLUBTLITY{CONC,DEPTH)
WRITE(™,*) CONC,DEPTH

Leemnn~ R L L T L )
c READ [N WHDMT mmous FOR SIMULATION
(evememcassssssssroscmeesmmmsssascssssesesacco-sranasTTssenuenes
20 READ (2.7} JJL,JJR,WRATE
WRATED sWRATE*60"80%24

IF(JJL.GE.9999) GO TO 40
CONT [ NUE
20 30 JJsJJL,ddR
DO 30 NN=1,HCOL
INSNROW® (NN=1)+dJ
CSCIN)RCONE
CC{ IN)RCONE
NCTYP( IN}=1
218D 18CJ4)
COMTINUE
¢ SET FLUX TO WATER FLUX RATE

AREA=XXGRID(NN)
FLUXC IN)*WRATEDAREA
30 CONT INUE
G0 10 20
1y CONT I NUE

THPXuT TRl Mo THAX
{FCTHPX+ S*DELT.GT. TMAX) THPX=TMAX

€ CALCULATE NEW COEFFICIENTS
TF(NTIM.NE.1)CALL COEF
n CONTINUE

C INITIALIZE REQUIRED ARRAYS FOR BOUNDARY CONDITION, UPDATE
C PP, WATCONZ. COMPUTE MAXIMUM PRESS. CHANGE DURING LAST TIME STEP

POIF=0,
TFC(NTIM.NE. 1 . AND . .NOT.SSTATE) THEN

99
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DO B0 J=2 KXRR
DO B0 N=2 WNLYY
[NZNROW® (N-1)+J
[F{HSPERM({IN).EQ.0.) GO TO B0
P12=P(1N)-PPCIN)
PTMP=ABS(P12)
[F(PTMP.GT.PDIF)PDIFePTMP
PP{INI=P(IND
WATCONZ( IN)=WATCONT(IN)

80 CONTIRUE

C  CHECK FOR STEADY STATE

[F(PDIF.LE.EROR) THEN
SSTATE=, TRUE.

END IF

END IF

JFLAG=0

C INITIALIZE DHMX

po I=1,20%

DHMX(I)=0.

END DO

KPLTSKPLT+)

JPLTE1

TIMINSTIMIN«DELT
TFCTHAX-TIMIN,LT.0,5*DELT) THEN

a5TOP=EY
JPLT=Y
END IF
RETURN
END

€ SUBROUTINE SETUP:

< TO SET UP COEFFICIENT MATRICES AND CALL ALGORITHM.

I L e L R R L LR LR R P P PR PR P T
SUBROUTINE SETUP

o
[NCLUDE 'ARRAY.DAT'

c ...............................................................................

c UPDATE COEFFICIENTS
113=0

10 GO TO 30

20 CONTINUE

30 IF (NIT.NE.O) CALL COEF

[ =mmeeesmcccscaas D L L T T T T T T PN LR

4 LOOP TO CALCULATE COEFFICINT MATRIX

£ reeveccncsccaanas et rrat et h e cm e e e eeaanaay

-
DO 40J=2,NXRR
00 401=2, NLYY
NaNROW* (1-1)+d
IF(HSPERM{N).GT.0.) THEN
JM1=mN-1
JP1uNe]
1M1= - NROW
1P1aN+NROM
VOL=XXGRIDCI)*22GRIDCI)
JJZJTEX{N)

c CALCULATE STORAGE TERMS

TisVDIS(S)
PTMPEP(N}+1
SS=HK(JJ,2)/HKCJ, D)
GSSaVOL™WATCONT(N)®SS
G1=0
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40
4

c

c

50

APPLY NEWTON-RAPHSON LINEARIZATION TO STORAGE TERM,

SET
AND

TF(NIT.GT .0.!“0.XI(N).NE.U)Gh(P{I)-PP(N))'(BSF*GSS-PITT(N))/

X1(N)
PITT{N)=GSS
Gi=-G1/DELT
GSS=-GSS/DELT

THE PENTA-DIAGNOL COEFFICIENT MATRIX (E IS MAIN DIAGNOL)
RIGHT HAND SIDE

A(R)=HPERM(N)

B{N)SVPERM(N)

C{N)=HPERM(1P1)

D{N)sVPERM{ JP1)

E(R)I=-A(N)-B{N)-C(N)-D(N)
RHS(N)'VOL'(UA?CDH1(I)'HATCOHZ(N))IDELT'(FLUK(“)J‘(A(")
'P(lﬂ1)*8(ﬂ)'P(JH1)*C(NJ'P(1P1)+D(N)'P(JP1}*(E(N)*GSS)'P(N))
+GSSTPP(N)

ECN)=E(N)+GSS+G1

END IF

CONTINUE

CALL SOLUTION ALGOR[THM

NITaNIT+1
CALL SLVSIP
IF(NIT.LT.MINLT) GO TO 30

IF SOLUTION HAS BEEN FOUND THEN RETURN

IFCICONVG.EQ.0) RETURN
IF(NIT.LE.MAXIT} GO TO 30

RESET HEADS TO VALUES AT END OF PREVIOUS TIME STEP

DO S0 [I=1,NODES
{F(HSPERM(11).GT.0) PCIIY=PR(I])
CONT INUE

NIT=1

GO 10 10

END

C SUBRCUTINE COEF:

TO COMPUTE ALL VALUES OF NONLIMEAR COEFFICIENT USING RECENT VALUES

INCLUDE “ARRAY.DAT’

C ............. memessameaveccmaBecsaacecececsanecsuTst et omasaas e e aaseesansansene

<

DO 10 Je2, NXRR

DO 10 N=2,NLYY

INSHROW* (N=1)+J
TF(HSPERM(INY.GT.0.) THEN
J12JTEX{IN)

COMPUTE PRESSURE TD USE IN FUNCTIONS

21=VD1S(J)

PTMP=P( 1N)+Z1
NK(1,3)=PORD
WATCONT(IN)aNK(I,3)
END IF

CONT IHUE

RETURM

END
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SUSROUTINE PERMEABILITY:
T0 COMPUTE INTERCELL PEAMEABILITIES

COMPUTE HARMONIC MEANS OF HSPERM

DO 10 J=2,NROW

o0 10 N=2,NCOL
INENROWT(N-1)+J

JH1=(N-1

KM 1= N-HROW
IF(HSPERM(IN),EQ.0.) GO TO 10
AREA=XXGRID(N)

VERTICAL PERMEABILITY THROUGH BOTTOM

VPERM{ IN)=2 . O*AREA®HSPERM{ 1N )*HSPERM(JM1 )/ (HSPERM( M1}
L *IIGRIDCJ)+HSPERMCINY*Z2GRID(J-1))
AREA=ZZGRIDCI)

HORIZONTAL PERMEABILIY THROUGH LEFT-HAND SIDE

HPERMU{ IN)=2, OFAREATHSPERM( [ N) THSPERM(NM1)/ ( HSPERM(NM1)*XXGRID(N}
L +HSPERM{IN)*XXGRID(N-1}}

CONTINUE

RETURN.

END

SUBROUTINE SOLUTION:
TO SOLVE THE MATRIX EQUATIONS USING THE STRONGLY [MPLICIT METHOD.

DATA IORCER/1,2.3,4,5,1,2,3,4,5, 1%/

COMPUTE [TERATION PARAMETERS

J2=NCoL-2
12aNR0M~-2
L2s5
PL2=L2-1
wal,
PIE=Q,
wo=100. _

COMPUTE MAXIMUM PARAMETER

DO 10 I=2,NXRR

DG 10 J=2,NLYY
NaNROW® (J- 1)+
EF(HSPERM{N).EQ.0.. 5O TO 10
IM12JTEX{N)

PIE=PLE+1.
DX=XXGRID(J)/HD [ SCMTOL )
RYRIZGRID(1)/VDIS(NROW)
DX32DX*DX

DY2sDY*DY

Wabde . -DMINTCCOX3+DX3)/(1,+0X3/DY2), (DY2+DY2)/
(1.+DY2/0%X33)

CONTINUE
WasW/P1E

102
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C  COMPUTE PARAMETERS [N GEOMETRIC SEQUENCE

Piz-1,
DO 20 I=%,L2
PJxPi+1,
20 TEMP( )=, -(1,-W)**(PJ/PL2)

C  ORDER SEQUENCE OF PARAMETERS

00 30 J=1,L2
30 HM{( J)*TEMP(TORDER(J))
RETURN

C  STRONGLY IMPLICIT ALGORITHM

ENTRY SLVSIP
122NROM- 2
J2=NCOL -2

< SELECT I[TERATION PARAMETER. INITIALIZE ARRAYS

NT=NITY
TF(MOD(NT,L2).EQ.C.OR.NT.EQ. 1)NTH20

NTHENTH+1
WaHM(NTH)
1CONVG=0
00 40 1=1,NQDES
SIP1(1)=0,
SIP2(1)s=0. .
SIP3(1)a0.

40 XItly=0,
BiGI=0.
BIGI1=0,

C  CHOOSE SIP NORMAL OR REVERSE ALGORITHM
IF(MOD(NT,2)) 50,80,5

£ 1esceccocnasssasccarsaranna L L L L L L LTy y iy -
c ORDER EQUATIONS WITH ROW 1 FIRST - EXAMPLE:
c 123
C 456
c 789
c .................................................................
50 . DO &0 1=2 NXRR
DO 60 J=2,KLYY
N=[+NROW®(J-1)
[ SKIP COMPUTATIONS OF NODE 1S QUTSIDE OF SOLUTION DOMAIN
IF(HSPERM(N).EQ.0.) GO TO &0
TF(NCTYP(N).EQ.1) GO YO &0
-
NL=N-NROW
NAzN-1
NB=N+1
L cmemmeas SIP “NORMAL®™ ALGORITHM ----ss-vsssa-ceoan
€ e-w-e ~=- FORWARD SUBSTITUTE, COMPUTING [NTERMEDIATE VECTOR V ----

CHESIPI(NAY*B(N)/ (1. +W*SIP1(NA))
GHRSTP2(NLY*A(N)/ (1. «*SIP2(NL})
SBHRB(N)-W CH

DHEA(R) «W™GH

ENSE{N Y +W*CH+W GH

FHEC{N) ~W"CH

HHSDON ) ~W™GH
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80

104

ALFASBH

BETA=OH

GAMAZEH-ALFASIP2(NA)-BETA*SIPI(NL)

SIP1{N)=FH/GAMA

SEPZ(N)=HH/GAMA

RESsRHS(N)
SIPI(N)=(RELAX*RES-ALFA*SIPI(NA)-BETATSIPI(NL ) )/GAMA
CONT INUE

--------- BACK SUBSTITUTE FOR VECTOR X1 ---e------

Do 70 [=1,12

13=NROW- 1

Do 70 421,42

JI=NCOL-J

N=[3¢NROW™(J3-1)
IFCHSPERM(N}.EQ.0.)G0 TO 70

IF(NCTYP(N),.EQ.1) GO T0 7O
XTEKIZSIPIINY - SIP1CH) AT (N+NROM ) -SIP2(NI*XI (N+1)

FIND MAXIMUM PRESSURE CHANGE

TCHK=ABS(XI(N)}
IFCTCNK.GE.BIGI) THEN
BIGI=TCHK
BIGI1=XI(N)

END IF

CONTINUE

GO TO 110

ORDER EQUATI

ITH THE LAST ROW FIRST - 3X3 EXAMPLE

00 90 11=1,12
TaNROMW- I

DO 90 J=Z, NLYY
Na[+NROW*{J-1)
NL=N-NROM
NA=N-1

NBaN+1

SKIP COMPUTATIONS IF NQDE 15 QUTSIDE OF SOLUTION DOMAIN

IFCHSPERM(¥).EQ.0.) GO TO 90
IF(NCTYP{N).EG.1) GO TO 90

----- <<=~ SIP "REVERSE™ ALGORITHM --=<--=--=cosooocaonao-

[ FNHAR‘Q SUBSTITUTE, COMPUTING INTERMEDIATE VECTOR V

90

CHaSIPI(NB)Y*D(N)/{1. +W*SIP1(NB))
GHESTPRCNLY*ACH) /(1 +W*STP2INLY)
BH=D{N)-W*"CH

DH=A(N) -W*GH

EHSE(N)}+W*CH+W*"GH

FH=C(N)-W*CH

HN=B{N)-W"GH

ALFA=BN

BETA=OH
GAMA=EH-ALFATSIP2(NB)-BETA*SIPI(NL)
SIPI(NI=FN/GAMA .

SIPZ(N)=HH/GAMA

RES=RHS(N)
SIPI(N)#(RELAXTRES-ALFA*SIPI(NG) -BETATSIPI(NL ) ) /GAMA
CONTINUE
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£ -- BACK SUBSTITUTE FQR VECTOR XI

Do 100 13=2 , MXRR

0O 100 J=1,42

J3=NCOL-J

N=13+NROW*(J3-1)
[F(HSPERM(N).EQ.0.) GO TO 100
IFCNCTYP(N}.EQ.1) GO TO 100

XICR)IRSIPIINI-SIPTCN)*XTI(N+NROW) -SIP2(N)*XI(N-1)
c FIND MAXIMUM PRESSURE CHANGE

TCHKmABS(XI{N))
IF{TCHK.GE.B1Gi) THEN
BIGI=TCHK
BIGL1=XI(NY
END IF

100 CONTIRUE

c COMPUTE RELAXATION PARAMETER W FOR PRESSURE CHANGES. ALGORITHM
I 1S FROM COOLEY (1943)

110 s=1,
TFCNT.GT.1.AND.W1.NE.0.0)  S=BlG11/W1
S$12485(S)
IF(S.LT.-1.) THEN

wel./{51+51)
ELSE

W=(3+5)/{3+581)
END IF

TF(W.EQ.W9) W=, 9"
Wiay*g81G]1

TF{W1.GT . MAXPC) W=MAXPC/BIGI
FFCBIGIT.LT.O) Wiz-w1

C  ADD CHANGES TO PRESSURE MATRIX

Wo=t

[F{TRANSP) THEN

DO 140 N=NROW+1,NODES

LFCHSPERM(N).GT.0.)  COON)=COINI+WXI(N)
150 CONT I NUE

[F(BIGI.GT.ERRORT) 1CONVG=1

ELSE

DO 145 N=NROW+1,NODES

[FCHSPERMIND .GT.0) PCNI=P(N)+W*X]1 (N}
145 CONTINUE

c COMPARE MAXIMUM PRESSURE CNANGE TO CLOSURE CRITERION,

IF¢aIG!. 8. ERROR) 1CONVG=
DHMX (KT T)=B1GI
END IF
RETURN
4000 FORMAT (1X, 15, 25HSIP ITERATION PARAMETERS:,&015.7/(28X,6015.7/))
END

C SUBROUTINE MASS:

c TO COMPUTE FLUXES AND MASS BALANCE

C=-mmtesssmnsmmmmasesmssnanmnoemeeameesets-taiteamesaaTerreaussernaTonasaanas
SUBROUTINE MASS

CemesemmmmmanesasesnnyosamrsacemmeeeeeatesassnaciacTaiearesesaene s
INCLUDE ‘ARRAY.DAT'

c ----------------------------------------------------------------------------

[ INITIALIZE BALANCE VARIABLES USED FOR ENTIRE SIMULATION

IF(NTIM.EQ.1) THEN

105
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DO 10 181,72
BL(1)=0,
CONTINUE

END IF

€ INITIALIZE MASS BALANCE VARIABLES USED FOR CURRENT
€ TIME STEP

BLTEMP=0

BL{9)=0.

BL{12)=0.

BL(S8)=0.

DO 20 J=2,NXRR

DO 20 N=2, NLYY

INSHROW* (N-1)+J ‘
[F(HSPERM(IN}.EQ.0.) GO To 20
I [N-1

JPYEN+1

NH4= [ - NROM

NP ] N+NROW

VOL =XXGRID(N)*Z2GRIDCS)

c SUM CHANGE 1IN STORAGE

[
&
[
&
&
H
&

GSFRVOL* (WATCONTCIN) -WATCONZ(IND)
JIRJTEXCIN)

SS=HKCJJ,2)/0K(4d,3)
GESaVOL*WATCONI{IN)"SS

BL(6B)=L(68)+VOL*(
CCOIN)™WATCONT (IN)*(1+SS*PCIN) ) ~COLDCIN Y WATCONZ(IN)*
(1+5S*PP(IN)))

SSR-HT{JD, &) (MATCONTCIN)+WATCOMTCIN)*PCIN)*SS) "DELT

BL(62)=BL{&2)+ VOL*SS*CC(IN}
BLTEMP=BLTEMP

[P2=NP1-1

[M2zNM 1+

IM3=NM1-1

[P3aNP1+1
TS=(DX1{NP1)"{CCCIN)-CC{NP1))-DN2{NP1)*(.5)%¢
CCLIPTI-COLIMTICOLIPS)-CC(IP2)))
S(DXTCINI*CCCCINY-COONMT ) )+OX2C IN) (. 50%C
CCLJP1)-CCLIMIY*CCL IN2)-CO(IM3) ))
«{DZYCIPHI*(CCLINY-CO(JP1))-D22(IP1)*(.5)%(
CC{NP1)-COCNMT)SCTCIPI)-COLIM2)))
«(DZ1CINY*CCCCINY -COLJMT 3 )+0Z2( INY*{.5)%¢
CCINPY}-COCNMY)+CTCIP2X-CC(1INMT)))

€ CALCULATE FLUX RATES ACROSS DOMAIN BOUNDARIES
€ FLUX FOR MEUMAN CELLS

20

Tr¢rLux Ty LE.0) THEN
BLC12)=8L{12)+FLUX(IN)
BL{45)=BL{4S I+ FLUXCINI*CL(IN)
ELSE

BL(9)=BL(F)*FLUXCIND
BL(42)#BLC42)+FLUXCINIYCSCIND
END IF

CONTINUE

c TRANSPORT MASS BALAKCE CONMPONENTS

BL{STI=BL(67)+BL(68)
BL(&5)=BLTEMP-BL(84)

8L (&4 )=BLTENP
BL{54)=8L(36)+BL(42)+BL(48)
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DO 40 {235,593

BL{I)aDELT*BL(I+1)
40 CONTIRUE

BL{52)2BL(52}+BL(53)

WRITE (15,1000) (BL{M) M*52,53)
WRITE (15,2000) (BL{M) Ma&7,68)

1000 FORMAT(2X, ' TOTAL FLUX INTO DOMAIN ’,
& I5X,2(1PE15.5,5X)/)

2000 FORMAT(2X, * CHANGE IN SQLUTE STORED IN DOMAIN -- ',
& 2(IPE1S.5,50)/)

RETURN
END

¢  SUBROUTINE OUTPUT:

= TO DISPLAY QUTPUT RESULTS

(reeavesncummasmasmeamssasassassrasnarosacc omo--cc-ssssasiii-eatmmasesscisannanns
SUBROUTINE QUTPUT

[ e R L R L R R e E el bbbl
INCLUDE ‘ARRAY.DAT!

Cvvvaamsummennnsmcaenssssaserrnecoesotsstanmsanssassamasasnsaersaasrassnsnnsnnmnn
IF(NTIM.EQ.0) GO TO 10
1F(JSTOP.EQ,1.0R, JPLT.EQ.1.) GO TO 10
1F(JFLAG.EQ.U. JRETURN

10 WREITE(10,4000) TIMIN/365.0,KTIM

C  PRINT COMCENTRATION

WRITE(10,5000)

CALL PRINT2D(1,CC)
130 CONTINVE

RETURN

4000 FORMAT (10X, /5%, 20NTOTAL ELAPSED TIME =, 1PE12.3/10X,
& TOMTIME STEP ,I5,/7)

5000 FORMAT(51X, ! CONCENTRATION')
END

<
C SUBROUTINE PRINTZD:

[ TO PRINT TWO DIMENSIONAL ARRAYS
C‘ --------------------------------------------------------------- ewmssmsmass s
. SUBROUTINE PRINTZDCIV,VPRNT)
c --------------------------------------------------------------------------------
INCLUDE 'ARRAY.DAT!
C -------------------------------------------------------------------------------
WRITE (1Q,1000) .
WRITE (1872000) (HDISCI3/100, [=2,NLTY)
DO 30 J=2 NARR
00 10 N=2,NLYY
INSNROW® (N~ 1 )o4
DUMT(N)Y=VPRNTLIN) .
TFCHSPERM(INY.EQ.O.) DUMI(N)I=0,
10 CONTINUE

WRITE(10,3000) ((DEPTH)-(VDIS{J))/100), (DUMI(NI*1ES,N32,NLYY)
30 CONTINUE
RETURN
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1000
2000
3000
4000

c

20

3o

40

S0

70

108

FORMAT (1M, 1, PHDEPTH (m)/2X, 10X, 19HHORZ DISTANCE (m) )
FORMAT (W, 18% 13¢F12.3)/(19X, 13(F12.5)))

FORMAT (1, F10.3, 10X, 13(1PED.2)/ (19X, 13( 1PEF.2) )}
FORMAT(1X,F8,2, 10X, 13F9.3/(9X, 13F%.3})

END

SUBROUTINE SOLUBILITY (CONC,DEPTH):
TO CALCULATE THE INITIAL LIGHT HC CONMCNTRATION IN WATER

WRITE(™,*) 'ENTER TYPE OF LIGHT HC METHANE-? 1-?7
READ(*,*) TYPE

IF{TYPE.EQ.1) GO TO 10
TF(TYPE EQ.2) GO TO 20
IF(TYPE.EQ.3) GO 10 30
[F(TYPE.EQ.4) GO TO &0
TFCTYPE.EQ.5) GO TO SO
IF(TYPE.EQ.6) GO TO &0
IF(TYPE.EQ.7) GO TO 70
[F(TYPE.EQ.8) GO TO 80

CO*1E-& TO CONVERT TO g/em3

C0s24.1%1E -4
CONC=CO*DEPTH/10.16
RETLRN

COm60.4"1E-6
CONCaCO*DEPTH/ 10,16
RETURN

Cost,
CONC=CO*1/1.
RETURN

CO=48,9"1E-&

CONC=CO*DEPTA/10.16
RETURN

CO=38.5%1E-6
CONC=CO®DEPTH/10.16
RETURN

£0=9,5"1E-6
CONC=CO*DEPTH/10.14
RETURN

C0s2.9*1E-6
CONC2COYDEPTH/10.16
RETURN _

CO=,66%1E-6
CONC=CO*DEPTH/10.16
RETURN

END

SUBROUTINE TVELD:
TO CALCULATE WATER VELOCITY

INCLUDE 'ARRAY .DAT’
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DO 10 I%2,NLYY
N1=NROWT(1-1)

DG 10 J=2,NXRR

NaN1+J

VXCN)=0

VZINI=0

IF(HSPERM(N) .KE.0) THEN
JMY=N-1

1M13N-NROW

[F(HSPERM(JM1) NE.O) THEN

C CALC. VERTICAL VELOCITY

AREASXXGRID(1)
GRADaP({JM1)-P(N)
THETA1= 5% (WATCON 1{N)+WATCONT(JM1}}"AREA

YZ{N)=VPERM{N )*GRAD/THETAY
END IF
END IF
IFCHSPERM( [M1).RE.O) THEN

©

CALC. HORIZONTAL VELOCITY

GRAD=P( IM1)-P(N)
AREAsZZGRID(J)
THETAT= 5% (WATCON1(N)+WATCONT(IMT ) ) AREA

VICN)=HPERM{N }*GRAD/THETA
END IF

10 CONTINUE
RETURN
END

c
c SUBROUTINE TCOEF:

c TO CALCULATE DISPERSION COEFFICENTS AS A FUNCTION OF
c DISPERSIVITIES AND VELOCITEIS

c

INCLUDE "ARRAY .DAT'

DO 10 1s2,NLYY
N1aNROM™([-1)
DO 10 J=2,NXRR
N=N1+J

DXY(NI=(
DX2(N)=0
DZICN) =0
D22(N)=20

PEX=(Q,

PEZ=0,

IMX=0

JMX=0

IM2=0

JMZ=0
IF(HSPERM(N).NE.0) THEN
NE=JTEXC(N)
ALPHAL=HT(N2, 1)
ALPHATZHT{NZ,2)
DIFF=AT(NZ,3)
¥1=WX(N}
V2RVZIN}
FLAET'ZR|
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PMT=N - NROM

JP1zN+1

[P 1N+ NROW

[P2s]P1-1

IM2x(M1+1
[F{HSPERM(JM1}.NE.Q) THEN

V3=, 25 (VI+VX{ TP 1 )+VXLTP2)+VULJIMT))

V32=v3*v3
y22=v2*y2
wWiav3ia«vaz

CALC. DZ1 AND DZ2

N2=JTEX( M1}

ALPHAL 12DSORT(AL*HT(N2,1}}
ALPHAT1=DSORTCAT*HT(NZ, 2))
DIFF1=DSQRT(DIFFTHT(N2,3))
AREAXXGRID(I)

T12, 5% (WATCONT(JMT)+WATCONI(N))
DD1={VDI5(J)-VDIS{J- 1) )/AREA
T2»71/001

IF(VV2.EQ.0.) THEN

DZV(NI=DIFF1

ELSE

VAVE=DSQRT({WW2)

DL=ALPHAL 1*VAVE

DT=ALPHAT 1*VAVE
DZ1(N)=(DL*V22+DT*V32)/VV2+DIFF1
DD1={HDIS(1+1)-HDIS{I-1))/AREA
DI2{N)=T1*(DL-DT)*V2*V3/(DD1*VVQ)
END TF

END IF

CALC. DX1 AND DX2

NZ2=JTEX(IM1)

ALPHAL 1sDSQRT (ALPHAL*HT(NZ, 1))
ALPHAT1=DSQRT(ALPHAT*SNT(NZ,2)}
DIFF1=DSQRT(DIFF*HT(NZ,3))
AREAZZZGRID(J)
DDY12(HDIS(I)-HDIS(I-1))/AREA
T1= S5*(WATCORT{IMY)+WATCONI(N))

T2=T1/001

[F(VV2.EQ.0.) THEN

DX1(N)I=DIFF1

ELSE

VAVE=DSORT(VV2)

OL=ALPHAL 1*VAVE

DTsALPHATI1*VAVE
DXT{NI=(OL*V12+4DT*VE2) /VWW2+DIFF1
PD1=(VDISCJ+1}-VOIS{J-1))/AREA
DX2¢N)=T1%(DL-DTy*v1*v3/(DD1*WV2)
END IF

END IF o

CONTINUE

RETURN
END

110



¢ SUBROUTINE TSETUP:

c TO SOLVE MATRIX EQUATION FOR ADVECTIOM-DISPERSION EQUATION
c AND CALL MATRIX SOLVER
v e mmsismatesaomcmaceeeeedaiissmsmsmmEasTooesoLdesesassiasmsassrraTTTassranones
SUBROUTINE TSETUP
c ----------------------------------------------------------------------------------
iNCLUDE ‘ARRAY.DAT’
C --------------------------------------------------------------------------------
IF(NTIM.EQ.1) THEN
JELAGI2Y
DO 10 Nx1,NODES
AQ(N)=0
BO(N)=0
CO(N)=0
DO(N)=0
EO(N)=0
1o CONT INUE
END IF

c INITIALIZE VARIABLES

DO 20 [s2,NLYY
N1sNROWT(1-1)
00 20 J=2,NXRR
NaN1+J

A(N)=0

B{N)=0

CiNy=0

D¢N)=0

E(N)=0

RKS{N)=0

COLD(N)SCE(N)

[F{HSPERM(N).NE.0} THEM

H2=JTEX(N}

1MTaN-NROW

JMtaN-1t

JP1aN+1

TP 1 aN+NROM

[PRalP1-1

[M2= 1M1+

IM3=IM1-1

1P3a1p1e1

AREAN=ZZGRID(J)

AREAX 1 ZAREAX

AREAZ=XXGRIDCI)

VOLSAREAZ*22GRID(J)
AREAXZAREAX™, 5% (WATCONT(INT)+WATCONT(N) }
AREAXTSAREAX1* . 5% (WATCONTCIP1)+WATCONTIN) )
AREAZ1ZAREAZ® . S*(WATCONT(JP1)+WATCONT(N) )
AREAZ=AREAZ® S*(WATCONT{JM1)+WATCONT (N} )}

-

€ CALC. LHS OF MATRIX EQUATION

SSEWATCONT(N)*P(NY*HK(NZ, 2)/HK(N2,3)
E(N)Z-DXT(NY-DZI(N}-DXI(IR1)-DZ1(JPY)
& -VOL™CHT(NZ, Q)" (WATCONTEN)+55))

SSaWATCONT (N)+SS+SS-WATCONZ{N)"( 1+PP (N Y"HK(N2,2) /HK(NZ,3))
IF(HSPERM(IM1).NE.O) THEN
ACNISORT(NY+, 5% (+D22(N)-022(JPT))

VV=AREAX™ , S*VX(N)

AN YRALN Y4V

ECNIZE(N)+VV

END IF
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c

30

IF(NSPERM(JM1).KE_O) THEN
BON)ZOZT(N)*.5*(+DX2(N}-0X2(IP1))

VV2AREAZT 5*V2(N)

B(N)=B(N)+VV

E{N)=E(N)+vY

END IF

[F(HSPERM(IP1) NE.Q) THEN
CINYSOXTI(IPT )+ 5% (-DI2(NI+DZ2(JPT))
V= SYAREAXT*VX(IP1)

CONY=CIN)-WV

E(N)=E(N)-VV

END IF

[FCHSPERM(JP1) . ME. D) THEN
DONY20Z1CJPT )+ . 5%(-DX2(N)+0X2(IP1))

VWi STAREAZI*VI(JM)
DON)=D(N)-VV
E(N)=E(N)- VY

END [F

E(N)=ECN)
IFCFLUXCNY.LT.0.) E{NYSE{N)+FLUXIN)
CONTINUE

BEGIN LOOP TO CALCULATE RNS AND CALL MATRIX SOLVER

00 SO 17s1,MAXIT
DO 30 =2, NLYY
NTaNROW*(1-1)

DO 30 J=2,NARR
LELREN]
IMT=N-NROW
JMiaN-1

JP =N+
IPTsN+NRON
1#2=1p1.1

M2x M1+

M3z M1~
1P32[P1e1
VOL=2ZZGRID(J Y*XAGRID(!)
N2zJTEX(N)

TIF{IT.GT.1) THEN
[F(JFLAG.NE.1) THEN
Ti=.5

ELSE

Tiat,

END [F

E{N)=E{IQ

END IF

CALE, RHS OF MATRIX EQUATIONS

RHS(H)I-VOL'(HATCQNT(N)'(10ﬁ(N}'NK(H2,Z)IHK(HZ,S)))'CDLD(H)I
DELT+.5*(DX2(N)*(CT(IM2) -CCC [M3) )+
DXZ(IP1}'(CC(IPZ)-CC(IPJ))*DZZ(H)'(CC(IPZ)-CC(1H3))
°DZ?(JP1)'(CC(IHZ)'CC(IP3)))'I(H)'CC(IH1)‘B(H)'CC(JN1)
“C(NI*CCCIPT)-DONI*COCLPY) E(NITCCIN)

[ BN

IF(FLUX{N).GT.0,} RHS(N)=RHS(N) - FLUX{NI*CS(N)
CONTINUE
NITI=N[T1+1
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CALL MATRIX SOLVER

CALL SLVSIP
1F{ICONVG.EQ.O) THEW
00 4G 1=2,NLYY
N1sNROW=(I-1}

BO 40 J=2,NXRR
NaN1+J
[F(HSPERM(N).EQ.0) GO TO 40
ADCR)Y=A(N)
BO{N)3B(N)
CON)=CIN)
DO(N)=DIN)

AREAZaXXGRID(I)

VOL=AREAZ*ZZGRID(J)

N2wJTEXCN)

SSEHK(NZ, 2)/HK(NZ,3)
SSEWATCONT(N)"( 1+{SS+55)*P{N) ) -UATCORZ(N)* (1+5S PP(N))

EO(K)SE{N)+VOL* (WATCONT(N)+SS)/DELT

CONT INUE
JELAG12JFLAG
RETURN

END IF

CONT INUE
SFLAGT=JFLAG
WRITE(10,4000)

JSTOP=1

JFLAGe1

RETURN

FORMAT(/ MAXIMUM NO. OF ITERATIONS EXCEEDED FOR TRANSPORT’
*EQUATION')

END

SUBROUTINE COMPRESSIBILITY:

TQ CALCULATE THE WATER COMPRESIBILITY AND ASSIGN ROCK
COMPRESSIBILITY USING VAN DER KNAAP EQUATION

CHOQSE C VALUES Ca3.DE-13 FOR SS,SHALE

Ca4.%-3 LS
WRITE (*,*) ‘ENTER C VALUES EITHER 3.06-13 OR 4.SE-3*
READ (*,*) ¢

WRITE (*,*) ‘HOM MANY LITHOLOGIES IN THIS RUN‘

READ (*,*) KLITHO

00 101 [=1,HLITHO

WRITE (*,") ‘WHAT DEPTH TO EACH LITHOLOGY IN METERS'
READ (*,*) DISTANCE

WRITE €*,*) 'WHAT IS THE DENSITY OF EACM LITHOLOGY'
READ (*,*) ROENSI

STRESS®(.433%354/(2.54%2.54 ) )*WDENSI*DISTANCE*100
CONT I KUE
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WCOMPRESTRESS*(CY"-,7)/1,45E2
RCOMPRE  4*yCOMPR
WRITE (*,*) RCONPR

RETURN
END

SUBROUTINE WV1SCOSITY:

TO CALCULATE WATER VISCOSITY AT AN AVEMGE TEMP,

WRITE(Y,*) 'ENTER THE AVERAGE TEMPERATURE [N KELVINS'
READ (*,*) TEWP

TCub47.3
$2.552
TR=TEMP/TC
c WATER VISCOSITY IN CP UNITS
WYISCOI=(WDENST®* 5)*10**S*(1/TR-1}/8.569
c WATER YISCOSITY [N G/CM.SEC UNITS
WYISCO=wY [ SC01/300,
RETURN
END
c ------------------------ e L L mesrsrrmrreccacacnwe
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13.0 APPENDIX 2 - Gas Phase Transport Computer Code
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¢
[
c PROGRAM T SOLVE VERTICAL MIGRATION OF LIGHT HYDROCARBONS
c BY DISPLACING WATER IN THE OVERLYING POROUS MEDIA
P T T D
Cesncessnsscannmmnnnnnansncusann VARJABLES-----“+vseevasmnannncassssanscomcsnnnn=
c DEPTH: DEPTH TO RESERVOIR
|4 NROM: NUMBER OF VERTICAL ROWS
e TRAX : MAXIMUM SIMULATION TIME
c TIMIN: INITIAL TIME
c DELT: TIME INCREMENT
[ WPOTN: INITIAL WATER POTENTIAL
[ GPOTN: INITIAL HC GAS POTENTIAL
c TTMAX : MAXIMUM ITERATIONS
c WOENS1:  WATER DENSITY
C GOENSI: HC GAS DENSITY
c WV SCO: WATER YISCOSITY
C GVISCOo: HC GAS VISCOSITY
c RPRESS: RESERVOIR PRESSURE POTENTIAL
[vamaemeamssamscasasaasesssrsanasesscosooooocmoomoo-iiiiistssssssmmsnnaranmnznmusy
IMPLICIT DOUBLE PRECISION (A-H,P-1)
COMMON A,B,C,D
DIMENSION A(1000),8(%000),£(1000),0(1000)
DIMENSION E{1000),F{1000},G(1300),PC1000) R{1000Q), 5w 1000),
& SP(1000),GREL(1000),WREL({1000),Q6(1000),Qw(1000),GPOT(1000),
& WPOT(1000},POLD(1000),ROLD(1000)
DIMENSION GPOTX{1000),WPOTX(1000),QGX(1000) ,QwWx{1000)
DIMENSION DISTANCE{1000),DISTANCE1(1000)
DIMENSION SOLD(1000),55(1000)
CHARACTER®30 DISPLACEMENT
WRITE(™,*) 'ENTER NAME OF INPUT FILE’
READ (*,'(a)’) DISPLACEMENT
OPEN (3,FILE=CISPLACEMENT  STATUS=OLD’)
o ELSER LS wemenen READ AND WRITE SIMULATION DATA--=-==--romrrosoomooscroaess
READ (3,*) DEPTH,NROW
READ (3,*) WPOTN,GPOTN
READ (3,*) WOENST
READ (3,*} GDENS!
READ (3, {RPRNT NTSTEP
READ (3,*) TMAX ,DELT,TZERO
READ (3,%) C1,02, ITMAX
WRITE (*,*) 'ENTER THE RESERVOIR PRESSURE POTENTIAL’
READ (") RPRESS

< CALL SUBROUTINES FOR [NITIAL DATA AND TO PERFORM CALCULATIONS
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WRITE (*,*) *PLEASE ENTER NLITHO'

READ (*,™) NLITHO

CALL GASVISCO (TMASS,GDENST,GYISCO,TEMP)
CALL WVISCOSITY (WDENS!, WOENSI,TEMP)
CALL AVERAGE (NLITHO,PORD,PERM)

c COMPUTE CONSTANTS AND CONVERSION FACTORS

DXs1.0/(NROW-1}

0OX5Q=DX*DX
Fia1,0E-373600.0%26,0/((2.54*12.0)%*2*14.7)

OTO | M=F 1 *DEL T*PERM™WPOTN/ {DEPTH*DEPTH*PORC™WY1SCO)
F2s0X*DX/DTDIM

F3=4v1SCO/GVISCO

Fhab OF2

FSa(NROW-1)""2

FoefI*ES

F7=(MDENS] -GDENS] Y*DEPTH/ (WPOTN® 144 .0% (NROW-1))
FB=GVISCO/WVISCO

C1aC1/wWPOTN

C23C2/WPOTN

WRITE (8,1000) PEIH,DELTIS&S.O,TZERO,me/us.o
WRITE (8,2000) NROM
WRITE (B,3000) DEPTH.3, WPOTN,GPOTN
WRITE (B,4000) ((GDENSI*453)/(30.48%30.4830.48)),
L ((WDENSI®453)/(30.48%30.48%30.48)),6vIsCO%.01,
& WvISCO*=,01,POR0

Cremmmmssensssanomasonaaaane FORMAT STATEMENTS«--ssenszzacsncss D AR

1000 FORMAT (5X, 1SHPERMEABILITY = ,F15.10/
5X,17HTIME 1NCREMENT = ,F10.4/

5%, 17HINITIAL TIME = ,F10,4/

5X, 26HMAX IMUM SIMULATION TIME = F10.4//)

2000 FORMAT (5%, THNROW = ,I5)

3000  FORMAT (5X,BHDEPTH = ,F10.4/
SX,8MWPOTN = F10.4/
Sx,BHGPOTN = ,F10.4/)

[N

4000 FORMAT (5X,14HGAS DENSITY = ,F10.4/

L 5X,14HWATER DENSITY = ,F10.4/
L 5X,16HGAS VISCOSITY = ,F10.4/
L 5%, 1BHWATER VISCOSITY = F10.4/
L 5K, 11HPOROSITY = ,F10.4/)
c ------------------------------------------------------------------------------
c INITIALIZE ARRAYS
c --------- emsamemamTemT Y T T R T A
CALL INPUT (GPOTN,WPOTH,GPQT,WPOT,F7,GPOTX,WPOTX,
¢ C1,52, 5w, GREL, WREL , NROW, SOLD, $g, GG , GGX , OW, QWX )
C ---------------------------------------------------------------------------------

DO 1=1,NROM-1

P(1)=0.5*(CPOT (! )+WPOT(1))
R(1)=0.5*(GPOT(1)-wPOT(I))

END DO
CALL UPDATE (GPOT,WPOT,F7,L1,L2,54,5P,GREL, WREL , WROM, SOLD, 59)

KPRINT=IRPRNT-1
KPUNCH= -1
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£ START COMPUTING FOR SUCCESSIVE TIME STEPS
DO 200 T= TZERO, TMAX,DELT

KPRINT#KPRINT+1
KPUNCH=KPUNCH+1

C SAVE P AND R AT START OF TIME STEP

SAVPHI=GPOT(1)
DO 1=, NROW-1
POLDCII=PLT)
ROLD(1)=R(1)
END DO

DO 10 ITER=1, [TMAX
c FIND NEW POTENTIALS FROM P ATND R
DO [=1,NROW-1
GPOTX(1)aP(])+R(1)
WPQTXC1)=P (L) -RCT)
END DO
c ADJUST HC GAS POTENTIAL

CALL QTERMS (GPOTX,WPOTX,NROW,QGX,QWX, F5, Fé, F8,GREL ,WREL)
CALL NEWG (ITER,NROW,QG,0W,QGX,QWX,GPOT,GPOTX, SAVPHI )

IF(ITER.NE.2) THEN
BO I=1,NRCW-1
GPOT(1)3GPOTX(])
WPQT(1)=WPOTX( 1)
END DO
END IF
c UPDATE Suw,AND OBTAIN GREL,WREL,DS/dPC AND E,F AS A FUNCTION OF SATURATION

CALL UPDATE (GPOT, WPOT F7,C1,C2,5w, 5P, GREL ,WREL NROW, SOLD,Sg)
CALL SOLUTIONEF (E,F,NROW,F3, GREL,WREL)

c PRINT RESULTS WHEN APPROPER[ATE

TF(KPRINT.EQ.IRPRNT) THEN
IFCITER.EQ.1.) KPRINT=Q

WRITE (8,1100) 7/365.0
WRITE (8,1200) QG(1),0G(MROMN-1), I TER

bO IsNROW-1,1,-1
DISTSDX w
DISTANCE(I)= (DI1ST*1)

DISTANCEY({1)sDISTANCE( ! )*DEPTH
END DO

WRITE ¢8,1300) 1,DEPTH,GPOTENTIAL,WATER SAT,GAS SAT

WRITE (8,1400) (1, DISTANCE(CI) DISTANCET(1)*.33,GPOTX(] }"WPOTN,
& WPOTX(1)*WPOTN,Sw(l)},Sg(l), [=NAOM,0,-2)

END IF

IF(KPUNCH.EQ.NTSTEP.AND,ITER.EQ.1) THEN
KPUNCH=0



T - 4081

119

END IF
IF(T.GT.TMAX) GO TO 25

25 WRITE {*,*) 'PROGRAM [S TERMINATED’

C SOLVE LEA-FROG ‘R' EQUATION

CALL SOLUTIONP (E,F,Fé,$P,06,0W,G,DX5Q,P ROLD,NROW)
CALL TRIDAG (1,NROW-1,R}

C SOLVE LEAP-FROG ‘P! EQUATION
CALL SOLUTIONR (E,F,QG,Qu,0X5Q,R,NROW)
CALL TRIDAG (1,NROW-2,P)
P(NROM=1)%0.0

100 CONTINUE

C FIND GAS WELL POTENTIAL AT END OF TIME IKCREMENT

GPOT(0)=8ASE
GPOTX(0)=GPOT(0)

200 CONTINUE

1100 FORMAT (10X,/F20.6//})

1200 FORMAT (20x,2F20.7,10%,13//)
1300 FORMAT (I5,15,3F15.5)

1400 FORMAT (15,2F30.2,2F15.5,5%,5.4,5%,F6.5/}

END
Ce==mesevsrsmn-c-sssssscsemaemsrondtasmm s mmmsra oo oo ce s s md s Sm oSS san s
SUBROUTINE INPUT (GPOTN,WPOTN,GPOT WPOT, £7, GPOTX, WPOTX,
£1,62,5w,GREL, WREL ,NROW, SOLD , 59,06, QGX , 0, GWX)
Cecmmmeamssrrmoocasscssssmss-seveam-4essmssmamssamessoimeaeseseaasuarT o oo ias
< TO READ INITIAL INPUT DATA

IMPLICIT DOUBLE PRECISION {A-H,P-2)

DIMENSION E(1000),F(1000},G{1000),P(1000),R(1000},Sw(1000),
& SP(1000),GREL(1000),WREL {1000} ,8G(1000), aw( 1000),GPOT(1000),
& WPOT(1000),POLDC(1000),ROLDC1000)

DIMENSION GPOTX{1000),wPOTX(1000),QGX{1000) W (1000)
DIMENSION S50LO(1000),5g¢1000)

DO =0, NROW
WwPoT(L=1.0
WwPOTH([)=1.0

END DO

00 1=0,NROM
GPOT(I)*GPOTN/WPOTN
GPOTX( I }=GPOTN/WPOTN

END DO

DO 1=1,NROM-1

QG(1)=0.0
aW(1)=0.0

END DO
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DO Ie1,NROW-1
aGX(1)=0.0
QuX(1)20.0

END DO

DO 1=1, NROW-1
PCSGPOT(1)-WPOT( 1 }+#7*(1-0.5)
Swe [)=C1/(PC+C2)
WREL{1)=Sw(i)}*"4
GREL(I)=(1.0-Sw(I))**2

END DO

DO [=1, NROW-1
SOLDCT)=Su(l)

END D0

RETURN
END

C UPDATING THE ARRAYS Sw,GREL,WREL,GPOT,WPOT AT EVERY GRID POINT
IMPLICIT DOUBLE PRECISION (A-H,P-2)

DIMENSION E(1000),FC10003,56(1000),P¢ 1000}, R(1000), Sw(1000),
t SP(1000),GREL{1000),WREL{1000),QG(1000),QW 1000, GPOTC 1000)

& WPOT(1000),POLD(1000) , ROLD( 1000)
DIMENSION SOLD(10003,5g¢ 10003
0 I1x1,NROM~1

PCaGPOT(1)-WPOT(1)+F7*(1-0.5)
Sw{1)sC1/(PC+L2)
SgC1)=S0LD(1)-Sw(l)
SP(L)=-Clr(PCeC2)**2
WREL(1)=0,001+8w(1)*"2
GRELCI)=0.001+(1.0-Su(1))**2

ENC DO

RETURN
END

C ----------------------------------------------------------------------------------------
suBROUTTHE OTERMS (GPOT ,WPOT NROW,GG,QW, F5,Fé, FB, GREL,WREL)

c COMPUTING INJECTION AND WITHORAWL RATES
c POTENTIALS ARE ADJUSTED 8Y CONSTAMT AMOUNT

IMPLICIT DOUBLE PRECISION (A-M, P-2)

DIMENSION £(1000),F(1000),6¢10003,P(1000),R(1000),Sw( 1000},
& SP({1000), G!EL(‘!QGD) ,WREL (1000),QG(1000},0w( 1000),GPOT(1000),
& UPOTUDGD) POLD('IUOO) ROLD(TUDD)

DIMENSION GPOTX(1000),WwPOTX(1000),Q6X(1000) ,awx{ 1000}

ZNUM=GREL (1) *(GPOT(0)-GPQT( 1) y+GREL (NROW- 1) ¥ (GPOT (NROW) -
& GPOT(NROW-1)) +FE*WREL(NROW- 1) (WPOT{NROW)-WPOT(NROW-1}}
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DEN=GREL (1 )+GREL (NROW- 1 )+FB™WREL (NROW- 1}
WaZNUM/DEN

DO 1=1,NROW-1
WPOT (1 )=WPOT{ 1 )+W
GPOT(L)=GPOT (1 )+w
END DO

QG yeFE"GREL(1)* (GPOT(0)-GPOT( 1))
QG{NROMW-1)=F&®GREL(NROW-1)* (GPOT (NROW) - GPOT(NROW-1))
OW{NROW-1)=F5*WREL (NROW-1 Y*(WPOT (NROW) ~WPOT (NROW- 1))

RETURN
END

CALCULATING THE NEW INJECTION RATES USING ITERATIVE SCHEME

IMPLICIT DOUBLE PRECISION (A-M,P-)

CIMENSION E(1000),F(1000),6¢1000),P(10003,R(1000),5w(1000),
L SP{1000),GREL(1000),WREL(1000),66(1000) ,QW(1000),GPOT(1000),
L WPOT(1000),POLD(1000),ROLDC1000)

DIMENSION GPOTX(1000),WPOTX(1000),06X(1D00) ,0WX( 1000}
DIMENSION GGA1(1000),0GA2¢1000),0681¢1000),0682¢1000),
& GWA1(1000),QWA2(1000),0WB1(1000), aWB2( 1000)

IF(ITER.EQ.1) THEN

RG{1I=(OEX{1)+0G(13)/2.0
QGCNROW-1)=(QGX(NROM- 1)+QG{NROW- 1)3/2.0
QUWNROW« 1) =(GWX ( NROW- 1) +QW{ NROW-13372.0

RETURN
ELSE IF(ITER.EG.2) THENM

FACTOR=(GPOT(0)- SAVPHI }/(RG( 1Y {GPOT(D)-GPOTX( 13 )/QCX (1)

& GPOTX(1)-SAVPHI)
RG(1)=QG{ 1)*FACTOR
QAG{NROW-1)ZQG(NROW- 1)*FACTOR
QW {NROW- 1 )=QW(NROW-1)*FACTOR
QGAT(1)=QG( 1)
QGAT{NROW-1)=QG(NROW- 1}
QWA T{NROW- 1 }=QUW{NROW- 1)

RETURN
ELSE {F (ITER.EQ.3) THEW

QGR1(1)=Q6X(1)

QGB1{NROW-1)=QGX(NROW- 1}

QWB 1 {NROW- 1) =QWX (NROW- 1)
QGAZ{1)=(QGA1({1)+QLR1(1}3/2.0

QGAZ{NROW- 1)=(QGAT(NROW-1)+QGB 1 (NROM-1)1/2.0
QWAZ{NROMW~1)={ QWA 1(NROW-1)+QuB1(NRDW-1)1/2.0
QG(1)=QGA2(1)

QG(NROW- 1)=QGAZ {NROW- 1)
QW{NROM~1)2CWAZ{NROW-1)

RETURN
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ELSE

QGR2(1)=Q6X(1)

QGB2{NROW- 1)=0GX (NROW- 1)

QWB2{ NROW=- 1} 2QWX (NRQW- 1)
QG(1)=(QGB1¢1)*(AGA2(1)-QGAT(1)}-QGAT(1)*(QGB2( 1)~
QGB1{1))}/(RGA2(1)-GGA1{1)-0GB2(1)+ACBI(1)}

QGAZ{ 1)=QG{1)

QG(NROW- 1)=(0GE1 (NROW- 1)*(QGA2{NROW- 1)} -QGAT{NRC: "))
-QGA Y (NROW-1)* (QGB2(NROW- 1) -QGB1{NROW- 1))}/
{GGA2(MROW-1)-QGAT{NROW-1)-QGB2(NROW- 1}+QGBT(NF - ")}
QGAZ{NROW - 1)3QG(NRCW-~1)

QW/{NROW- 1) =(OWB 1 (NROW- 1) (QWAZ(NROW- 1} -QWAT{NROW- 7))
QWA T (NROW-1)" (CWBZ(NROW-1)-GWB1{NROM- 133}/
{QWA2(NROW* 1) -QWAT(NROW- 1) -QWBZ { NROW- 1} +QuR 1 (NROW- 1)}
QUAZ{NROM- 1) 8QU{NROW-1)

END IF

RETURN
END

C COMPUTING COEFF. E AND F VALUES OF THE EQUATIONS

IMPLICIT OOUBLE PRECISION (A-H,P+2)

DIMENSION E(1000),F(1000),G¢1000),P(1000),RC1000), Sw(1000),
SP(1000),GREL (1000, WMEL (1000} ,08G(1000) ,0M¢ 1000) , GPOT( 10003,
WPOT(1000), POLDC 1000, ROLD( 1000)

DO =22, NROW-1
TEMP=(GREL(1-1)+GREL(1))*F3/2.0
SAVE=(WREL{1-1)+uREL(1))/2.0
E(1)=TEMP+SAVE
F(1)sTEMP-SAVE

END DO

E{1)=F3*GREL(1)+WREL{1)
F{1)=F3*GREL(1)-WREL{Y)
E(NROW)=FI*GREL (NROW- 1 )+WREL (NROW- 1)
F{NROW)= FI*GREL (NROMW- 1) -WREL (NROW-1)
RETURN

END

IMPLICIT DOUBLE PRECISION (A-W,P-2)

COMMON A,8,C,D
DIMENSION A(10003,8¢1000),C¢1000),DC1000)

"DIMENSION E{1000),F(1000),6(1000),P{1060),R¢ 10003, Sw( 1000),

5P(1000),GREL(1000),WREL (1000}, 0G( 10003, 0w( 1000),GPOT( 10003,
WPOT (10003, POLD(1000), ROLD( 1000}

P(0Y=P(T)
PENROW) =P (NROW~ 1)
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Creme- P P L L T P T R R R R R R LR P A N Y R L
[ MmmeemscevmstoseamsmETessEe-—sssssameieeeevmleesasTetasssaseazana amemenmcaaaen

0O a1, NROW-1
ACL)=E{[)
BCI)=FA"SP(1)-E(1)-E(I+1)
CCl=ECI+1)
G(1)DXSQ* QU1 )-0GL 1) J+FCI Y (PCI)-PCI-1))-
FCIH1*(PLI+1)-P(1))

DLII=FA"SPCII™RITIG(T)
EXD DO
(1B A1)
BCNROW- 1 }=B{NROW- 1 Y+C{NROW-1)

RETURN
END

SUIIUJTIHE SOLUTIWR (E,F,a6,0M, DXSQ, R, NROW)

IMPLICIT DOUBLE PRECISION (A-H,P-2)

COMMON A,B,C,D
DIMENSION A(1000) B¢1000),C(1000),0(1000)

OIMENSION E{1000),F(1000),6(1000),P(1000),R(1000),Sw(1000),
SP{1000), GREL (1000}, MREL(1000), 00(1000) (1000, GPOT(‘IOOO).

WPOT( 1000),POLD(1000) LROLD(1000)

R{O)=R(T)
RCNROG =R (NROW- 1)

DO 1=1,WROM-2
ACL)=-E{])
BRI )+ECT+1)
CLIIn-E(1+1)
D{1)=DXSO*(QG{ 1 )+QU( 1) y+F(T+1)*(R{I+1)-R(1))
“FOYM(RCD)-ROI-1))

ENO DO
BCY)EBC1)eACT)

RETURN
ENp

SUBROUT [NE TR[BAG o, J,Y)

O L T T L T T TR

IMPLICIT DOUBLE PRECISION (A-H,P-2)
-

COMMON A,8,C,0
DIMENSION A(1000),8(1000),C(1000),0¢1000)
OIMENSION BETA(4000), GAMMA (40003, v(4000)

BETA(M)=*B(M)
GAMMA(M)=0 (M) /BETA(M}

00 [=M+1,J
BETACI)=B(I)-ACII*C(I-V)/BETALI-1)
GAMMA (1 )=(DC1)-ACT)YGAMMAL - 1)) /BETALL)

END DO

123
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V(JI=GAMMACJ)

00 izd-1,M,-1
V{1 )=GAMMAL ] ) =CC 1YV 1+1)/BETALL)

END DO
RETURN
END
T L R R e R R S TR
SUBROUTINE GMIX (TMASS)
T LR T L T

4 TO CALCULATE THE GAS MINTURE MASS TO BE USED IN GVISCO
c SUBROUT INE

WRITE (*,*) 'ENTER THE METHANE FRACTION'
READ (*,*) X1

WRITE (*,”) 'ENTER TNE ETHANE FRACTION'
READ (*,*) X2

WRITE (*,*) 'ENTER THE PROPANE FRACTION’
READ (*,*) X3

WRITE (*,*) ‘ENTER THE BUTANE FRACTION'
READ (*,*) Xé

M1:16.0
M2+30.0
M3240.0
M&=50.0
#5260.0

THASSIM T *X1+M2*X2+MB* AT +HML X4
RETURN
END

c -------------------------- AR R EEE AR E R EEEEEEE AR EEE TN AR R AN I AR AR A A NS TS AR AP I T AN ST IR A m A
SUBROUTINE GASVISCO (TMASS,GDENSI,GvISCO, TEMP)
[ememrocecscscmanasnnaan T TS

c TO CALCULATE GAS MIXTURE VISCOSITY AS AT A SPECIFIED TEMP,
o USING LEE'S ET AL RELATION

WRITE (*,*) ‘ENTER THE AVERAGE TEMPERATURE [N KELVIN’
READ (*,*) TEWP

TEMPR=TEMP*1.8
GASDENSI=((GDENSI™ 453)/(30*30*30))
CALL GMIX (TMASS)

OK2({ (P, 4+, 02V TMASS) Y TEMPR** 1 5)/( 209+ 19" TMASS+ TEMPR) )
X=((3.5+(9BL/TEMPR) )+ . D1*TMASS)
Y=(2.4-(.2%X))

C  GAS VSICOSITY 15 NOW IN THE UNITS OF CENTPOISE
GVISCO= (OK*EXP({X*(GASDENSI**Y}))/1Eé

RETURN
END
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L emevteonaattaattotennsatonnanc . o iiaeemeeeeacmasiecaccasaneccarrerana reemaen
C

c SUBRQUTINE WWISCOSITY:

[ 10 CALCLILATE WATER VISCOSITY AT AN AUEMGE TEMP .

c .............................................................. - P pp——

SUBROUT [ NE UATEIVISCDSITY (WISCU WDENSI)
c ------------------------------------------------ EEEEE L L) S B sAArreanEdprassurvrERsaa

WRITE(®,®) ‘ENTER THE AVERAGE TEMPERATURE 1M KELVINS'
READ (*,*) TEWP

TC=647.3
§=,552
TR=TENP/IC
c WATER VISCOSITY IN CP UNITS

WISCOIS(MDENST™".5)*10%28*( 1/TR-1)/8.56¢

[ WATER VISCOSITY [N G/OM.SEC UNITS
WV1SCOmYVISCO1/100.
RETURN
END
T asmsrevem-tessssnsavarerarye eisamsssesnecanarnry
SUBROUTINE AVERAGE (NL1THO,PORD,PERM)
[ eeesastmsrescacessmatbssannn eeasecamssmreniesennan
¢ TO CALCULATE AVERAGE PERMEABILITY AND PORCSITY OF THE
c OVERLYING ROCKS

[MPLICIT OOUBLE PRECISION (A-N,P-2)

PERM=0.0
PORO=0.0

DO J22=1,MLITHO

WRITE (*,*) ‘ENTER FRACTION OF LITHOLOGY'
READ (*,") XJ

WRITE (*,*) 'ENTER PERMEABILIT'

WRITE (*,") 'ENTER POROSITY’

READ (*,*) TPERM,TPORD

TPERMSTPERM™X S
PERMaTPERN+PERM

PORO=TPOROSPORD
€0 00

AVPERM=PERM/HL I THO
AVPQRO=PORD/NL 1 THO

RETURN
END

c ........ P N N Y L L LR T R N R R Y
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14.0 APPENDIX 3 - Equations
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i1 441 141 _i+1 141 i+ itl i+ 41 141
A “n-1,j +8 cnvj'l +¢ c“*lnj +D cn'j” tE 0,j R
D .
Zi+} x_p-1/2,j 1l
AV = [(ae) . e i SR +6 -1
n=1/2,5 |1/2(Ax_+Ax _.) a1/2, ]
D, i
itl
ai"'l = (Ae) . zz n,j-1 2 + v + f - 1
a,j-1/2 llz(Azj+Azj_l) 2y,5-1/2
i+1 J i D’;tx ntl/2 .} | IR
e = (a9 ; 3 v “6+ 1
n+l/2,j IIZ(Axn+AXn+l) xnfl/Z,j
B " D, n it
pi*1 = foaey EELINZ e
n,j*1/2 } 1/2(8z 48z, ) z’n,.iﬂlzj
-A-8-2-D + [ (Aevz)n.j_”2 - (Aevx)nﬂ/Z,j - (Aevz)n,j“'llz - Z—t (€)




RHS
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i)

DJc
"

Ii*l*ci+l) i+]

1
2

1
2

=1
2

i “) Piﬂ'ﬂ}“l i+]
n,j hyy

n+1,j-1

€
(A Drxz)n-IIZ,J'

Az 4 1/2(b2 %82, )

(¢ D' )n Wj-1/2

ax "+ 1/2(Axn_1+m:nﬂ)

ae D .
( sz)n+1/2'J

Bz + 1/2(az,_ bz )

-

n-1,j-1

(ﬁi*lfli*l

it] i+l i+l
+ (B "+f cn-l.jﬂ

i+l
atl,jt+l
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