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Abstract

We present a conceptual and quantitative model to describe the interactions between 

minimum horizontal stress, pore pressure, and fracture permeability. The model is then 

coupled with a one-dimensional vertical fracture flow model to investigate the gas col­

umn height which can be trapped by a fractured caprock during steady-state gas 

migration. One and two-dimensional transient numerical flow models are developed to 

evaluate the formation of a gas cap within reservoir sands underlying fractured 

caprock. The model assumes that all flow in the caprock is via fracture permeability 

and that this permeability is a function of the effective minimum horizontal stress in 

the caprock. The absolute stress state within the caprock is assumed to be uncoupled 

from the pore pressure. Trap integrity is shown to depend strongly on the water charge 

rate, the fracture permeability model and the rock properties.
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xxi

ky Permeability along y -direction L~

k. Permeability along z -direction L2

m Mass per unit volume of porous medium M / L 3

mi Mass of fluid with phase / per unit volume M / l ?

mt Mass flux of fluid with phase I M / T L 2

" , Total number of asperities

P Pressure M / L T 2

P* Gas pressure M / L T 2

Pp Pore pressure M / L T 2

Pw Water pressure M / L T 2

P c Capillary pressure M / L T 2

p d Displacement pressure M / L T 2

dp /d l Pressure gradient along / -direction M/LTT2

Flow rate l 3/ t

Gas flow rate l } / T

Qw Water flow rate l ) / T

Flow rate in x-direction l ) / T

<iy Row rate in y-direction l 3/ t

<tz Row rate in z-direction l 3/ t

Phase / rate depletion M / T
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Q

Qw

Q g

r

r \ , r 2

s

S x

5 y

S.

S„

hmax

hmin

^ i ,  j, k

Row rate at standard condition 

Water flow rate at standard condition

Gas flow rate at standard condition 

Radius of oil/gas globule

Principal radii of curvature of the interface between 

the phases

Solution gas in water 

Fracture spacing 

Fracture spacing in x  -direction 

Fracture spacing in y -direction 

Fracture spacing in z -direction

Gas saturation

Gas irreducible saturation

Horizontal stress in y -direction

Horizontal stress in x  -direction 

Transmissibility coefficient of p L ■ k _ x in matrix

notation

Vertical stress

Water saturation

Water irreducible saturation

l ) / T

l } / T

l } / T

l ) / l }

L

L

L

L

L3/L 3

I? / 1?

M / L T ‘ 

M / L T 2

LXT / M

M / L T 2

L3/L 3

L ' / l )

Vertical stress M / L T
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1/ 2.; .*

f | . ; £  1 / 2 .*

r b

AV

w

Wy

W.

Wo

X

V

Maximum horizontal stress 

Minimum horizontal stress 

Transmissibility

Phase I transmissibility along the x  -direction

between gridblock (i, j, k) and

gridblock (i ± 1/2, j, k)

Phase I transmissibility along the x  -direction

between gridblock (<, j, k) and

gridblock i, j  ± 1 /2 ,  k

Phase / transmissibility along the z -direction

between gridblock (/, j , k) and

gridblock t, j , k ±  1 / 2

Bulk volume or control volume

Deformation

Hydraulic fracture width

Hydraulic fracture width in x -direction

Hydraulic fracture width in y -direction

Hydraulic fracture width in z -direction

Maximum asperity height

Loaded asperity height or distance in x  -direction 

Distance in y -direction 

Distance in z -direction

M / L T 2

M / L l 2

L*T /M

L*T /M

L*T /M

L T / M

L3

L

L

L

L

L

L

L

L

L
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xxiv

Z i.j.k Transmissibility coefficient of p i 7 jt_, in matrix

notation L T / M

Greek

«c

(J

K

Y

A

At

Ax

Ay

Az

£

e
p

\iw

v*

p

Pw

p*

a

®hmin

Unit conversion

Minimum horizontal stress gradient M / l ? T 2

Unit conversion

Gas-water interfacial tension M / T 2

Difference operator

Time step T

Control volume dimension along the x  -direction L

Control volume dimension along the y -direction L

Control volume dimension along the z -direction L

Tensile strain

Gas-water interfacial contact angle [Degree

Viscosity M / L T

Water viscosity M / L T

Gas viscosity M / L T

Density M / l ?

Water density M/  L3

Gas density M / l ?

Tensile stress M / L T 1

Effective stress M / L T 1
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XXV

Superficial velocity of fluid with phase / L / T

Water potential M / L T 2

+• Gas potential M /L T2

d<t>/dl Potential gradient along the / -direction M / U T 2

Vd> Potential gradient M/LTT2

* Porosity l } / l }

SufifiES£dfflS

k Old iteration level

k+  I Current iteration level

n Old time level

n + 1 Current time level

e Time level in between n and n + 1, 0 < 9 < 1
0 Extrapolation value

SubS£QBlS

c contact area

g gas phase

i block index in x  -direction

j block index in y -direction

k block index in z -direction

I phase index

max maximum

min minimum

P pressure
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V vertical

w water phase

X x  -direction

y y -direction

z z -direction
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Chapter 1 

Introduction

This thesis is part of an ongoing research initiative to evaluate the development of 

overpressured basins. One of the major challenges in overpressured basins is to predict 

the presence of an effective seal. In this research we develop a model that couples the 

mechanical and hydraulic behavior of the seal (fractured caprock). Furthermore, the 

model is used to quantify the ability of a fractured caprock to entrap hydrocarbons in 

an underlying reservoir under varying in-situ stress and fluid charge conditions.

It has been observed in many sedimentary basins around the world that hydrocarbons 

(petroleum) migrated vertically through thick sequences of low-permeability caprock 

(e.g., Gulf of Mexico, SouthEast Asia) (Finkbciner et al., 2001). This process (upward 

migration of hydrocarbons through the caprock) indicates that the low caprock perme­

ability is enhanced through a certain mechanism. Here, we present a conceptual model 

of how this caprock permeability can be enhanced. A thorough understanding of the 

concept is useful in studying secondary hydrocarbon migration and entrapment In the 

field of exploration, this concept can be used to trace hydrocarbons migration routes, 

to predict a seal capacity, to exploit the discovered fields, and to understand the distri­

bution of hydrocarbons in the subsurface.

Methods of hydrocarbon migration and entrapment have been discussed and debated 

for years by petroleum engineers and geologists. Migration hypotheses vary from sim­

ple migration from the source rock into adjacent carrier bed (primary migration) and 

through the carrier bed to the trap (secondary migration), to complicated multi-stage 

migration schemes. In all migration hypotheses, the permeability pathways and barri­

ers play an important role in hydrocarbon accumulation.
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The simplest migration and entrapment model is the “fill and spill” model shown in 

Figure 1.1 (Gussow, 1954). Gussow (1954) was the first to describe this model. In this 

model, oil and gas expelled from the source rock coalesces to form continuous slugs in 

a carrier bed and migrates up structure under an impermeable caprock. The lowest 

structural trap along the migration path will be filled first When the structure is filled, 

the hydrocarbons will spill from the structure and continue migrating up the carrier 

bed until another trapping structure is encountered.

gas

Figure 1.1: Structural differential entrapment of oil and gas (fill and spill) model (after 

Gussow, 1954).

A second model of migration and entrapment is the “capillary entry pressure” model. 

This model differs from the fill and spill model in that, rather than structure acting to 

trap the hydrocarbons, regions of low permeability and high capillary entry pressure 

within the carrier bed (e.g. Figure 1.2), inhibit vertical migration (Smith. 1966; 

Schowalter, 1976; Watts, 1987).
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oil
gas
permeability barrier

Figure 1.2: Capillary entry pressure model of entrapment by zones of low permeability 

and high capillary entry pressure (after Schowalter, 1976).

Berg (1975) has illustrated the capillary entry pressure model for secondary migration 

as shown in Figure 1.3. By considering an oil globule which is impelled by buoyancy 

and moves through the pores in a rock, he illustrated how the globule must be 

deformed in order to go through the pore throat According to Berg, in a multi-phase 

system (oil-water) capillary pressure arises because of molecular forces at the interface 

between oil and water attempting to maintain the smallest surface area per volume 

possible, that of a sphere. If the globule deforms to squeeze through the pore throat 

the pressure provided by buoyancy has to be greater than the opposing pressure (pore- 

entry or deformation pressure). When buoyancy pressure is less than the entry pressure 

no migration occurs. As pore throat size decreases, the amount of deformation neces­

sary for the oil globule to enter the pore throat increases and thus the entry pressure 

increases.
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Intrinsic permeability has been shown to be proportional to pore throat size and thus

inversely proportional to capillary entry pressure, implying that zones of low perme 

ability would also have high capillary entry pressure.

Figure 1.3: Diagram illustrating the interplay between capillary pressure and buoyancy

as oil globule moves through the pore throat: (A) oil globule before it 

deforms; (B) buoyancy force is sufficient to distort oil globule, but capil­

lary pressure of globule in pore throat exceeds capillary pressure of globule 

in the pore because radius of pore throat is smaller than the maximum 

radius of pore; (C) buoyant force in globule equals the capillary pressure in 

pore throat; (D) buoyant force in globule is larger than the capillary pres­

sure in the pore throat and the globule moves through the pore throat (after 

Berg, 1975).

water

4

oil globule
A B C D

where Y is the artificial tension
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Both the “fill and spill” and “capillary entry pressure” models are static, meaning they 

predict hydrocarbon column heights that depend only on static rock and fluid proper­

ties. Bennett (1996) proposed a dynamic entrapment model (Figure 1.4) where reser­

voir sands juxtaposed to a low permeability fault zone are charged by hydrocarbons 

migrating up a fault The resulting steady-state hydrocarbon column height in the res­

ervoir sands is a dynamic function of the hydrocarbon flux in the fault Ashbaugh 

(1997) further showed that the column height depended upon both the hydrocarbon 

and the water flux in the fault In both models the hydraulic properties of the fault were 

independent of both the fluid pressures and the stress-state of the fault zone.

Figure 1.4: Dynamic column height model where fault zone acts as both the migration 

pathway and the trapping mechanism.

In this research, we consider a fractured caprock which acts as both a migration path­

way and as the trap seal. This model differs from a dynamic entrapment model in that 

the mechanical and hydraulic properties of the fractured rock are a function of the fluid 

pressure within the fracture and the stress-state of the caprock.
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Consider the interbedded sand-shale system shown in Figure 1.5. As hydrocarbons (oil 

and gas) are generated in the source rock, buoyant forces cause them to migrate later­

ally and vertically. The low permeability shale caprock initially serves as a seal to pre­

vent “cross-strata hydrocarbon migration'' due to their high displacement pressure, 

low permeability, and lateral continuity (Downey, 1984). As the filling process contin­

ues, the buoyant pressure of the hydrocarbon increases. If the hydrocarbon phase pres­

sure (capillary pressure) exceeds the displacement pressure of the caprock. 

hydrocarbons will displace water in the caprock and will migrate through the caprock 

pore throats as a continuous oil or gas phase (Schowalter, 1976).

The presence of natural fractures in the caprock act to both increase the permeability 

and decrease the displacement pressure. This allows hydrocarbons to breach the seal, 

resulting in underfilled traps (traps not filled to the spill point).

fracture zone

hydrocarbon
flow

Figure 1.5: Cross-strata hydrocarbon migration through a fractured caprock occurs as 

a high permeability reservoir sand is charged by hydrocarbons. The struc­

tural trap in the reservoir sand is underfilled (not filled down to the spill 

point) due to hydrocarbon migration through the fractured shale caprock.
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Chapter 2 

Objectives and Approach

When the trap exists (e.g. Figure 1.5), fluid pressure in excess of the hydrostatic can 

occur (overpressure). In this environment, it is expected that fluid pressure gradient in 

the underlying reservoir is hydrostatic due to the high permeability of the reservoir and 

low fluid velocities in the reservoir. However, within the lower permeability caprock, 

pressures may increase significantly above hydrostatic. This overpressure facilitates 

the enhancement of the caprock permeability.

2.1 Objectives

The objectives are: 1) to characterize and quantify the permeability and displacement 

pressure of the fractured caprock (under overpressures condition) for use as a tool to 

predict trap integrity, 2) to relate fracture permeability and the displacement pressure 

of the caprock to the fluid pressure within the fracture and the stress-state of the 

caprock, and 3) to develop a simple formulation for the effective stress that relates 

fluid pressure and Shmin.

2.2 Approach

We will construct our model in a step-wise fashion. First, we develop a model of the 

mechanical behavior of the fractured caprock. In this development, the elastic proper­

ties of the host rock, the topography of the fracture surface (fractional contact area), 

the fluid pressure within the fracture, and the stress state of the host rock are consid­

ered.

Second, we present a model to relate hydraulic properties (hydraulic width and perme­

ability) of the fracture to the mechanical behavior. It is assumed that fracture planes 

behave like smooth parallel-plates. This assumption is based on the small fractional
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contact area found in the model. The fractional contact area which is defined as the 

ratio of the contact area of the asperities to the fracture surface is presented. Further­

more, we calibrate and scale the model using the actual data (Fisher and Zwart, 19%).

Third, we combine the mechanical and hydraulic models to develop a l-D steady-state 

flow model describing two-phase fluid flow in the fracture and predict hydrocarbon 

column height in the underlying reservoir. In this model, capillary pressure of the frac­

ture is constructed based on the smooth parallel-plates model and is a function of fluid 

pressure and Shmin within the caprock.

Finally, we extend the l-D steady-state flow model to a 2-D transient numerical flow 

model. Using mass-conservation and Darcy's equation, a seven-point finite-difference 

simulator is constructed. The mechanical and hydraulic models are inserted into the 

model. The model is then used to study trap integrity in the secondary hydrocarbon 

migration where the column height is limited by the fluid pressure and the stress field.
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Chapter 3 

Mechanical behavior of tensile fractures

We begin our model development by considering the mechanical behavior of a frac­

tured rock and the key parameters controlling this behavior. In particular, we will 

relate fracture deformation to normal stress, fluid pressure, fracture surface topogra­

phy, and elastic properties of the host rock.

3.1 Stress State

We first look at a representative volume within the cap rock. The stress tensor acting 

upon the volume can be described in terms of three orthogonal stresses (5 ,, S2, and

S3). This is shown in Figure 3.1. By definition 5, is greater than S2 and S 2 is greater 

than S3. In our model, it is assumed that the largest of the principle stresses is oriented 

vertically, thus 5, = Sv. Then the remaining two principle stresses are horizontal and 

by definition the least (minimum) principle stress is horizontal, S3 = Shmin. Further­

more, we assume that all fractures are tensile (mode 1) fractures, which are perpendic­

ular to the principle stresses. The aperture of fractures decrease under increasing 

effective stress (Jones, 197S; Tsang and Witherspoon, 1981; Walsh, 1981).
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S 3

s

Figure 3.1: Representative rock volume depicting three orthogonal principle stresses 

(mode 1) and three fracture planes. The largest principle stress is assumed 

to be vertical and is termed Sv = 5 , .  The least principle stress is horizon-

^  ( S h m i n  ~  *̂ 3 )*

3.2 Fluid pressure

We consider fractures that are normal to Shmin, Shmin acting to close the fracture and 

the pore pressure (p p ) acting to keep the fracture open (Figure 3.2). In the figure, W 

represents the fracture width, Fa represents the force exerted by the asperities over the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

area a , Fp represents the force caused by the pore pressure (pp ) acting on the area 

( A - a ) ,  and Fhmin represents the compression force caused by Shmin over area A .

The term asperity has been used by several authors (Gangi, 1978; Walsh and Grosen- 

baugh, 1979) to describe the pinnacles present on the fracture surface.

A (fracture area)

hmin

w
Figure 3.2: 2-D depiction of forces acting on a fracture.

hmin

Increases in Shmin act to close the fracture and increases in pp act to open the fracture. 

At equilibrium, the summation of forces working on a system must equal to zero:

hmin

F  = 0 (3.1)

= FP + Fa (3.2)

F hmin ~  F p (3.3)
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Dividing Eqn. 3.3 by nominal fracture plane area A yields:

F_ a  F  hmin F p (3.4)
A A A

hmin Pp (3.5)

where Fa/ A  is the axial stress or the horizontal effective stress (see Figure 3.2).

3.3 Modeling a fracture with a single asperity

We model the deformation of a single asperity that separates two parallel plates. The 

asperity is modeled as a cylindrical elastic solid of length Wa at zero stress and the 

stress is assumed to be uniaxial. The 3-D depiction of forces acting on a fracture is 

shown in Figure 3.3. The final crack aperture is represented by Wa -  AV while the A V

represents the total deformation resulting from the applied load Fhmin. In the figure, x 

represents the loaded asperity height
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Figure 3.3: Single asperity elastic model.

Under the assumption of uniaxial stress, the tensile stress ( a ) is proportional to tensile 

strain (£) and can be expressed as:

d a  = -Ed£  (3.6)

-  - £(t ) ,3-7>

where f  is the load supported by the single asperity, a is the cross-sectional area of the 

asperity and is approximated to be constant, E is the intact rock Young’s modulus, and 

x  is the asperity length (loaded height).

Integration of Eqn. 3.7 yields:

f t  {W.-AV)
dxj  d f  = -Ea  j  -  (3.8)
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/ ,  = - f a in
< r $ ? )

(3.9)

Dividing Eqn. 3.9 by the fracture plane area (A) yields:

(3.10)

where (/"(/A) is the axial stress or the effective stress that controls the crack aperture.

We now examine Eqn. 3.10 to study the mechanical behavior of tensile fracture for a 

single asperity. Result of the study is plotted in Figure 3.4 as an axial stress vs. defor­

mation. We observe that even for a single asperity, the relationship between stress and 

deformation is non-linear for large strains. We used data (including sample dimen­

sions) from Iwai’s (1976) laboratory sample (Sierra white granite) to study this behav­

ior. In Iwai's (1976) sample, the fractures were artificially made tension cracks. These 

artificially made tension cracks are then used to investigate the laws governing flow in 

natural rock fractures. The Young’s modulus (£ )  for the Sierra white granite sample is

4.44x104 MPa.

Snow (1968) had reported that fracture apertures atdamsites varied between SO um at 

a depth of SO meters to 100 um at a depth of IS meters. In Iwai's (1976) experi­

ments, the fracture apertures are ranged from zero to 2S0 u m . Based on these mea­

surements, in this study we use a maximum asperity height ( Wa ) of 120 um in our 

models.

Gangi (1978) through his “bed of nails” model showed that the ratio of the contact 

area of the asperities to the fracture surface is small. Using the “bed of nails” model, 

Gangi (1978) matched Nelson’s (197S) experimental data for sandstones and found
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that the fractional contact area is only about 4% of the total fracture surface. He further 

showed that to match Jones’ (1975) experimental data for fractures in carbonate rocks 

the contact area is much less than 4% (a « A ). Based on this knowledge and for the 

purpose of studying the relationship between stress and deformation in the single 

asperity model, we assigned fractional contact area ( / c ) to 0.4E-03 (0.4%).

Figure 3.4 shows the deformation up to 30 um for asperity heights of 120 um.  In 

Iwai’s (1976) experiments for sample Sierra white granite, Iwai (1976) showed the 

deformation up to 150 um for maximum asperity heights of 250 u m . There is possi­

bility that at very large strain the asperities would be crushed. This interpretation is 

supported by Iwai’s (1976) flow data after repeated loadings. Iwai’s (1976) results for 

flow versus stress differ substantially from cycle to cycle while the flow essentially 

remains constant By comparison with the sample basalt where the asperity heights are 

relatively “uniform’’, the crushing of asperities is less probable.
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Figure 3.4: Mechanical behavior of tensile fracture for a single asperity. A single

asperity model is used to study the relationship between the axial stress 

and fracture deformation. In this study, Eqn. 3.10 is used and is applied to 

Iwai’s (1976) sample (Sierra white granite). The sample dimensions and 

the artificial made fracture are shown. The Young's modulus (E ) for the
4

Sierra white granite is 4.44x10 MPa and the maximum asperity height 

at zero effective stress ( Wa) is assigned as 120 u m . The fractional con­

tact area ( / c ) is assigned to be 0.4 %. It can be seen through the figure that

the relationship between the axial stress and the deformation is non-linear 

for a large strain.
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3.4 Modeling fracture deformation with multiple asperities of equal length

We extend our investigation to multiple asperities where each asperity has the same 

length. Figure 3.5 illustrates the model. Wo is the maximum crack aperture which is 

the asperity height at zero stress and Wo ~ A V  represents the final crack aperture 

while A V represents the total deformation resulting from the applied load Fhmin. 

Again, x  represents the loaded asperity height

wo

Figure 3.5: Multiple asperities elastic model.

For multiple asperities with the same asperity height we can re-write Eqn. 3.8 as:

W o -a V AV

hmn

F a =  / 1 + / 2 +  / 3  +  - + / n (3.11)

Fa
W W. W.
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Assuming all asperities have the same Young’s modulus (E ) and the same constant 

cross-sectional area (a | = a 2 = a 3 = ... = an), we simplify Eqn. 3.12 to:

wa- \ v

where Fa is the total load supported by the asperities, N t is the total number of asper­

ities, E  is the intact rock Young’s modulus, a is the cross-sectional area of a single 

asperity, Wa is the maximum crack aperture, Wa -  AV  is the final crack aperture, and 

x  is the asperity height.

Dividing Eqn. 3.13 by the total fracture area A and integrating yields:

where (Fa/ A ) is the axial stress or the effective stress.

The same relationship between stress and fracture width is obtained using a single 

asperity or multiple smaller asperities as long as the asperities have the same Young’s 

modulus, height at zero stress and the sum of cross-sectional area of the smaller asper­

ities equals the cross-sectional area of the single larger asperity.

We use Eqn. 3.15 to study the mechanical behavior of a tensile fracture. Figure 3.6 

shows the behavior of tensile fracture. As the number of asperities increases, which is 

described in term of f c (fractional contact area), the total stress needed to effect the 

same deformation increases.

(3.13)

(3.14)

(3.15)
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Figure 3.6: Mechanical behavior of tensile fracture for multiple asperities with the

same asperity height Similar to a single asperity model, in multiple asper­

ities model, we study the relationship between the axial stress and the frac­

ture deformation. In this study, Eqn. 3.IS is used and is applied to Iwai's 

(1976) sample (Sierra white granite). The sample dimensions and the arti­

ficially made fracture are shown. Two different values of f c are used. It

can be seen through the figure that as the contact area become larger, the 

total stress needed to effect the same deformation with the smaller contact 

area increases (see caption of Figure 3.4).

fc=0.0004 (0.04%) 
fe=0.002 (0.2%)
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Chapter 4 

Hydraulic behavior of tensile fractures

We have developed and studied a model that describes the mechanical behavior of a 

rough-walled fracture in response to external stress and internal/pore pressure (Chap 

ter 3). We now investigate the hydraulic properties of a fracture described by this 

mechanical model.

41  Mathematical expression of fractured rock bulk permeability

We define the permeability for a single fracture as (et al., 1960):
1

where k f  is the fracture permeability and w is the hydraulic width of the fracture.

Equation 4.1 is obtained from a cubic law and from an analogy of cubic law to Darcy’s 

equation. In the cubic law, the fracture is conceptualized as the void space between 

two smooth parallel plates. The vertical separation between the two plates (w ) is con­

stant and the plates are oriented horizontally. The steady-state equation for laminar, 

incompressible flow for this system (fluid flow in a medium bounded by two-parallel 

plates) is the two-dimensional Stokes equation. With a horizontal fracture of constant 

cross section in x -direction and for l-D flow (x-direction), Stokes equation can be 

integrated to form the cubic law as:

q , - b l L ±  (4.2)
12|i dx

where q is the volumetric flow rate, b is the width of the fracture perpendicular to the 

flow, |JL is the viscosity of the fluid, and d p /d x  is the pressure gradient applied to the
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kA An
fluid along the x  -direction. By analogy to Darcy’s law q = — - (neglecting depth

gradient) where A x = bw,  the fracture permeability ( kj )  can be defined as in Eqn. 

4.1.

If the permeability of the surrounding rock (matrix) is assumed zero or much less than 

the fracture permeability then the bulk rock permeability can be determined from:

3
k f  = where s is the fracture spacing.

Figure 4.1 describes fractured rock with spacing s and fracture width w . The mini­

mum horizontal force that pushed the fracture to close is represented by Fhmin, and

the forces that maintain the fracture to open are represented by Fp and Fa .
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W

^min Win

Figure 4.1: 3-D, physical representation of fractured rock.

41.1 Bulk permeability for multiple fractures

Now consider a rock with multiple fractures as shown in Figure 4.2. A rock with 

length Lb has multiple fractures spaced s apart The horizontal effective stress o hmin,

which we approximate as a hmin = Shmin -  a p p where a  = ( I -  f c) and f c is the 

fractional contact area, can decrease by one of two mechanism: pp could increase or 

Shmi„ could decrease. We assume a constant stress (Shmin = constant) boundary con­

dition. Thus when p p increases, the fractures expand freely and independently as 

described in Chapter 3.
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Figure 4.2: Model of a rock with multiple fractures spaced at an interval s . A constant 

stress boundary is applied. The spring of length w describes the mechani­

cal behavior of the asperity model. The horizontal effective stress {Okmin)

will change if either the pore pressure p p or the minimum horizontal stress 

Shmin changes. We assume a constant stress boundary, thus when pp 

increases or decreases the fractures will dilate or close, respectively.
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4.1.2 Bulk permeability in 3-D

Consider horizontal flow in the x  -direction with no depth gradient (Figure 4.3). The 

representative cross-sectional area of the fractures perpendicular to the flow is given

where A x is the cross-sectional area, s v and s. are the spacings, and w. and wv are 

the fracture widths. For a simple case where fractures are parallel to the flow and 

assuming w.wv « svw, + s,wy, the rate through the fracture is given by:

where qx is the flow rate through the fracture, p. is the viscosity, and d p /d x  is the 

pressure gradient in the x  -direction.

Recall Darcy’s equation for horizontal flow (neglecting gravity):

x d p

( 4 5 )

qx is the horizontal flow rate in x  direction and kx is the bulk permeability. In Darcy’s 

equation, the cross-sectional area perpendicular to flow is represented by the total area, 

thus the cross-sectional area is Ax = s ys.

By comparing Eqn. 4.4 and 4.5, the bulk permeability kx can be obtained from:

by:

Ax = sywz + s.wy - ( w zw j (4.3)

(4.4)

(4.6)

kv and k . can be obtained in a similar fashion:
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JL =
w. 3w.

I2sr 12s.

k . =
3 3

W.c Wy
12S. 125.

(4.7)

(4.8)

Figure 4.3 below shows the 3-D model used to describe fracture permeability. Three 

sets of orthogonal fractures are assumed to be present The hydraulic fracture width in 

x , y , and z direction are represented by wx, wv, and w . . The fracture spacing are

represented by sx , s v, and s. and the minimum horizontal, maximum horizontal, and

vertical forces are represented by Fhmin, Fhmax, and Fv, respectively.

Figure 4.3: 3-D model to describe fracture permeability. In the figure, qx represents 

fluid flow in x-direction.
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Equations 4.6,4.7, and 4.8 are similar to the equation derived by Elsworth and Mase 

(1993) for the conductivity of a fractured media. In their derivation, they consider flow 

through the fractured and add matrix permeability directly into their derivation by 

assuming that there is no discrepancy between the actual and the equivalent hydraulic 

aperture. In the case where the fracture conductivities dominate matrix conductivities, 

the matrix permeability can be neglected. In this research, we assume flow through the 

matrix is negligible.

4.2 Experimental data vs. asperity model

We now use the asperity model to describe the behavior of a clay caprock. We use 

Fisher and Zwart (1996) data to calibrate and scale the model. Fisher and Zwart (1996) 

measured bulk permeability along a plate boundary fault in the decollement zone 

between North American and Caribbean plates. They calculated bulk permeability 

from data derived from pulse tests, flow tests, recovery tests, and slug tests. Based on 

their data (Figure 4.4 and Table 4.1), they developed a correlation between bulk per­

meability and vertical stress. Their best fit correlation is k = 10 8 3 ' 6° v where k is 

bulk permeability in cm~ and o v is the vertical effective stress in M P a .

Figure 4.4 shows their experimental results taken from Leg 156 packer and ODPNaut 

tests. Open symbols indicate the effective stresses at the start of test periods while 

solid symbols indicate effective stresses at the end of test periods. Circles and dia­

monds are results for pulse tests and triangles-upward and squares are results for flow 

and recovery tests. These data were calculated during Leg 156 packer tests. The trian- 

gles-right are results from slug tests calculated during ODPNaut tests. The solid line is 

their best fit of log permeability to vertical effective stress. Table 4 .1 provides the val­

ues the Leg 156 packer tests and ODPNaut tests. The effective stresses at the start and 

at the end of test periods and the calculated permeability are also given.
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Fisher's correlation
- 8 .3 - l . 6 a v

,-1 0

o •

, - 1 1

o •

,-12 Fisher correlation

o.s 1.5 2.5 3.5

axial stress (Mpa)

Figure 4.4: Permeability vs. vertical effective stress in a plate-boundary fault In the 

figure, open symbols represent the effective stresses at the stait of the test 

periods and solid symbols represent the effective stresses at the end of test 

periods. Circles and diamonds are results from pulse tests and triangles- 

upward are results from flow and recovery tests. The triangles-right are 

results from the slug tests calculated during the ODPNaut tests. The solid 

line represents their best fit correlation of the effective stress and the per­

meability (after Fisher and Zwart, 1996).
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Table 4.1: Actual Fisher and Zwart (1996) data

<*v
at start 
(MPa)

<*v
at end 

(MPa)

k

(cm1)

2.685 2.440 2.4x10'“

2.860 2.520 8.0x10"12

2.372 3.678 1.8x10"“

3.200 2.300 8 .0xl0" '2

1.268 1.632 2.4x10'“

1.485 1.589 7.4x10 '“

1.384 1.484 6.6xl0~ '2

1.148 1.375 3.1x10'“

1.148 0.621 3.4x10"'°

0.647 0.691 6.9x10"'°

0.895 1.031 7.3x10'“

1.017 0.637 8.9x10'“

0.637 0.412 9 .2x10 '“

0.451 0.559 9.7x10"'°

0.591 0.405 6.1x10"'°

0.394 0.276
l.OxlO"09

0.118 0.141 3.5X10"09
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Table 4.1: Actual Fisher and Zwart (1996) data

<*v k
at start 
{MPa)

at end 
{MPa) (cm2)

0.172 0.207 5.5xl0- l°

2.130 2.380 5.0xl0-14

2.070 2.240 7.0xl0-14

2.100 2.410 5.0xl0"14

2.490 2.800 2.0xl0"13

Sims et al. (1996) conducted laboratory experiments to investigate the stress-depen­

dent flow through fractured clay till. In their experiments, they took shallow buried 

clays (up to a depth of 16 meters) and found natural fracture planes within them. They 

measured the conductivities of clays in a flexible permeameter and found that the con­

ductivities were in the range l.xlO-07 to l.xlCf08 cm /s  which is on the order of

-08magnitude as the clay matrix ( 1.x 10 c m / s ). Using the cubic law relationship 

(Witherspoon et al., 1980) and the known residual flow volumes, they back calculated 

the fracture apertures and found that the equivalent hydraulic apertures were in the 

range of zero to 5 u m .

Based on this, in our asperity model we assign the maximum crack aperture ( Wo) for

a clay to 10 u m . The fractional contact area ( / c ) is assigned to 4.65xl0 °5 . Gangi 

(1978) has reported that to match Nelson's (1975) data for fractures in sample sand­

stones, the contact area is about 4 % of the total fracture wall and to match Jones’ 

(1975) data for fractures in carbonate rocks, the fractional contact area ( f c ) is much
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less than 4% ( f c « 4 %). Based on this knowledge and in order to scale our asperity

model, we assign a small fractional contact area ( f c ) which is on the order of 1 x l0 ° 5 

of the total fracture wall.

The fracture spacing (s ) is varied. The spacing is commonly much greater than the 

individual aperture of the fractures. In order to study and to scale the model, we 

choose fracture spacings that have one and two orders of magnitude higher than the 

values of the maximum crack aperture. Fracture spacings of 100 and 1000 um are 

used. Table 4.2 shows the parameters we use for our asperity model.

Table 43.:  Parameters used by asperity model when spacing are varied

fixed parameters matching
parameters

£ K f c s
MPa um um

1.8x10°* 10 4.65 xlO-05 100

1.8x10°* 10 4.65 xlO-05 1000

The comparisons of measured and modeled bulk permeability versus the axial stress 

between our model and Fisher and Zwart’s (1996) data are shown in Figure 4.5. 

Through the study we observe that by adjusting fracture spacing, the asperity model 

can match both Fisher and Zwart’s (1996) data and their correlation. We observe that 

by increasing the spacing ( s ), the fracture permeability for a given axial stress 

decreases. This is expected since the fracture permeability is inversely proportional to 

the fracture spacing. In Figures 4.6 and 4.7, we investigate the behavior of the modeled
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bulk permeability as we vary the fractional contact area ( / c ) and the maximum crack 

aperture ( Wa ).

. - 7

Fisher’s correlation

.->0
CM

1  
$
2
3

JC
"3a

0.5 2.5 3.5

stress (Mpa)axial

Figure 4.5: Comparison of measured and modeled bulk permeability vs. axial stress 

for different fracture spacings ( s ) (see caption of Figure 4.4).
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Figure 4.6 shows the behavior of the modeled bulk permeability as we vary the frac­

tional contact area ( / c ). It can be seen that as the fractional contact area ( f c ) 

increases, the modeled bulk permeability for a given axial stress also increases. The 

fracture spacing for this study is fixed and equal to 1000 u m .

Table 4.3: Parameter used by asperity model when fractional contact area are varied

fixed parameters matching
parameters

E Wo s f c
MPa um um

1.8X1004 10 1000 2.2X10"05

1.8X1004 10 1000 4.6xl0-05

1.8X1004 10 1000 6.7xlO-05
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Fisher's correlation

,-10
o e

fc=6.7e-05,-12
CM
Eo,
>.
1s
E
&JC■3a

, - u

fc=2.2e-05

0.5 1.5 2.5 3.5
axial stress (Mpa)

Figure 4.6: Comparison of measured and modeled bulk permeability vs. axial stress 

for different fractional contact areas ( / c ) (see caption of Figure 4.4).
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Figure 4.7 shows the behavior of the modeled bulk permeability as we vary the maxi­

mum crack aperture. We observe that as the maximum crack aperture increases, the 

bulk permeability increases. This is expected since the permeability is a function of the 

fracture aperture thus as the fracture aperture increases, the bulk permeability must 

also increase. The fracture spacing for this study is fixed at 1000 u m .

Table 4.4: Parameter used by asperity model when crack aperture are varied

fixed parameters matching
parameters

E f c 5
MPa um um

1.8X1004 4.65xl0~°5 1000 5

1.8X1004 4.65 xlO-05 1000 10
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Fisher's correlation

wo=5 um
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Figure 4.7: Comparison of measured and modeled bulk permeability vs. axial stress 

for different maximum crack apertures ( W0 ) (see caption of Figure 4.4).
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Chapter 5 

Steady-State model

We now combine our mechanical and hydraulic fracture models to evaluate hydrocar­

bon migration. We begin by developing a 1-D, analytical steady-state model of vertical 

hydrocarbon migration. This simple model describes single and two-phase steady- 

state flow through a fractured caprock and predicts the resulting hydrocarbon height in 

the underlying reservoir sand. In this model, we investigate a case where a potential 

reservoir is being charged from below by water and gas. Our purpose is to simulate 

flow due to the compaction of hydrocarbon expulsion from underlying source rocks 

(Figure 5.1).

In this model, water is injected into a reservoir to simulate flow from the underlying 

sediments and gas is injected to simulate hydrocarbon migration from underlying 

source rocks. We assume that there are pre-existing fractures in the seal due to tectonic 

and fluid stresses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure S.l: Physical representation of the 1-D system. The system is designed to have 

two different formations: a low permeability fractured caprock and a high 

permeability reservoir.
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In Chapters 3 and 4, we developed mechanical and hydraulic models for rocks con­

taining tensile fractures. We then calibrated those models with experimental data for 

soft rock. We now insert the asperity model into a hydrocarbon migration model by 

starting with the 1-D form of Darcy’s equation for vertical flow:

where qt is the fluid flow rate, k, is the bulk rock permeability, A.  is the cross-sec­

tional area which is perpendicular to the flow, is the fluid viscosity, p, is the fluid 

density, d p t/ d z  is the vertical fluid pressure gradient with z vertical, positive down­

ward and g is the constant of gravity.

5.1 One-dimensional, single-phase (water) fracture flow development

We solve the single-phase problem by applying a flnite-difference approximation to 

Eqn. 5.1. The discretized form of the equation for flow between two adjacent blocks is:

and g ). The value of A .,  z( and c, + , are given as a function of the system geometry. 

The gravitational constant ( g ) is given and assumed constant The volumetric flow rate 

(qw) is an input variable. That leaves us with five unknowns and one equation. We 

enter PVT data from standard correlations to relate pH. and pw to p w, leaving us with 

five unknowns and three equations. Using the models we have developed in Chapters 3 

and 4, we can relate k. and minimum horizontal effective stress o hmin. We have

(5.1)

(5.2)

where i and i + I are the block indexes.

Evaluating Eqn. 5.2, we have ten terms (qw, k . .  A . ,  , p w , pw ^  , c ,, z, + ,, pw,
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added one equation (kz = f ( a kmin) ) but also another unknown <5hmin. We assume

that Shmin is a function of depth ( z ) as follows:

■S/..,. -  (5.3)

and assign a constant value to |J and take z from the system geometry. We now have 

five unknowns and four equations.

We want to solve for all values of p w for / = 1 . . . n . We do this by assuming that the 

pressure at the top of the fractured formation (p w ) equals hydrostatic pressure, and 

then solve for p w for i = 2 .../I .

Since k , , |lw, and pw are all function of p w , we must solve Eqn. 5.2 iteratively. This 

is accomplish by a bisection technique where an initial guess value of deter­

mined by taking a value half way between p w and Shmin. Values of k . , \ i w, and pw 

are then determined from p ° . We solve qw and compare to the given qw. If qw is 

greater than the given value, pw° becomes our new upper bound and we bisect the 

range from p w to pw ° . Conversely if the calculated value of qw is less than the 

given value, we set p w° as the lower bound and bisect the range from p w ° to Shmin. 

We re-calculate Jk_, and pw. We then calculate qw and continue the process until 

the change in the value of pw ° is within some error limit We then step to the next 

block, continuing until all n values of p w have been determined.
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We now examine the behavior of a fractured caprock in response to water expulsion 

from below. We inject water with two different flow rates (low and high flow rates). 

Water density assigned at standard condition is 67 Ib /cu  ■ f t . The system is divided 

into two different formations (caprock and reservoir). From -89S0 to -100S0 f t  

depth is the caprock and from * 100S0 to * 11050 f depth is the reservoir- ^V^tcr is

-09injected into the bottom of reservoir. For low-rate case, we inject 1.0x10

S T B /D  • f t 2 water into a system and l.OxlO-06 S T B /D -  f t "  for high-rate case. 

The gradient of the least principal stress Shmin is assigned a value of 0.8 p s i /  f t .

-0500

-9000

-0500

£  -10000 Q.
4

-10500

-11000

-11500 „
0 50 100 150 200 250 300

width (ft)

Figure 5.2: Physical representation of 1-D system describing flnite-difference gridding 

and boundary condition.

C o n s ta n t  p r e s s u r e  b o u n d a ry

- X -

ca p ro c k
- -

- » -

- reserv o ir -

- t -

t ,
W
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The rates of secondary migration are poorly known, however it is presumed extremely 

variable with estimates ranging from a few meter per thousand years to a kilometer per 

thousand years (England and Fleet, 1991). These rates depend partly on the rates at 

which hydrocarbon (petroleum) is generated. Laboratory experiments (Thomas and 

Clouse, 1995) with glass columns packed with water-saturated sand or glass beads 

where oil was supplied at the base and allowed to rise buoyantly suggest that migration 

is highly efficient and that migration rates are high, as much as 50 cm per hour. How­

ever, we must be cautious in extending experimental results to actual migration pro­

cesses. If those high rates are applicable to actual hydrocarbon migration then the 

secondary migration process would be nearly instantaneous.

In sedimentary sequences, actual migration rates are much lower than those in experi­

ments. The sedimentary sequences tends to be heterogeneous caused by compaction. 

This affects permeability and pore entry pressure. England et al. (1987) have estimated 

the rates of migration from rock and petroleum properties. They concluded that the

rates are small and in order of 1 xl0~°7 S T B / D  f t 2 .

Figure 5.3 shows the results of the study. The reservoir pressure gradient is nearly 

hydrostatic for both cases due to the high permeability and low flow rate. The figure 

also shows a direct correlation between water flux and pressure. As the water flux 

increases, pressure in the system increases. Recall Eqn. 5.2, the only variables that can 

change to affect a higher qw are k.  and A p . Near the upper boundary of the caprock

where the pressure is set to hydrostatic, the curvature of the pressure field or the verti­

cal change in the pressure gradient is large. In this zone, the minimum horizontal 

effective stress (CThmin = Shmin -  a p w) and the pressure gradient (d p w/ d z ) both

increase upward. Beneath this boundary layer effect, the pressure gradient parallels the 

least principle stress and there is little curvature in the pressure field. The greater the 

flow rate, the closer the pressure is to the least principle stress.
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The pressure profile near the caprock and sand interface is shown in Figure S.4. In the 

figure, a , and a 2 represent the effective stresses for each case. For a caprock, the per­

meability depends on the effective stress ( o hmin) thus the smaller the effective stress, 

the larger the permeability. The permeability of reservoir is constant and equal to 3 

md.  The fracture spacing in a caprock is assigned to 1000 u m . Fracture parameters 

and the flow-rates used in this study are tabulated in Tables S. 1 and S.2.

Table 5.1: Parameters for fracture permeability model.

Spacing
Maximum

asperity length Fractional
(s)

um

contact area
um </*>

1000 10 4.6xl0"°5
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Figure 5.3: Predicted pressure across a caprock and reservoir in 1-D, single-phase sys­

tem.

Table 5.2: Flow-rates used in 1-D, single-phase flow model.

Case type

Water injection rate at reference depth
iqw)

S T B /D  f t 1*

low rate l.OxlO"09

high rate l.OxlO"06

a. reference depth is at —9000 f t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 4

-9600
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caprock£ ,
-10000

f

reservoir
-10200
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7000 7S00 8000 8500 9000

pressure (psia)

Figure S.4: Predicted pressure near the interface of a caprock and reservoir in 1-D, sin­

gle phase system.

5.2 One-dimensional, two-phase fracture flow development

In the 1-D, steady-state, two-phase model, we apply a finite-difference approximation 

to Eqn. 5.1 and add a relative permeability term (kr ).

water:

- k . k r \ . , P „  - P—K.K t \ „ / r  — r w \
^  =  - r - T T 7 ^ - p ^  < 5 - 4 >'  *•! ‘•I | '
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gas:

(5.5)

where kr  ̂ and are the relative permeabilities for water and gas, respectively.

Evaluating Eqn. 5.4 and 5.5, we have seventeen terms. The values of A . ,  zt and zi+ ,

are taken from the system geometry. The gravitational constant ( g ) is given and 

assumed to be constant The volumetric flow rates (qw and qg) are input variables. 

That leaves us with eleven unknowns and two equations. We enter PVT data from 

standard correlation to relate p w and pw to p w and and to pg , leaving us with 

eleven unknowns and six equations. Using the relationship established in Chapters 3 

and 4, we can determine permeability (k .) and minimum horizontal effective stress

(Gf,min )■ We also can establish the relationships between relative permeability, water 

(k r") and gas (kr^), to saturations. This relationships can be expressed as: 

kr" = f ( S w) and kr  ̂ = f ( S w). We have added four equations: (a) equation to relate 

k. to Ohmin; (b) equation to relate o hmjn to p w; (c) equation to relate kr to Sw; (d) 

equation to relate kr to Sw, leaving us with thirteen unknowns and ten equations

We also can obtain two more equations from saturation relationship and the relation­

ship between gas and water pressure:

=  1

Pc = Pg~ Pw 

and one more equation that relates Pc to Sw:

(5.6)

(5.7)

Pc -  w’ a hmin) (5.8)
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We want to solve for all values of p w and pg for t = 1 . . . n . Similar to 1-D, single­

phase analytical model, we are assuming hydrostatic pressure at the top of the caprock 

(pWi) and then solving for p w and pg for i = 2 .../I .

Since k , , |4.w, and pw are all function of p w, and \ig and are function of pg , we 

must solve the equations iteratively. Similar to the single-phase model, this is accom­

plished by a bisection technique where an initial guess value of Pw° iS determined by

taking a value half way between p w ( and Shmin. Values of k . , , and pw are then

determined from p w 0 . Given water flow rate (qw) and obtained k. and water proper­

ties, the water relative permeability (k r ) can be obtained. Using the relationship

k r̂  = f ( S w), the saturation Sw is obtained. We use Eqn. S.8 to determine capillary 

pressure and Eqn. 5.7 to determine gas pressure p .  0 . Based on p„0 we obtain gasSi Si

properties and solve for gas flow rate (qg) and compare to the given gas rate. If qg is 

greater than the given gas rate value, p w ° becomes our new upper bound and we 

bisect the range from p w to p w 0 .

Conversely if the calculated value of qg is less than the given value, we set pw° as the 

lower bound and bisect the range from p w 0 to Shmin. We re-calculate k . , pH. , and 

pw. We then calculate pg ° and obtain qg and continue the process until the change in 

the value of pw 0 is within some error limit We then step to the next block, continuing 

until all n values of p w and pg have been determined.
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5.2.1 Capillary pressure in the fractured caprock

Because we want to study two-phase flow, we need to explore the capillary pressure 

relationship between the two phases. Capillary pressure is the pressure difference 

between the two immiscible phases (gas and water) as shown in Eqn. 5.7. The molecu­

lar attraction between similar molecules in each fluid is greater than the attraction 

between molecules of the different fluids. This causes a curved interface to exist 

between the phases. The strength of these forces can be described in terms of the prin­

cipal radii of curvature of the interface between the phases (Amyx et al., 1960):

where Pc is the capillary pressure, y  is the interfacial tension, r, and r 2 are the two 

principal radii of curvature of the interface between the phases.

In a parallel plate fracture of aperture w , principal radii of curvature of the interface 

between the phases are r, = 2 cosq r2 = °° (Pruess and Tsang, 1990). There­

fore the capillary pressure equation shown in Eqn. 5.9 reduces to:

p  _ 2ycose (5 IQ)
w

where w is the aperture and 0 is the contact angle.

Eqn. 5.10 shows that capillary pressure depends on the aperture w . Thus when aper­

ture w becomes smaller, the capillary pressure becomes higher. Eqn. 5.10 can also be 

seen as a displacement pressure or the pressure required to overcome the interfacial 

forces to force the non-wetting phase into aperture w to displace the wetting phase. 

We now construct capillary pressure functions for the fractured formation based on 

Eqn. 5.10. In Figure 5.5, <5hmin -  0 MPa describes capillary pressure in fracture for­

mation at the maximum fracture aperture. We assume that at the maximum aperture.
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the minimum horizontal effective stress (Ghmin) is zero. In addition to capillary pres­

sure at zero effective stress, we calculate capillary pressure at different effective stress. 

Figure 5.5 shows that capillary pressure strongly depends on the aperture. At high 

effective stress, the aperture becomes small and the capillary pressure becomes high.

10*

10'

S
3
<§ 10*
Q.
£
1  Q.
s

10 '

a  > 7 MPahmm

a .  s MPa

a  a  i MPa

a  aO M Pahmat

10“ _i_
0.2 0.4 0.6

water saturation
0.8

Figure 5.5: Variation of capillary pressure in a caprock at different effective stresses. 

Capillary pressure in a caprock depends on the effective stress. As the 

effective stress increases, the fracture width decreases and the capillary 

pressure increases.
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5.2.2 Capillary pressure in the reservoir

We construct a capillary pressure-saturation function for the reservoir using Thomeer’s 

(1960) equation. Thomeer (1960) expresses capillary pressure in terms of pore geome­

try and displacement pressure:

where Pc is a capillary pressure, Pd is a displacement pressure, G is pore geometrical 

factor, Sg is gas saturation, and Sw ̂  is irreducible water saturation. Figure 5.6

describes this relationship for reservoir sand. The pore geometrical factor (G ) is 

assigned to 0.3, the irreducible water saturation ) is assigned to 0.15, and the
w irr

displacement pressure (Pd ) is assigned to 5 psi .

\

-G

p .c (5.11)
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Figure 5.6: Capillary pressure in the reservoir. To generate the plot, Thomeer’s equa­

tion is used with G = 0.3, Sw ̂  = 0.15, and Pd = 5 psi.

5.2-3 Gas and Water relative permeability

In a smooth-walled fracture, it is usually assumed that neither phase interferes with the 

flow of the other. This assumption means that the sum of wetting (kr ) and non-wet-

dng phase (k r^) relative permeability is equal to one. This assumption is based on the

experimental work by Romm (1966) who used parallel plate fractures with surfaces of 

mixed wettability and also on analysis of field data (Pruess et al., 1984). However, the­

oretical analysis and numerical simulations of two-phase flow in fractures with a vari­

able aperture by Pruess and Tsang (1990) show that significant phase interference
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occurs in a rough fracture and kr + < 1. This was also confirmed by the experi­

mental work of Persoff et al. (1991).

Persoff and Pruess (199S) measured relative permeability in natural rough walled frac­

tures. Their measurements indicate a strong phase interference with relative perme­

ability reduced to very small values at intermediate saturations for both wetting and 

non-wetting phases. Their results challenged a conventional view of fracture relative 

permeability that assumes relative permeability of each phase is equal to its saturation, 

but they are consistent with a recent model that views fractures as a two-dimensional 

heterogeneous porous media (Pruess and Tsang, 1990). Persoff and Pruess (1995) also 

make a comparison of experimental data and Corey’s ( 19S4) equation. They showed 

that Corey’s (1954) equation can approximate the experimental data. Based on this lit­

erature study, we use Corey's (1954) equation to assign kr as a function of Sw for both 

fractured and reservoir formations.

Corey’s (1954) equation is given as:

where kr and kr are water and gas relative permeability, Sw and Sg are water and 

gas saturations, and and 5 . are water and gas irreducible saturations.
w  t r r  S i r r

Figures 5.7 and 5.8 show the water (kr ) and gas (k^ ) relative permeability functions 

assigned to the sand and shale formations. 5^ for the sand is set to 0.15 and 5 . is
w t rr  S t r r

set to 0.02. For the shale, Sw and Sg are set to 0 and 0.02, respectively.

(5.12)

(5.13)
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Figure 5.7: Water and gas relative permeability in the reservoir. To generate the figure, 

Corey’s equation is used with = 0.15 and 5 . = 0.02.
w t r r  S t r r
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Figure 5.8: Water and gas relative permeability in a caprock. To generate the figure, 

Corey’s equation is used with = 0. and 5„ = 0.02.
w i rr  S i r r

We now simulate 1-D, two-phase steady-state flow. In a single-phase, we use two dif­

ferent flow rates to study flow through the fractures, however in a two-phase flow we 

only use one flow rate. Figure 5.9 shows the predicted pressures.

Water and gas are injected into the base of the reservoir. A low injection rate given in 

Table 5.3 is used. Boundary conditions for the system are hydrostatic pressure in the 

water phase at the top of the caprock and constant water and gas fluxes at the base of 

the reservoir. Fracture permeability is generated using fracture spacing of 1000 u m .
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Table S3:  Flow-rates used in 1-D, two-phase flow model.

Water injection rate 

STB /D  f t 2
Gas injection rate 

S C F /D  f t 2

Gas injection rate at 
reference depth3

S T B /D  f t 2

l.OxlO"09 1.0x10'°* 5.7x10

a. reference depth is at —9000 f t .

-9000

-9200 —  pg

-9400

-9600

-9600 caprock

-10000

-10200
reservoir

-10400

-10600

-10800

-11000
4500 5000 5500 6000 70004000 6500 7500 8000 8500 9000

pressure (psia)

Figure 5.9: Predicted pressure across a caprock and reservoir in a 1-D, two-phase sys­

tem.
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Predicted pressures near the interface of a caprock and reservoir are given in Figure 

S. 10. In the figure, the gas column height measured from the GWC (gas water contact) 

to the interface between a caprock and reservoir is shown.

-9600

sh iran
-9600

caprock
-10000

reservoir£  -10200

-10400

GWC

-10600

6000 6600 7000 7500 aooo 3500 9000
pressure (psia)

Figure S. 10: Predicted pressures near the interface of a caprock and reservoir in 1-D, 

two-phase system. In the figure, GWC represents the gas-water contact at 

steady-state.

Figure 5.11 shows saturation within the caprock and the reservoir. For the low rate 

case, gas is trapped in the reservoir as recorded by high gas saturations. This is 

expected due to the small fracture width in the caprock.
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Figure 5.11: Predicted water saturation across a caprock and reservoir in 1-D, two- 

phase system.
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5.2.4 Understanding system behavior

We now extend the study by injecting several different water rates (qw) into the sys­

tem while keeping the gas injection rate (q ) constant Our purpose is to investigate 

the effect of water flux on the gas column height

Figure 5.12 shows the results of the study. In this study, water injection rates are varied

—0 4  2while the gas rate is kept constant at 1 xlO S C F /D  f t  . The change of water rate 

has a drastic effect on gas column height At a small water injection rate, the gas col­

umn is large due to a small fracture width. As discussed previously, fracture width in a 

caprock depends strongly on the effective stress. At small water injection rate, the 

effective stress is high and the fracture width is small.

.c

10" ' 10 310-

water flux (STB/D.ft2)

Figure 5.12: Gas column as a function of water flux at a constant gas rates.
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Figure 5.13 shows the effect of varying the ratio of injection rates Qg/ Q w, while 

maintaining a constant total injection rate, on gas column height Total injection rate at

a reference depth of -9 ,000  f t  is maintained at 5.0X10”08 R B /D  ■ f t 2 .B y increas­

ing gas flow rate and keeping total flow rates constant we have reduced the water 

injection rate. Thus at this low water injection rate, the effective stress at the interface 

is high and hydraulic fracture width is small. We observed this phenomenon in the pre­

vious study. The results of this phenomenon is the large gas column height in the reser­

voir.

360

350

340

I
0
■C

E  330 3
8(0
3> 120

310

300
1.5 2.50.5 3.5

Qg/Qw

Figure S. 13: Gas column as a function of ratio injection rates at a constant total flux.
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Wc now study the case where we vary total flow rates and keep the ratio of injection 

rates Qg/ Q w constant We study the influence of changing total flow rates on the gas 

column height In this study, the ratio of gas to water injection rate at reference depth 

-9 ,000  f t  is assigned to be equal to 45. Figure 4.14 shows that as we lower total 

injection rate, the gas column height increases. This is expected since at low total 

injection rate, the hydraulic fracture width is small because of the high effective stress. 

We also observe that even small increases in total charge rate greatly reduce the ability 

of the caprock to trap hydrocarbon for the l-D case.

460

440

420

£ •  400

5
® 380

|  ^  
CO

8> 340

320

300

280
0.5 2 2-5 3

total rates (STB/D.ft2)
3.5 4.5

x 1 0 ' '

Figure 5.14: Gas column as a function of total flux at a constant Qg/ Q w -
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5.2^ Parametric study (varying fracture spacing)

We now study the effect of varying fracture spacing on the pressure build-up in the 

underlying reservoir and gas column height In this study we consider the spacing that 

have one and two order of magnitude greater than the maximum asperity height Table

S.4 summarizes the input parameters for fracture permeability model.

Table 5.4: Parameters for fracture permeability.

Spacing
(s)
um

Maximum asperity 
length
(W„)
um

Fractional contact 
area
( f c )

100 10 4.65 xlO"05

1000 10 4.65 xlO-05

5.2.5.1 Varying fracture spacing in a single-phase system

Figure 5.15 shows the results of single-phase flow. Water is injected into the bottom of 

the reservoir. The 1-D system is shown in Figure 5.1. Two different injection rates are 

used (low and high-rate) to study the effect of varying the spacing. The rates are tabu­

lated in Table 5.2 (Section 5.1).

We observe that by reducing the spacing from 1000 to 100 u m , the pressure build-up 

in the reservoir at steady-state reduces. This indicates that as the spacing decreases, the 

effective stress (Ohmin) increases. Since the width of the fracture depends on the

a hmin. the increase of o hmin results in a decrease in the fracture width.
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Figure 5. IS: Predicted pressure across a caprock and reservoir for 1-D, single-phase 

system. In this study, two different fracture spacings ( s ) with two differ­

ent injection rates are considered. Parameters for fracture permeability 

model and the rates are given in Tables S.2 and S.4.

5.2.5.2 Varying fracture spacing in a two-phase system

Figure S. 16 and S. 17 show the results for two-phase flow. Water and gas are injected 

into the bottom of the reservoir simultaneously. Table 5.3 summarizes the rates used. 

Similar to a single-phase case, we observe that the pressure build-up in the reservoir 

decreases as the spacing decreases. As discussed previously, the capability of the 

caprock to trap gas depends strongly on the fracture width. At small fracture widths, 

the gas columns are large. When the pressure build-up decreases as we decrease the 

spacing from 1000 to 100 u m , the effective stress increases. This increase in effec­

tive stress results in an increase in the gas column heights in the reservoir.
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Figure S. 16: Predicted pressure across a caprock and reservoir for 1-D, two-phase sys­

tem. In this study, two different spacings ( s ) are used. Parameters for 

fracture permeability model and the rate are given in Tables 5.3 and 5.4.

Figure 5.17 shows the predicted pressure near the interface of a caprock and reservoir. 

In the figure, gas column heights measured from gas-water contact to the interface of a 

caprock and reservoir are shown. The values of gas column heights are given in Table 

5.5. It can be seen that as the spacing decreases, the gas column height increases.
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Figure S. 17: Predicted pressure across a caprock and reservoir in a 1-D, two-phase sys­

tem . In the figure, G W Ct and GWC, represent the gas-water contacts for 

two different spacings (see also caption of Figure S. 16).

Table 5.5: Gas column heights for two different spacings

Spacing Gas column
(s) height
um f t

100 600

1000 450
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5.2.6 Parametric study (varying the maximum asperity height)

We now study the effect of varying the maximum asperity height on the pressure 

buiid-up in the underlying reservoir and gas column height Two different maximum 

asperity height are considered. Table 5.6 summarizes the input parameters for fracture 

permeability model.

Table 5.6: Parameters for fracture permeability.

Spacing
( 5 )

um

Maximum asperity 
length
( * . )
um

Fractional contact 
area
(.f c >

1000 5 4.65xl0~°5

1000 10 4.65 xlO-05

5.2.6.1 Varying the maximum asperity height in a single-phase system

Figure 5.18 shows the results of single-phase flow. Through this study, we found that 

by decreasing the maximum asperity height the pressure build-up in the reservoir 

increases. This behavior is expected since at smaller fracture width, the permeability 

of the fracture is smaller which causes pressure build-up in the sand increases. This 

phenomenon is different compare to the previous case when we decrease the fracture 

spacing. When we decrease the fracture spacing, the pressure build-up also decreases.
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Figure 5.18: Predicted pressure across a caprock and reservoir in 1-D, single-phase 

system. In this study, two different maximum asperity height ( Wa ) with

two different injection rates are considered. Parameters for fracture per­

meability model and the rates are given in Tables 5.2 and 5.6.

S.2.6.2 Varying the maximum asperity height in a two-phase system

Figures 5.19 and 5.20 show the results for two-phase flow. Similar to the previous case 

where we varied the spacing, water and gas are injected into the bottom of the reser­

voir simultaneously. The rates used are tabulated in Table 5.3. We observe that as the 

maximum asperity height decreases, the pressure build-up in the reservoir increases. 

This behavior is similar to what we found in a single-phase flow study. The low perme­

ability in a caprock resulting from the decrease in the maximum asperity height con­

tributes to the increased pressure build-up in the underlying reservoir.
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Figure 5.19: Predicted pressure across a caprock and reservoir in i-D, two-phase sys­

tem. In this study, two different maximum asperity heights ( WQ) with one

injection rate arc considered. Parameters for fracture permeability model 

and the rate used are given in Tables 5.3 and 5.6.

Predicted pressure near the interface between a caprock and reservoir are given in Fig­

ure 5.20. The gas column heights measured from the gas-water contact to the interface 

of a caprock and reservoir for two different maximum asperity height (W0 ) are given

in Table 5.7. It can be seen that as Wa increases, the gas column decreases.
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Figure 5.20: Predicted pressure across a caprock and reservoir in a 1-D. two-phase sys­

tem. In the figure. GWC, and GW C2 represent gas-water contact for two

different Wa (sec also caption of Figure 5.19).

Table 5.7: Gas column heights for two different Wo

Maximum
asperity height Gas column

height
f t

um

5 350

10 450
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5.2.7 Parametric study (varying fractional contact area)

Wc now study the effect of varying the fractional contact area on pressure build-up in 

the underlying reservoir and gas column height Two different fractional contact area 

are considered. Table 5.8 summarizes the input parameters for fracture permeability 

model.

Table 5.8: Parameters for fracture permeability.

Spacing
i s )
um

Maximum 
asperity length

<*■>
um

Fractional 
contact area

</*>

1000 10 4.65 xlO"05

1000 10 6.70xl0"°5

5.2.7.I Varying fractional contact area in a single-phase system

Figure 5.21 shows the result of this study. We observe that as the fractional contact 

area ( / c ) increases, the pressure build-up in the sand at the steady-state decreases. 

This behavior can be described through Figure 4.6 (Chapter 4). In Figure 4.6 we vary 

the f c and have shown the corresponding fracture permeability for a given effective

stress. It shows that as the f c increases, the fracture permeability for a given stress 

also increases thus the phenomenon shown in Figure 5.21 is expected. As the f c

increases, the fracture permeability increases and decreases the pressure build-up in 

the reservoir.
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Figure 5.21: Predicted pressure across a caprock and reservoir in 1-D, single-phase 

system. In this study, two different fractional contact areas ( / c ) and two

different injection rates are considered. Parameters for fracture permeabil­

ity model and the rates are given in Tables 5.2 and 5.8.

5.2.7.2 Varying fractional contact area in a two-phase system

Figures 5.22 and 5.23 show the results for two-phase flow. Similar to the previous 

cases where we varied the spacing and the maximum asperity height, water and gas are 

injected into the bottom of the reservoir simultaneously. The rates used are given in 

Table 5.3. We observe that as the fractional contact area increases, the pressure build­

up in the reservoir decreases which indicates the increase of the effective stress.
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Figure 5.22: Predicted pressure across a caprock and reservoir in 1-D, two-phase sys­

tem. In this study, two different fractional contact areas ( f c ) are consid­

ered. Parameters for fracture permeability model and the rates used are 

given in Tables 5.3 and 5.8.

Predicted pressure near the interface between a caprock and reservoir arc given in Fig­

ure 5.23. The gas column heights measured from the gas-water contact to the interface 

of a caprock and reservoir for different f c are given in Table 5.9. It can be seen that as

the f c increases, the gas column height also increases.
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Figure 5.23: Predicted pressure across a caprock and reservoir in a 1-D, two-phase sys­

tem. In the figure, GWC, and GWC, represent gas-water contact for two

different f  c (see also caption of Figure 5.22).

Table 5.9: Gas column heights for two different contact areas

Fractional Gas column
contact area height

i f e ) f t

4.65 xlO-05 450

6.7 xlO"05 550
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S J Summary

1-D, single and two-phase steady-state models to simulate the flow through the frac­

tures and to study the trap integrity in secondary gas migration are developed. The 

developed models combine the developed mechanical and hydraulic models into the 

Darcy’s law. To study the behavior of a fractured caprock in respond to the water 

expulsions from the source rocks, a 1-D, single-phase (water) case is designed. In this 

case, water with constant flow-rate is injected into the bottom of the reservoir. Through 

the study we found that when the water influx increases, the pressure of the system 

increases. Near the upper boundary, the curvature of the pressure field is large due to 

the large minimum effective stress near the boundary. Beneath this boundary layer 

effect, the pressure gradient parallels to the least principle stress. The greater the flow- 

rate, the closer the pressure is to the least principal stress. In the reservoir, the pressure 

is found to parallel to the hydrostatic pressure due to the small injection rate and the 

high reservoir permeability.

In order to study the ability of a caprock to trap gas, 1-D two-phase (water and gas) 

cases are designed. In these cases, water and gas are injected into the bottom of the 

reservoir simultaneously. Similar to a single-phase model, in a two-phase model we 

found that the pressure of the system increases as the water and gas fluxes increase. 

Near the upper boundary, the curvature of the pressure field is large due to the large 

minimum effective stress and beneath this boundary layer effect, the pressure gradient 

(for both water and gas) parallels to the least principle stress which indicates the uni­

form of the fracture width.

The capillary pressure in a caprock is developed by assuming the fracture as a smooth 

parallel plate fracture. The capillary pressure with this model depends strongly on the 

fracture width and the minimum horizontal effective stress. When the fracture width is 

small, the capillary pressure is large.
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The capacity of a caprock to trap gas depends strongly on the water influx and the frac­

ture permeability. At large water influx, the gas column in the reservoir is small due to 

the small effective stress and the large fracture width.

Fracture permeability is found to play an important role in controlling the trap. We 

observe that by increasing the fracture spacing, the permeability of the fracture 

increases and the gas column height decreases. The maximum asperity height ( WQ)

also affects the permeability. At large Wa , the permeability of the fracture is large and

this reduces the capability of the caprock to trap gas. We also found that as the frac­

tional contact area increases, the pressure build-up in the reservoir decreases. This 

causes the effective stress in the caprock to increase and reduces the fracture width and 

the permeability and increases the gas column height
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Chapter 6 

Time dependent flow

We now develop a numerical fluid-flow model to evaluate hydrocarbon migration 

through the reservoir and caprock system. We begin by developing a 1-D, numerical 

model of vertical hydrocarbon migration (Figure S. 1). This model describes single­

phase and two-phase flow through a fractured caprock and predicts the resulting 

hydrocarbon column height in the underlying reservoir sand.

6.1 Governing equations

In developing a numerical model, we use the asperity model to describe a stress- 

dependent fracture permeability and combine the model with a numerical fluid-flow 

model. Two basic principles are used to derive the governing equation: mass conserva­

tion and Darcy’s law. Mass conservation over the representative reservoir volume (Fig­

ure 6.1) is stated as:

[mass inflows - mass outflows] + [source/sink] = [mass accumulation) (6.1)

where mass inflows is the sum of mass inflows across the control volume surfaces at 

x -  A x /2 , y -  Ay/2, and z -  Az/2 over the time interval A /, mass outflows is the sum 

of mass outflows across control volume surfaces at x  + Ax/2, y + Ay/2, and z + Az/2 

over the time interval A t , source/sink is the sum of mass depletion over the time inter­

val A t , and mass accumulation is the mass accumulated due to the compressibility and 

fluid saturation changes in the control volume over the time interval A t .
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For rectangular coordinate system and for multi-phase flow, Eqn. 6.1 can be mathe­

matically expressed as:

dt
(6.2)

where ml is the mass flux, A is the area perpendicular to flux, m, is the mass of fluid 

/ per unit volume of porous media, qt is the rate of mass depletion, / is the phase 

index, and Vb is the bulk volume of control volume.

External source Sk A
x-Ax/2.y+dy/2.z+Az/2 \

i-Ax/2,y>Ay/2.z+AZ/2 ■

q„ — • x .y  .z 
x-Ax/2.y+Ay/2.z-Az/2

AX
x-Ax/2,y-Ay/2.z-Az/2

x-*-Ax/2,y+Ay/2.z+Az/2

AZ

x+Ax/2.y-*-Ay/2.z-AZ/2

Ay

x+AX/2.y-Ay/2.z-A2/2

Figure 6.1: Control volume representation in cartesian coordinates. In the figure, the 

control volume is represented by the rectangular prism having dimensions 

Ax , Ay, and Az with its center at (x, y , z ) .  qx , qv , and q.  represent the

fluid flow-rate in the x , y , and z directions (after Ertekin et al., 2001).
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By expressing mass flux (m{) as a product of density and Darcy's velocity, mass flow 

rate (qt ) as the product of phase volumetric flow rate and phase density both at stan­

dard conditions, and mass per unit volume (m/ ) as the product of porosity, phase satu­

ration and density, Eqn. 6.2 can be expressed as (Ertekin et al., 2001):

d j  a  
d  Bt '< (6.3)

where x>[ is the Darcy’s velocity, Bt is the formation volume factor to convert volumes 

at reservoir pressure and temperature to their equivalent volumes at standard condi-

P/tions and can be formulated as Bt -  where p, and p, represent the density of 

the fluid at the standard and reservoir conditions, Q, is the volumetric flow rate at* ic

standard condition, <J> is the porosity, St is the saturation of phase /, and a c is a con­

stant for unit conversion.

For a two-phase (gas and water system), the mass conservation equation for each 

phase can be written as:

water:

a
d x

f  * *  1 Alf Av 1 a f A-
BV Hr J

Ajc -  3 -
ay Bw V

1>,<1

KV H /
Az

Q = i * i |  
a c dr

*£!!

(6.4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

gas:

B,w
u,w

\

(6.5)

wherc Qg,' = Qg, +RswQw ’ *s„ is the volume of gas in solution per unit volume of
s e  f  t e

water; and Q j  is the free gas flow rate.

For multi-phase flow, Darcy’s velocity for each phase / = w, g is defined as:

where V[ is the Darcy’s velocity (fluid flow rate per unit cross-sectional area), k is the 

bulk permeability, fcr is the relative permeability, |t{ is the fluid viscosity, V<t> is the 

potential gradient, and |3C is the unit conversion.

To solve Eqn. 6.4 and 6.5 above we utilize IMPES (Implicit Pressure Explicit Satura­

tion) method. In this method, water and gas equations are combined to form one single 

equation. This single equation is then solved implicitly to obtain the pressure distribu­

tion (pw). Once the pressure is obtained, the saturation values are computed explicitly

by substituting p w into an appropriate saturation equation.

(6.6)
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We combine water and gas equations by adding the two equations together in such a 

way that the final equation only has one principle unknown, water pressure (p w). The 

right-hand side of the water equation is expanded:

v_bd_ 
ac 3f Bw\  w J

-  —  

a„
±_ ds« 
Bw Tt

Ak $SW BBw

■!
~w 30

b  t r
*p*
57

(6.7)

Similarly, the right-hand side of gas equation is expanded:

£ j
B,  3» ,  B1 W s

V. S J

dP*
57

(6.8)

R  6 d SSW™
- * 7 5 ?

f \ \

BswBw 8 0 dBw ♦£* *pg
B dpw y g B2w dPg Bw T T .

57
\ ) /

To obtain one single equation with one principle unknown, the time dependent satura­

tion need to be removed from the right-hand side of the equations. Multiplying gas

equation by 1 and adding the two equations together will result in one

equation with one principle unknown p w (after substituting Eqn. 6.6 into 6.9 for 

Darcy’s velocity and after substituting p w + Pc for pg).
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We now solve the partial differential equation using a finite-difference scheme to 

obtain the solutions at discrete points. We use body-centered grid system. In this sys­

tem, pressure and saturation values are defined at the center of grid blocks. The bound­

ary blocks, for a rectangular grid, are placed half way between the two adjacent 

pressure or saturation points. A seven point (in 3-D) finite-difference scheme is used. 

The interblock transmissibility between block itself and its neighboring blocks in x , 

y , and z -directions for phase / = tv, g are defined as:
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Vi. J  t  » l . k

(6. 11)
± i / 2 , i

where 7"/ , T, , and Tt are the transmissibilities. The subscripts
'itl/2./.* Vy* 1/1* :i.y.*tl/2

plus and minus are to identify block boundaries in the positive and negative directions 

in the cartesian coordinates; kx , ky, and k, are the permeability in x , y , and z -direc­

tions, respectively; kr/ is the relative permeability; A*, Ay, and Az are the block size; 

is the viscosity; and Bt is the formation volume factor for phase / = w, g .

For irregular grid size distribution, the term
k x  A x

Ac
ky Ay

Ay , and
k. A. 

Az
are

obtained from harmonic average between the computational blocks. In this average, 

those terms are calculated from:

(  K  A * '
Ac

2A ,  k „ A.
x i . j . k  x i , j . k  x i ± \ . ] , k  x i  £  I .  j . k

i ± I /2, j, k
(A. kx Aci±t ik  + A t kr Ax, , k)

l . J . k  * t ± l .  J . k  y* ^

(6.13)

Ay
i, j  ± 1/2,*

2AV kv A v kv
y j . j . k  y I. J . k  y i .  j ±  l . k  -v».j t \ . k

(Av kv Ay. . + AV £.. Ay, , t )
Vi.;.* y  i .  j , k  - r ‘ > J t \ . k  y , . , t l  > , . , £ >

(6.14)

'  *= A. '
Az

2A. k.  A, k .
' ' t . j . k  " l . j . k  *-i. j. * 11

I, jykt\ /2
( A .  A z , ,• t ♦ . +  A .  AZ. , J•»». * **'». /. ft «* 7» * -  I '-r. /, * t  1 *•»,/.* i  1 7* *

(6.15)
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The weak non-linearity term ( —r-1 is handled and computed with the midpoint 

weighting between the computational blocks. For example, the weak non-linearity

f  —-jrl at the block boundary (i + 1/2, j ,  k ) between block (/, j , k) and
1/2, j .k

(/' + i, j ,  k) is computed from:

=  +  <6' l6>

The strong non-linearity term, kr , is handled and computed from one-point upstream 

weighting. In this upstream weighting, kT< is determined based on the flow direction. 

Consider the strong non-linearity k at the boundary (/ + 1/ 2, j. k) between
'.♦1/2. A*

blocks (i, j , k) and (i + i, j ,  k ) in the x -direction. Using one-point upstream weight­

ing kr is determined from:
♦ I /2. /. 4

kr = kr if the flow from (i, j , k) to (i + l, j, k) (6.17)
'.♦1/2.A* '..A*

kr -  kr if the flow from (i + l, j , k) to (i, j, k) (6.18)
'.♦1/2. A* ♦I.a*

The flow direction of phase / = w,g  between grid blocks (i, j, k) and (i + i, j, k) is 

determined according to the phase potential difference.

Eqn. 6.9 contains ox term. By using the finite-difference scheme for

point r , this term can be expanded into:

a
dx\

a 1 
a ( 4 ) |£  

(7X  y 7 ^ 2  f  a i + i / i ( - P i + i - P i ) - a i - w z l P i - P i - i )  1 ( 6 ‘ 19)Ax v '
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We now put Eqn. 6.9 into finite-difference scheme. We follow SIP (Strongly Implicit 

Procedure) notation for a 3-D case and express it as:

7  #1 + I D n + l n  #i+l _  #t + I
* P w uhk_x + i ,y,* * , 4 + y, * ' Pw (_, y t + ^ i ,y \*  * y * +

(6.20)
n + I #i + I #1 +  I'* T » m  1 p  n  ▼ 1 ^

• J• *' + <. u k ' Pw,.,. 1.*+ «. y. * ‘ y t ,, = Q», ji .k

where:

k
n + 8

Bwo  “V p  /
1.

(r, +*I„7V )
%t, /. * -  t/2 'i. /. * - 1 2

*
n 4-0

+  7 \

k
n + 9

V .
/.* -  2

(6.21)

*
n 0

1
Bw

R —  -\  B J  .K I. /. «

( r *. )». y-l /2.* 1. y - 1 2. *

it
n ♦  0

+  7 \ (6.22)

A
n + 0

I
Bwo  *

V fl /  .
* 1. / . *

( r

*
n 8

S. + K„TW
1/2. /.* » - 1/2./.*

) + Tw

k
n + 9 (6.23)

1 - 1, 2. j .k

Fu** =

it
n 0

1
B wR — —

i.y.*

it
n +■ 0

it
n ■f  0

( r f ) + r .
c i  ♦  1 /  2 .  y . *  r » ♦  1. 2 . / .  *  * i ♦  1 2 . y . *

(6.24)

it
<1 0

1
B„

R — —
V B > .* 1. / . *

(#•,, +R„T )
t . y ♦ » / 2. * 1. y *• 1. 2. *

k
n +• 0

+ r_ (6.25)
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k
( V 9 

1
Bw

k k
n + 9 n + 9

(7 ,. + * ,~ T W ) + Tw
" t . j . k  ♦ 1/2 *i» y, 4 ♦ I / 2

'i, j ,  k ~  ~  +  B  +  D  +  F  +  H  +  S ) j  j  k ~
JJJc
A t

r  = _
a c

R,w* S w dBw * S wdR

/ f \ n + 9

I
Bm

R - t t \
\ K «  B'J i .j.k

k
n + 9

BZ

dBw * S wdRsw\

d P ,  d p g )  y B wd p J

k b
n + 9 n + fl'N

(<>SwdBw)

I  btJ p *

and the right-hand side is:

(6.26)

(6.27)

(6.28)
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h  *  ^  I. y, *  j , k - 1  +  B 'i ,  j ,  k  ^ i ,  j  - 1, *  +  y , *  - 1. y . *

*  E  i , j , k  & i , j , k  +  ^  i , j , k  G i + l , j , k  +  H ' i . j . k  ^ i , j  + \ , k  +  i, j , k  & i ,  j . k + I  
k

/  \ 
1

n + 9

M T gAPcJ -

( \
r   ̂y. * Pw,.,.k i

f r  ^1 i . j . k
At ▼

At
V «•' B J I j \  J

(Pc - P nc ~ X)
,w *- (6.29)

1

* V

n  +  0

e : : 9 - a 9. : *

where Gj, J * is the depth measured to the center of the block (/, j , k ) .  Other coeffi­

cients are defined as:

* , , . k  =

i
/  k
‘  it ♦ 8 i

it *  0 it* 0  it» 0 k
it ♦ 0

9Wo  ;
V B J  .f t. y. *
Z' * ji + 6

T , \ hk . ^  * +  r - : 4v
(6.30)

\  it «-0

1
Bwo  ;v B j

£ u ;* *

* * = *0 ll*0 n + 0

(6.31)
r k

n ♦  0

v /
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O’,.,* =
f  k

it ♦ 0

*
r  v +9

1

R — —

(  k m ♦ 0
Twt Pwl-wz.j.kg

V, i - 1 ' Z . / . k  J

k  + 8
k  k

it * 8 it . 0  it ♦ 8
P.

i -  l /2, /. * J

(6 .32)

k

f  \"*9
I

Bw

V

f  k
* + *  i t . 8

* k  k

It ♦ 0 11+0 11 + 0

!♦ 1̂ 2. /.*
P*i.i/:.y.* * + R,w T", Pw..*z.,.tg

(6 .33)

k

" ♦ 8  0  -  

V *i.i/S.A* /

"■..A* =

\  m ♦ 0
I k  k  k* 0 i» ♦ 0 n ♦ 0

Bw
V Ktw~ B J K

f  I. J t  k

^ Hi*
P w , . , * W Z . k  8

i. / ♦ I / 2. *

r  . ‘ 9 it * 8 . . . .  ...............................

* y i  / ♦ ! / ■ » *  > ' 2 . *  ^* i. / ♦ l/2»*
(6 .34)

k
\  »  +  0

1  ̂ "*® ills
Bw

(  n U
T1. P*.,;.*.l/: *

-(./.*♦  1/2

a + 0 /!♦© i» -*• 0
p*... s . ....

(6 .35)

«./.* ^  j , k  +  & j' j  k +  D   ̂j  k +  P ,  j  k +  H  t  +  S’- y t ) (6 .36)

A ^ A P ,  ) = A (7\ APC ) + A (r .A P c ) + A(T.APc ) (6.37)
a Lgw St *w i * v r», * : c e».

where:
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M T a A P r  )  =  T
• " ,

*

k
n  +■ 8 r n i l k ■ n  + I

k
n  +  Q f  n i l

k  \
n  + I

= T g*'.«• 1 / 2 . j . k Pc - p C t m  
. J . k  *"i . j . k ~ T g P ' ~  k* i. J . k

- p c
• " . - i . j . k

\ V J

k
n  +• 0 f  a l l n t l  A

k
H + 0 (  * . r n  + I

= T i
\ j *  1/1* Pc x . k ~ P c * - , , . k ~ T gS , , . j - l /l i Pc,w

i . J . k
- p c,wf I.y- 1.*

J /

k
>14-0 ' n U

k  \  
n  + I

k
n  + 0 '  n i l n i l  )

= r f .
P c • " . . j . k - p c „*1 • i . j . k ~ T g i. j . k  - 1/: Pc „  t* 1./.* ~ Pc,w

• w, . , . k -  i

(6.38)

(6.39)

(6.40)

The n + 0 represents a time level between the old time level and the new time level. 0 

can be assigned from 0 to 1, if 0 = 0 , the parameters which are a function of time 

are calculated at the previous time level and if 0 = 1, the parameters are evaluated at 

the new time level at one iteration behind. In our study, we use 0 = 0.5, thus the com­

puted parameters are the average of the parameters computed at the new and previous 

time levels, k and k + 1 represent the old and new iteration level.

In the IMPES method, water pressures are solved implicitly and saturation are deter­

mined explicitly. Eqn. 6.20 is solved implicidy for the unknown pw. After solving

Eqn. 6.20 for p w, we determine saturation values explicitly by substituting p w at new

time level n + 1 into an appropriate saturation equation. Re-write Eqn. 6.7 as:

a c Bw ) dt Bwd p g dt dpgdt (6.41)
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- s : 5„3<(> 05^dfl1 5 1 / ^  = 15 ± 1 *  
a c 3 /1 P* J ~  A/

f3p 3 P ^  
Ldr dr J

V . 3 / ^  = v /  s wd$ $ s wt e S
a cT t \ B W)  a ^ P w to  J a  c[BwBp, BrwdPtj

n I
- P w  . r cp :  - k

- 1

t o to

and then using Eqn. 6.4 solve for water saturation S 

a cto fB  '"**

n + 1 
w

. . .  + t< A (T .A p .)  -  p .*  A( 7-.AG) + 2 .  ,)

v»*9 n+l
(B w\*+9 Swd* *SwdBw) f P w ^-P w ,  ^
U  J . A B j p ,  t t f F A  V t o  J

>.j .t  

i t  ♦  0

Swd$ QSwdBw
B J p *  f liS p J  Ar J

where:

A ^ A P J  = A (rw Apw > + ^(7,,, Apw ) + M T w &pw ) 

M T w &pw ) = Tw 

M T w &pw ) = r w 

M T w Apw ) = Tw
* *i

and

. j . k *  1 / 2

(P w  .k  1 ♦  I.  J,
- r (P w , - P wl . k  W - - I . / .

• (P w  t HV;. 1.* - P w , . - T
w , . , - l / 2 . k • (Pw, -  Pw. , . k  1. /  -  1

(P w - P w , T w.
- 1 . / . *  -  1 / 2

(Pw, - P w

(6.42)

(6.43)

(6.44)

(6.45) 

4) (6.46)

t) (6.47)

,) (6.48)
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A( TwAG) = A( Tw AGx) + A(Tw AGy) + A( Tw AGz) (6.49)

' ( C i  + \ . j , k ~  G i. j , k ) ~
U-1/ l . j .k

(6.50)

Air a g  i = r^  w, y; w¥
i. 7 ♦ 1/ 2.* '  ( C i, y  +  1. *  ~  G i, j , k ) ~  T w

A{TwAGz) = Tw_
j .k*  1/2 -i. y.*- 1/2

Once the water pressure p w and water saturation Sw are obtained, gas pressure can be 

calculated using capillary pressure relationship:

Eqn. 6.20 and 6.44 need to be solved iteratively. The non-linear parameters in the 

equations are handled by bringing the time-dependent terms one iteration behind. For 

the stress-dependent permeability, the value of permeability for each caprock block is 

updated before the convergence of the non-linear iterations.

6.2. Computational procedure

We now develop a procedure to solve the transient case numerically. The computa­

tional procedure we use is summarized below:

1. The extrapolation values are obtained. At this step, the guessed values of each block 

for the new time level (n + 1) are computed from the values at time level n and n -  1. 

The pressure and saturation values for each block are computed using the following 

extrapolation routine:

(6.53)

The gas saturation can be obtained from saturation relationship:

g  - (6.54)
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(6.55)

(6.56)

(6.57)

The gas pressure values pg* 1 are then computed using capillary pressure relation­

ship.

2. After obtaining extrapolation values, we then calculate n + 0 level values for pres­

sure and saturation. We use the extrapolation values to obtain the n + 0 level values by 

using Eqn. 6.58. The value of 0 in general be any value between 0 and 1, but as 

described earlier is taken to be 0.5 in this work.

The water and gas saturation can be obtained with similar fashion.

3. Once we get pressure and saturation values at n + 0 level. The transmissibility of 

each block is calculated. In this step, the transmissibility of each block and the stress- 

dependent permeability together with the capillary pressure are computed. The capil­

lary pressure in a caprock depends on the effective stress. All values such as relative 

permeability and fluid properties are also computed at n + 0 level.

4. After calculating the transmissibilities, we develop SIP coefficients for each block, 

we develop a system of linear algebraic equations and then we solve the equations 

using a direct solver. In this work we used the LEQT1B direct solver (IMSL. 1978).

(6.58)
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5. After completing step 4, we explicitly calculate a water saturation for each block 

using the iteration pressure values from step 4. The gas saturation is then calculated 

from the water saturation. The capillary pressure is calculated from the effective stress 

(shale blocks) or from the water saturation (sand blocks). Both gas saturation and cap­

illary pressure are calculated at the new iteration level.

6. The computed values from steps 4 and 5 are then compared with the extrapolated 

values. If they agree within a given set of tolerances, the computation proceed to the 

next time level. If they do not agree within pie-determined tolerances, the computation 

goes back to step 2 and the calculated values becomes the extrapolated values. The tol­

erances we used are 0.01 psia for pressure and 1.x 10°5 for saturation.

7. The last step before proceeding to the next time level is the material balance check. 

Here we perform a volume balance calculation. The amount of fluid that enter the sys­

tem together with the amount of fluid that leave the system are compared with the 

change of the total fluid in the system. If the material balance does not agree with the 

accepted tolerance, the pressure and saturation tolerances are decreased and we pro­

ceed to the next time level.

The following algorithm is given to describe the computational procedure:
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Input d a ta

C om pu te ex trap olated  v a lu e s  b a se d  on  s te p  1

________________ t______________

C om pu te n + e  level v a lu e s  b a s e d  o n  s te p  2

______________ t_________________

C om p u te transm issibility o f  e a c f i M ock b a s e d  o n  s te p  3

ind ex  2index 1 Index M ock

±

F ractured formation:
C alcu la te  s tr e ss -d ep en d e n t perm eability an d  capillary p ressu re  b a s e d  o n  s te p  3

_________________________________________________ l_______
S a n d  formation:
G et perm eability from input d ata  an d  ca lcu la te  capillary p ressu re  b a s e  on  s te p  3
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________________ t____________

D e v e lo p  S IP  coeffic ien ts b a s e d  o n  s te p  4

_____________________________ t_____________________________
I

Form tb e  co e ffic ie n ts  o f th e  linear a lgeb ra ic  sy s te m  an d  s o lv e  for w ater p ressu re

 «____________

C alcu late  w ater saturation  explicitly

ind ex 2ind ex 1 block

X

Fractured formation:
C alcu late  capillary p ressu re  b a a ed  on  m e  fracture width

 1
S a n d  formation:
C a lcu la te  capillary p ressu re  b a s e d  o n  th e  saturation  distribution

1 1

C a cu la te  g a s  saturation  u sin g  saturation relationship

X

C om pare ca lcu la ted  p ressu re  an d  saturation with th e  ex trap olated  v a lu e s

X
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T

Um  ca lcu la ted  v a lu e s  a s  th e  extra p o la ted  v a lu e s

2 ---------   j

D o th ey ith  a  g iven  s e t  o f to lerance

4
T

D e c r e a s e  th e  p ressu re  an d  satu ration  to ler a n c es  
and rep ea t th e  tim e s te p

_______________ f______________________

R ecord  th e  com p u ted  p ressu re  an d  saturation v a lu e s

Figure 6.2: Algorithm of a numerical transient simulator.
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6.3 Mathematical expression of bulk porosity ($ ) in fractured rock

For a caprock, the porosity, $ , depends on the stresses and can be computed from:

K )  = (6.59)
*x sy SI

where Shmin, Shmax, and S v are the three principal stresses; wx , wv, and w.  are the 

hydraulic fracture widths; sx , sy , and s,  are the fracture spacings in x , y , and z direc­

tions, respectively.

Figure 6.3 describes the bulk porosity of a caprock containing vertical and horizontal 

fractures. The bulk porosity is computed based on Eqn. 6.59 with a fracture spacing of 

1000 um and the maximum asperity height is 10 um in all three directions. The frac­

tional contact area between asperities and fracture surface is 4.65 xlO-05 and the
4

asperity Young’s modulus is 1.8x10 M P a .
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0.035

0.03

0.02S

0.02

0.015

0.01

0.005

effective stress (MPa)

Figure 6.3: Bulk porosity vs. the effective stress of a caprock containing vertical and 

horizontal fractures. In this figure, it is assumed that the three principal 

stresses (Sv, Shmajc, and Shmin) are equal.

6.4 Transient single-phase model.

We now apply the transient numerical model to 1-D and 2-D cases. We start with the 

1-D case. The 1-D case is designed and is used as a tool to compare the steady-state 

and transient models. Figure S. 1 presented in the previous chapter is used. We extend 

the number of blocks in x  -direction to perform a 2-D case. In addition we design 2-D 

case where the system has a dip-angle.
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6.4.1 Comparison between steady-state and transient model in 1-D case

Figure 5.1 and Table 6.1 are used in this study. The system is divided into two different 

formations. The upper half is the caprock and the lower half is a sand formation. Water

with flux l.xlO S T B /D  • f t  is injected into the system through the base of the 

sand formation. Hydrostatic pressure is maintained at the top of a caprock. This is the 

same boundary condition we imposed in the steady-state model presented previously. 

The initial system pressure is initially hydrostatic. In the caprock the minimum hori­

zontal (Shmin) stress is assumed to have a constant gradient of 0.8 p s i / f t . The per­

meability of the caprock depends on the effective stress. For this study we assign 

fracture spacing of 1000 um (see Figure 4.5 for permeability model).

Table 6.1: Input data for 1-D case.

Parameter Value

Size of the system 100 f t  x 100 f t  x 2000 ft.

Sand porosity 0.1

Sand permeability kx a 30 md

Sand permeability ky b 30 md

Sand permeability k: 3 md

Initial pressure hydrostatic

Initial saturation 100% water

Rock compressibility 3XI0"06 1/psi

a. in 1 -D case this permeability is not used
b. in 1 -D case this permeability is not used
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The numerical model is run until steady state is reached. As shown in Figure 6.4, these 

steady state results are in good agreement with steady-state model results from Chap­

ter S. Because we assume that Shmin constant, as the block pressure increases the

effective stress decreases. This causes the fracture to open wider and increases perme­

ability of the caprock. The pressure gradient in the sand is nearly hydrostatic due to the 

small flux and the relatively high permeability of the sand (3 m d ).

-9000
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° pw Iran—ol
-9200

-9400

-9000

caprock-9000
c

 ̂-10000 

3
-10200

reservoir

-10600

-10000

-11000
4500 5000 5500 60004000 0500 7000 7500 0000 0500 9000

pressure (psia)

Figure 6.4: The comparison of pressure in a 1-D, single-phase system for a steady 

state and transient models.
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Figure 6.5 shows pressure profiles near the interface between the caprock and the sand. 

The good agreement between the two models (steady-state and transient models) is 

observed.

-9600

-9700

-9600

_  -9900
C ,
•C

-10000 

-10100 

-10200 

-10300 

-10400
7000 7200 7400 7600 7600 8000 8200 8400 8600 8800 9000

pressure (psia)

Figure 6.5: The comparison of pressure in a 1-D, single-phase system for a steady- 

state and transient models near the interface of a caprock and reservoir.

We now examine the pressure build-up at the interface of the caprock and the sand. 

Figure 6.6 shows the profile when pressure approaches steady state. The sand pressure 

increases rapidly from hydrostatic to the steady state solution. This behavior mainly is 

caused by the high permeability in the sand and low permeability in the caprock. The 

good agreement between the two models at steady state can be observed.

a p w - t m w i
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irttrtac*
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Figure 6.6: Pressure build-up at the interface of a caprock and reservoir in a 1-D. sin- 

gle-phase system for a steady-state and transient models.

6.4.2 Comparison between steady-state and transient models in 2-D case

The 2-D model is shown in Figure 6.7. Similar to the 1-D case, in the 2-D case the sys­

tem is divided into two different formations. The upper half of the system is a caprock 

and the lower half is a sand. We then inject water into the base of the system at the

three different blocks. Total water injection is 3.x 10 S T B / D  ■ f t " . The pressure at 

the top of a caprock is maintained constant at hydrostatic. The initial pressure is hydro­

static and the Shmin gradient is assumed constant 0.8 p s t / f t . The fracture spacing is

1000 urn.
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Figure 6.7: Physical representative of a 2-D model describing finite difference grid- 

ding and boundary condition.

Figure 6.8 shows the results. The pressure profiles for 2-D cases are given for both 

steady-state and transient (at steady state) models. In addition, we show the results of 

the 1-D case. We observe that pressure responses for 1-D and 2-D cases are similar. 

This is expected since in this case we inject the same flux as we used in 1-D case.
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Figure 6.8: The comparison of pressure in steady-state and transient models for 1-D 

and 2-D systems.

The pressure profiles near the interface between a caprock and sand is given in Figure 

6.9. The good agreement between steady-state and transient models is observed.
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Figure 6.9: The comparison of pressure in 1-D and 2-D, single-phase system for a

steady-state and transient models near the interface of a caprock and reser­

voir.

6 .43  Transient model in 2-D case with a dip angle

We now present a 2-D case with a dip angle. Figure 6.10 illustrates the case. The dip

angle is equal to 30°. The system again is divided into two different formations. At the 

base and at the top, we assign sand layers and between those two sand layers we assign

—06 2a caprock. Water ( 1.x 10 S T B /D  f t  ) is injected into the system through the base 

at the deepest position.
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At the top of formation we impose a hydrostatic constant pressure boundary and at the 

base we impose a constant flux boundary condition. The Shmin gradient across frac­

tured formation is assumed constant 0.8 psi /  f t . In Figure 6.10, the small squares 

represent the center of the blocks.

Figure 6.11 shows the calculated pressure along A - A '  (see Figure 6.10). As in 1-D 

run, the reservoir sand pressure increases rapidly from hydrostatic to the steady state 

solution. This behavior is caused by the low permeability of a caprock and the rela­

tively high permeability of the reservoir sand. The pressure build-up in the sand causes 

the fracture to open wider and increases the permeability in the caprock.
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Figure 6.11: Predicted pressure in a 2-D, single-phase system with a dip along A -  A'  

(see also Figure 6.12).
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Figures 6.12 to 6.16 show the overpressure and the effective stress distributions of the 

system at the initial time and steady state. Overpressure is defined as the pressure dif­

ference between water pressure and hydrostatic. The comparison between plots at the 

initial and steady state shows that the pressure of the system (caprock and reservoir) 

increases. The increased pressure causes the effective stress of the system to decrease.

Figures 6.12 and 6.14 show the distribution of the overpressure in the system. Over­

pressure at the initial time is equal to zero. We assign the initial pressure equal to the 

hydrostatic pressure. As the system reaches steady state, the pressure increases as 

recorded in the high pressure region. However near the upper boundary, the pressure is 

constant at hydrostatic pressure. This is due to the high permeability of the upper 

boundary layer and the constant hydrostatic pressure boundary. Comparing to 1 -D 

case, we observe the similar behavior of the pressure respond in a caprock and in the 

reservoir. The pressure of the caprock increases and at the same time the effective 

stress (o hmin) decreases, this causes the permeability of the caprock to increase.

Figures 6. IS and 6.16 describe the distribution of the effective stress at the initial state 

and steady state. The Ohmin at the initial time is large due to the initial pressure we

assign. Figure 6.16 shows the variations of the o hmin in the system at steady state. We

assume that the Shmin is constant thus as the pressure of a caprock increases, the

Ohmin decreases. Near the upper boundary layer, the <shmin is large (area with the red

color). However, near the base of the reservoir where we inject water, the <5hmin

decreases (area with the yellow color). When we inject water into the system, water 

moves laterally and vertically, the lateral permeability in the underlying reservoir layer 

is larger than the vertical permeability (kx >k : ). Thus, water tends to migrate laterally

along the underlying reservoir until it reaches the top of the reservoir. The pressure at 

the top of the reservoir then increases rapidly. This causes the permeability of a
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caprock above the top of reservoir to increase and allows the water to breach and move 

through the caprock. This is indicated by the small o hmin at the caprock above the top 

of reservoir (area with the green color).

As given in Table 6.1, lateral permeability of the reservoir layer is 30 md and the ver­

tical permeability is 3 m d . For the caprock above reservoir sand layer, the permeabil­

ities (lateral and vertical permeability) are varied depending on the effective stress.

The average value of the vertical permeability in a caprock is in order of 1.x 10-03 

m d.
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6.5 Transient two-phase case

We now study the two-phase case for the system presented in Chapter 5 (Figure 5.2) to 

simulate and to study the behavior of fractured caprock and the gas entrapment The 

formation is again divided into sand and shale.

6.5.1 Comparison between steady-state and transient models in 1-D case

We start simulating the two-phase case by injecting water and gas simultaneously

through the base of reservoir. l.xlO-09 S T B / D  of water and l.xlO-04 S C F /D  of 

gas are injected into the system. The gradient of Shmin is assumed a constant 0.8

p s i /  f t . A hydrostatic constant pressure boundary is imposed at the top and a constant 

injection rate for both gas and water is imposed at the base.

Figures 6.17 and 6.18 show the results of the study. The numerical simulation at steady 

state is compared with the steady-state model. As in the single phase case, the pressure 

in the sand builds up from the initial hydrostatic pressure to the steady state pressure. 

The pressure build-up (Figure 6.19) is due to the low permeability of the caprock. As 

the water pressure increases, the permeability of a caprock increases (Figure 6.20) 

allowing the fluid to flow. The caprock permeability increases due to the decrease in 

effective stress. This process continues until the system reaches steady state. Figure 

6.20 describes the permeability of the caprock near to the interface.

From Figure 6.20, we also observe the rapid change of the caprock permeability as the 

system approaches steady state. The permeability of the caprock depends on the frac­

ture width and the fracture width depends on the effective stress. We have known from 

the hydraulic behavior study (Chapter 4) that the permeability is proportional to the 

cube of the fracture width. Thus, the small change in the fracture width results in the 

big change in the permeability shown in Figure 6.20.
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Figure 6.17: The comparison of pressure in 1-D, two-phase system for steady-state 

and transient models.
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Figure 6.18: The comparison of pressure in 1-D, two-phase system for steady-state 

and transient models near the interface of a caprock and reservoir.
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Figure 6.19: Water pressure build-up in the reservoir vs. simulation time.
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Figure 6.20: Permeability of a caprock vs. simulation time.

Figures 6.21 and 6.22 show steady state saturations. As the system approaches steady 

state some gas is trapped in the sand below the caprock. The transient (at steady state) 

and steady-state models are in good agreement with each other. The gas trapped below 

the caprock at steady state can be described by capillary pressure relationship of the 

two formations. Because the pressure is continuous across the interface between the 

two formations the capillary pressure must also be continuous. Since different capil­

lary pressure curves apply to the two formations, there is a discontinuity in the satura­

tions across the interface. The fluid fluxes determine the fracture permeability, the 

caprock capillary pressure and the gas relative permeability. The gas relative perme­

ability then determines the saturations in the caprock (Figure 6.23.a). This information 

can then be used to determine the saturations in the sand (Figure 6.23.b). The capillary
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pressure can be convened for a gas column height (h = ------- -—— ). This gas col-
* (Pw~Pg>8

umn strongly depends on the fracture width in the caprock as shown in Eqn. S. 10.
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Figure 6.21: The comparison of water saturation in l-D, two-phase system for steady- 

state and transient models.
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Figure 6.22: The comparison of water saturation in 1-D, two-phase system for steady- 

state and transient models near the interface of a caprock and reservoir.
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a) Gas raiativa permeability in a caprock b) Capillary pressure in a caprock and reservoir

Figure 6.23: Gas relative permeability and capillary pressure relationships illustrating 

the existing relationships between caprock saturation and reservoir satu­

ration. The fluid fluxes determine the gas relative permeability and a 

caprock capillary pressure. The gas relative permeability then determines 

the saturation in a caprock (Figure 6.23.a). Since different capillary pres­

sure relationships apply to the caprock and reservoir, there is a disconti­

nuity in the saturations across the interface. At steady state, the capillary 

pressure at the interface of the two formations is the same.Thus the satu­

ration in the caprock (point A) can be used to determine the saturation in 

the reservoir (point B) (Figure 6.23.b).

( i i i  Comparison between steady-state and transient models in 2-D case

Again Figure 6.7 is used in this study. Similar to the 1-D two-phase case, the system is 

divided into two formations and then we impose hydrostatic pressure at the top of the 

caprock and constant injection rate for both gas and water at the base. The injection

—09 2rate for water is 3x10 S T B / D  ■ f t  and the injection rate for gas is 3 

S C F /D  f t 2.
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Figures 6.24 and 6.25 show the results of the study. We again observed a similar 

behavior between 1-D and 2-D two-phase cases. Initially the sand pressure increases 

because water and gas are injected into the sand which has a relatively high permeabil­

ity. The increased pressure in the sand causes the effective stress in the caprock to 

decrease and thus increases the fracture width of a caprock. The fracture width 

becomes wider and the permeability of the caprock becomes larger. The gas saturation 

in the sand below the caprock increases which reflects the entrapment of gas. The 

same gas column height is observed in the 1-D and 2-D cases because the injection 

rates of water and gas and boundary condition are the same in both cases. Figures 6.26 

and 6.27 show the saturations in the sand and a caprock.
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Figure 6.24: The comparison of pressure in 2-D, two-phase system for steady-state 

and transient models.
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Figure 6.25: The comparison of pressure in 2-D, two-phase system for steady-state 

and transient models near the interface of a caprock and reservoir.
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Figure 6.26: The comparison of water saturation in 2-D, two-phase system for steady 

state and transient models.
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Figure 6.27: The comparison of water saturation in 2-D, two-phase system for steady- 

state and transient models near the interface of a caprock and reservoir.
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6 .53  Transient model in 2-D (dip) case (low-rate case)

Wc now simulate the 2-D case where the system has a dip as shown in Figure 6.10.

The dip is 30° with respect to the x-direcdon. Similar to the 2-D and single-phase 

cases presented before, we impose a constant pressure boundary at the top of forma­

tion and constant injection rate at the base of the formation. The system is divided into 

three formations (two sands and one caprock). The sand layers are at the top and at the 

base of the model with the caprock in the middle.

To study this case, we inject 2.5X10-08 S T B / D  ■ f t 2 of water and 3.75xlO 04

S C F / D  ■ f t 2 of gas into the base of the system. We assume the minimum horizontal 

stress (Shmin) gradient is a constant 0.8 p s i /  f t .

Figure 6.28 shows the steady state pressure profile along the path A -  A'  (see Figure 

6.10). The pressure in the sand below the caprock increases because of the fluid injec­

tion and the low permeability of the caprock. The pressure increases the fracture width 

due to the lower effective stress. As before, gas is trapped below the caprock. This 

behavior is the same as we observe in 1-D case. Saturation profile along path A -  A'  is 

given in Figure 6.29.
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Figure 6.28: Predicted pressure in a 2-D, two-phase system with a dip along A -  A'  

(see also Figure 6.10).
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Figure 6.29: Predicted water saturation in a 2-D, two-phase system with a dip along 

A -  A' (see also Figure 6.10).

Figures 6.30 through 6.36 describe overpressure, effective stress, and saturation pro­

files of the system as the system approaches steady state, tn Figures 6.31 and 6.32 we 

observe pressure buildup along the underlying reservoir below the caprock. The 

behavior is the same as observed in 1-D case. The high permeability in the reservoir 

and the low permeability in the caprock cause pressure build-up in the reservoir. At the 

initial time, the overpressure for all computed grid blocks equal to zero (Figure 6.30). 

Near the upper boundary layer, the pressure is constant at hydrostatic due to the 

boundary condition imposed to the system. The region near the base of the reservoir 

where water and gas are injected and the region near the top of the lower reservoir, the
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overpressure is large which indicates a pressure build-up in the caprock and lower res­

ervoir.

Figures 6.33 and 6.34 show the distribution of the effective stress in the system. In a 

two-phase system, we calculate the effective stress ) based on the water pres­

sure. The distribution of the o hmin at the initial time is shown in Figure 6.33. Similar 

to the single-phase case previously, at the initial time the <3hmin for all blocks is large

due to the initial pressure we assign to the system. The pressure responses are similar 

to the single-phase case. The high lateral permeability in the reservoir causes gas and 

water move laterally through the reservoir. The pressure at the top of reservoir then 

increases rapidly due to the low permeability the caprock. The increase of pressure in a 

caprock causes the effective stress to decrease. Following the decrease in effective 

stress, the caprock permeability increases. This allow the gas and water breach the 

caprock and migrate vertically through the caprock.
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Figure 6.32: Overpressure in a 2-D, two-phase system with a dip at steady state (upper part of the system).
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Figures 6.35 and 6.36 show the distribution of the water saturation in the system. Ini­

tially the water saturation in the system is 100%. From the base of the reservoir, gas 

and water are injected simultaneously to simulate the hydrocarbon migration. From 

Figure 6.34, we observed that as the water and gas enter the system, the Ghmin

decreases allowing the fluids to migrate vertically through the caprock. For gas to enter 

the fracture, the capillary pressure must exceed the displacement pressure of the frac­

ture. Initially the displacement pressure of the caprock is high as indicated by the high 

° h m i n  • However, when the system approaches steady state, the O h m i n  becomes

smaller and the permeability of a caprock becomes larger. The fracture width that 

determines the permeability increases. This allows the displacement pressure to 

decrease. Figure 6.35 shows that the accumulated gas at the top of the reservoir as 

recorded in the high gas saturation in that region.
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Figures 6.37 and 6.38 show the vector flows for gas and water for the system. The 

velocity vectors in the x and z-directions are defined to describe the direction of fluid 

flow. We observe that most gas escape from the top of the reservoir. This is expected 

since at the top of reservoir, the fracture permeability is high as recorded in low effec­

tive stress and high overpressure of that region (Figures 6.30 and 6.34). Gas velocity in

—06the x-direction for that region (a caprock with the green color) varies from 1x10 to 

1 xlO-07 f t / D . In the z-direction the velocity is more uniform (in the order of 

lxlO"04.

Figure 6.38 shows the flow direction of the water. The gas saturation at the top of the 

reservoir is high which causes the low relative permeability for the water in the region. 

As a results, instead of moving laterally through the high permeability reservoir, water 

tends to move vertically. This causes an increase in the caprock permeability. In a

caprock water velocity in the x-direcdon varies from 1x10”'° to lxlO-12 f t / D .  In

the z-direcdon water velocity is more uniform (in the order of 1 x l O 10 f t / D ). For the 

underlying reservoir, we observe that water velocity in the x-direcdon is larger than the

-08velocity in the z-direcdon. Water velocity in the x-direction is in the order of 1 xlO

—09f t / D  while water velocity in the z-direction is in the order of 1 xlO f t / D .
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6.5.4 Transient model in 2-D (dip) case (high-rate case)

We now increase the water influx for the 2-D (dip) case (Sec. 6.5.3) to study the effect 

of water influx on gas column height We increase water rate by one order magnitude

from the previous run. Water 0 .2 5 X 1 0 -0 6  S T B /D  ■ f t 2 and gas 3 .7 5 X 1 0 -0 4  

S C F /D  ■ f t 2 arc injected into the system.

Figures 6.39 and 6.40 show the results of the study. Pressure and saturation profiles 

both in caprock and sand are given. Compared to the previous run (low-rate case), we 

observe that the high water influx reduces the gas column. This is because at high rate 

the effective stress of the caprock reduces and the permeability increases.

-9600
—  pwtranMnl 
—— pgtranMrt

-9700

-9800

-9900

caprock
-10000

reservoir

-10300

-10400

-10500

-10600
4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000

pressure (psia)

Figure 6.39: Predicted pressure in a 2-D, two-phase system with a dip along A -  A' 

(see also Figure 6.10).
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Figure 6.40: Predicted water saturation in a 2-D, two-phase system with a dip along 

A — A'  (see also Figure 6.10).

Figures 6.41,6.42, and 6.43 show the distribution of the overpressure in the system. 

Similar to the low-rate case, the pressure in the underlying reservoir and the region 

near to the base and near to the top of the reservoir increases as it is recorded by the 

high overpressure in the region. The effective stress distribution of the system is shown 

in Figures 6.44 and 6.45. Again, similar to the low-rate case, the effective stress near 

the top of the reservoir decreases as the system approaches steady state.
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The water saturation distributions are shown in Figures 6.46 and 6.47. Initially the sys­

tem is filled entirely with water. Similar to the low-rate case, gas and water are injected 

at the base of the reservoir. In this study, we increase the water injection rate and study 

the capability of the caprock to trap the gas. Figure 6.47 shows the distribution of 

water saturation in the system. Gas is shown to be accumulated at the top of the reser­

voir. As we increase the water injection rate, more gas can flow vertically through the 

caprock due to the low displacement pressure of a caprock. As discussed previously in 

1-D case, by increasing the water rate the fracture width will increase and thus 

decreases the displacement pressure. The result is a smaller gas column in the system.
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The gas and water flow directions are shown in Figures 6.48 and 6.49. We observe the 

similar behavior of gas and water flow direction with the low-rate case. Most gas 

escapes from the top of the reservoir due to the high permeability and low displace­

ment pressure of a caprock in that region. Instead of flowing through the high reservoir 

permeability, the water tends to flow vertically through the caprock. The low water sat­

uration at the top of the sand results in a low water relative permeability in the region.

-04 -08In a caprock, gas velocity varies from 1x10 to 1x10 f t / D .  For the region 

where the gas saturation is high (area with the green color), the velocity in the z-direc- 

don is larger than the velocity in the x-direcuon. The velocity in the x-direcdon is in

between IxlO-06 to 1 xlO °7 f t / D  while the velocity in the z-direcdon is in between

1 xlO"04 to 1 xlO-05 f t / D . The gravity and the increase in a caprock permeability in 

the z-direcdon cause gas to move vertically. Water velocity in the region is observed to

be varied from IxlO-10 to IxlO-12 f t / D  however in the z-direcdon the water vcloc-

-09ity is more uniform (in the order of 1x10 f t / D ).

In the reservoir, water velocity in the x-direcdon varies from 1 xlO-06 to 1 xlO-07

—08 —09f t / D . For the z-direcdon, water velocity varies from 1 xlO to 1 xlO f t / D . We 

observe the similar behavior with the low-rate case, the velocity in the x-direction is 

larger than the velocity in the z-direcdon.
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Figure 6.49: Vector flow of water in a 2-D, two-phase system with a dip at steady state.
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6.6 Summary

We have developed a 2-D, transient multi-phase flow model to study secondary gas 

migration from underlying source rock. Three cases are developed. Two cases are 

developed to study the fracture permeability in a l-D and in a simple 2-D cases. The 

simple 2-D case is an extension of a l-D case (Figure 6.7). The third case describes the 

study of gas migration where the formations (caprock and reservoir) have a dip (Figure 

6. 10).

In the l-D transient study, we focus on the validation of the transient model (at steady 

state) with the steady-state model. We see the good agreement between the two mod­

els. The discrepancies between the two models shown in Figure 6.5 reflects the effect 

of the grid size. In l-D transient model, we use the large size of blocks. The cross-sec­

tional area perpendicular to the flow is given in Table 6 .1. We also study the pressure 

build-up in the reservoir and in a caprock. We observe that as the system moves to 

steady state from the initial state, the pressure in the reservoir increases rapidly. This is 

due to the low permeability of a caprock. The permeability of the caprock changes as 

the pressure increase.

The capability of a caprock to trap gas depends mainly on the fracture width. For gas 

to enter the fracture and to displace the water, the capillary pressure must exceed the 

displacement pressure of the caprock. At small fracture width, the capillary pressure is 

high, however as the pressure in the reservoir and caprock increases, the fracture width 

becomes wider and decreases the displacement pressure of the caprock. By increasing 

the water influx, the effective stress decreases and the fracture width increases and thus 

decreases the capability of the caprock to trap gas.

At steady state, the capillary pressure at the interface between a caprock and the reser­

voir is equal to maintain the continuity of the pressure. Since different capillary pres­

sure relationships apply to the two different formations (caprock and reservoir), there
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is a discontinuity in the saturation across the interface. Figure 6.23 shows the relation­

ships between the two capillary pressures. The fluid fluxes determine the gas relative 

permeability and the caprock capillary pressure. The gas relative permeability then is 

used to determine the saturation in the caprock. Because the capillary pressures at the 

interface at steady state are equal, the saturation in a caprock can be used to determine 

the saturation in a reservoir.

In a 2-D, two-phase flow system with a dip, we observe that most of the gas escapes 

from the top of the reservoir. We observe that the conductivity of the caprock above 

the top reservoir increases rapidly as the pressure of the reservoir below increases. The 

low effective stress in the caprock above the reservoir causes most of the gas to flow 

through this part of the caprock.
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Chapter 7 

Conclusions and Recommendations

We have presented a conceptual and quantitative model to describe the interaction 

between fluid pore pressures, minimum horizontal stress (Shmin) and fracture perme­

ability. The model is then coupled with l-D steady-state flow and l-D and 2-D tran- 

sient-flow models to study fluid flow through a caprock and the trap integrity. The 

model assumes that all flow in the caprock is via fracture permeability and that perme­

ability is a function of fluid pressure within the fractures and the stress-state in the 

caprock.

7.1 Conclusions

Based on this research, the following conclusions are drawn:

1. The ability of the caprock to trap gas depends on the permeability of the caprock. A 

mechanism where the permeability of the caprock increases in the presence of natural 

factures and in an overpressured environment is presented. Using the model, we have 

shown that overpressure (fluid pore pressures in excess of hydrostatic) enhances the 

caprock permeability assuming that the Shmin in the caprock is constant A simple for­

mulation that relates permeability to fluid pore pressures and the Shmin is developed.

2. Three parameters are found to play an important role in controlling the behavior of 

the fracture permeability. The first one is the fractional contact area. When the contact 

area is large, the effective stress needed to yield the same deformation with the small 

contact area is also large. The second one is the spacing or the distance between the 

fractures. We have shown that when the spacing increases, the fracture permeability 

decreases. The third one is the maximum asperity height. The maximum asperity 

height is defined as the maximum height of the asperities at zero effective stress. It is 

observed that when the asperity height increases, the fracture permeability increases.
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3. The ability of the caprock to trap gas also depends on the width of the fracture. For 

gas to enter the fracture and to displace the water, the capillary pressure must exceed 

the displacement pressure of the fracture. At small fracture widths, the displacement 

pressure is large. We show that this width is a strong function of the effective stress. 

When the effective stress increases, the width becomes smaller and the displacement 

pressure becomes larger. At zero effective stress the width is set to the maximum 

asperity height In the presence of overpressure, the excess pressure reduces the effec­

tive stress. In this situation, the width is large which decreases the ability of the 

caprock to trap the gas.

4. The pressure gradient in the underlying reservoir at steady-state is nearly hydro­

static. This is due to the high permeability of the reservoir and the small fluid fluxes. 

However in the caprock, the pressure gradient follows the Shmin gradient which

results in a constant effective stress in the caprock. This implies that the pressure gen­

eration and dissipation in the caprock are equal (Hart et al., 1995). Since the effective 

stress in the caprock remains constant, the fracture width is also constant which leads 

to the constant capillary pressure. The gas pressure gradient thus will follow the Shmin

j . . dpw dp d(Shmin)^gradient (— = — * = - i — ----- ).
dz dz dz

5. In the calculation of the effective stress, the developed formulation is based on the 

water pressure. In this research, we work with the water-wet system therefore we use 

the water pressure to control the fracture width. It is found that when water influx 

increases, the fracture width increases. This affects the ability of the caprock to trap 

gas. In our models, water saturation in the caprock at steady state is nearly constant.
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7.2 Recommendations

The proposed fracture model assumes that a fracture behaves like a smooth parallel- 

plate. This assumption is based on the relatively small contact area between asperities 

and the fracture wall in the model. Further research involving distribution of the asper­

ities which can suitably describe the roughness of the fracture surface is needed. Fur­

thermore, the change of the fractional contact area as a function of the effective stress 

is also needed. This can be done most effectively by applying the appropriate distribu­

tion of the asperities (e.g. lognormal distribution) to the developed formulation of the 

effective stress and integrate the model to the developed steady-state flow and the tran­

sient flow models.

As noted earlier, we use water pressure rather than gas pressure to control the fracture 

width. We recognize that at high gas saturation, gas pressure will contribute to the 

opening of the fracture. Further study to investigate the effect of using gas pressure 

instead of water pressure or the combination of both (water and gas pressures) through

their saturations (e.g. pavg = Sw Pw+ Sg pg) to control the fracture width on the accu­

mulation of gas in the reservoir is needed.

More parametric studies are also needed. Questions such as how fast the gas can bleed 

off and under what circumstances do the gas can bleed off once the charge stops need 

to be answered. To address these questions, it is desirable to run a number of transient 

simulations with variable charge rates. It is also valuable to run sensitivity studies 

looking at relative permeability and caprock capillary pressure models.

Nevertheless, the most pressing problem in the secondary gas migration is to predict 

the presence of an effective seal which controls the reservoir column height under var­

ious phase problems. In this research, we apply the concept to the single and two- 

phase problems. Much can be learned by constructing a two-phase model, however in 

the petroleum fluid migration, the presence of the complex three-phase flow exists.
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Thus, it is important to extend this work to model three-phase flow involving gas and 

oil that flow through the water-saturated caprock.
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Appendix A 

Reservoir fluid properties

It is assumed that water density at standard conditions is 67 l b / f ?  and the percent 

salinity is 0 %. Temperature is constant at 100 ° F .

Table A .l: Water properties

Pressure
ip)

psia

Water
viscosity

( n w >
cp

Water
formation
volume
factor
<Bw) 

RB/STB

Water
density
(Pw> 

l b /  f t

Gas
solution

( * » )
SCF/STB

14.7 0.62573 1.0088 66.413 0

514.7 0.63885 1.0085 66.436 0

2014.7 0.68404 1.0067 66.552 0

2514.7 0.70105 1.0059 66.608 0

3014.7 0.71903 1.0049 66.671 0

3514.7 0.73798 1.0039 66.743 0

4014.7 0.75791 1.0027 66.823 0

4514.7 0.77880 1.0013 66.911 0

5014.7 0.80067 0.9998 67.008 0

5514.7 0.82351 0.9983 67.113 0

7014.7 0.89786 0.9928 67.481 0

7514.7 0.92459 0.9908 67.621 0

8014.7 0.95229 0.9886 67.770 0

8514.7 0.98096 0.9863 67.928 0

9014.7 1.01060 0.9839 68.095 0
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Table AJ: Gas properties

Pressure
(P)

p s i a

Gas
viscosity

m g)
cp

Gas
formation
volume
factor

<v
R B /S C F

Gas density

<P*>
l b /  f ?

14.7 0.011074 0.1914300 0.0500

514.7 0.011887 0.0049830 1.9231

1014.7 0.013351 0.0022951 4.1753

2014.7 0.018552 0.0010163 9.4292

2514.7 0.021830 0.00081540 11.752

3014.7 0.025030 0.00070349 13.622

3514.7 0.027970 0.00063484 15.095

4014.7 0.030618 0.00058903 16.269

4514.7 0.033000 0.00055630 17.226

5014.7 0.035160 0.00053162 18.026

5514.7 0.037137 0.00051220 18.709

7014.7 0.042257 0.00047208 20.299

7514.7 0.043763 0.00046238 20.725

8014.7 0.045192 0.00045387 21.114

8514.7 0.046554 0.00044630 21.472

9014.7 0.047858 0.00043951 21.803
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