Chapter 7

A DEPRESSURIZATION CASE STUDY: PART I - MODEL
ANCHORING, EARLY SENSITIVITIES AND HISTORY-MATCHING

7.1

Introduction

7.1.1 General context
Historically, solution gas drive was one of the first petroleum production techniques to be
implemented in the field, essentially due to its simplicity of application — the energy
required for oil displacement being provided cheaply through gas and liquid expansion as a
consequence of continuous fluid withdrawal from the reservoir. Gas dissolved in the oil is
progressively liberated from solution, expands in place and subsequently migrates towards
low pressure regions (i.e. towards regions of higher elevation within the reservoir due to
hydrostatic forces and towards low-pressure regions around production wells). During
volume expansion of the gaseous phase, equivalent volumes of oil are expelled from the pore
space resulting in oil flow towards the producers. For an undersaturated reservoir
undergoing solution gas drive, three different stages can be identified:
1. Liquid expansion: oil is displaced from the reservoir through liquid expansion.
Reservoir pressure falls quickly due to the low compressibility of the oil
2. Gas liberation: when pressure falls below a certain critical value (known as the bubble
point pressure), the reservoir becomes a saturated oil reservoir, gas is liberated from
solution in the form of small gas bubbles and the oil phase begins to shrink. At this
point oil production rates generally decrease, since the evolving gas saturation
partially fills the host porous medium, thereby decreasing the relative permeability to
oil.
3. Continuous gas flow: eventually the gas saturation increases to such an extent that
isolated gas clusters become connected to one another and continuous gas flow
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begins — the minimum gas saturation at which this occurs is commonly referred
to as the “critical gas saturation”. During this latter phase, produced gas-oil ratios
generally increase monotonically and oil productivity continues to decline.

Solution-gas drive is generally characterised by a rapid pressure decline and low recovery
efficiency and, for this reason, more efficient recovery techniques, such as waterflooding
and gasflooding have often been used. Nevertheless, the process of solution gas drive
finds renewed interest in many areas of the world under the guise of “reservoir
depressurisation”: technological advances coupled with diminishing reserves mean that
solution gas drive techniques are becoming economically attractive for a range of both
virgin and waterflooded reservoirs. Extensive applications to the former are found in
heavy oil recovery (sometimes under the name of cold heavy oil production) especially in
Western Canada (see Chugh et al, (2000) for a comprehensive review) and Venezuela (De
Mirabal (1996), Lago et al (2002)). For waterflooded reservoirs, the technique provides a
valuable approach to appreciably extend the life of a reservoir that has undergone
waterflooding for many years (Ligthelm et al (1997), Goodfield et al (2003), Petersen et al
(2004)).

Unfortunately, productivity forecasts for solution gas drive are not easily undertaken. The
main reason lies in the uncertain determination of the initial reservoir properties (at
bubble point pressure), together with our (still) relatively limited understanding of the
related physico-chemical mechanisms that take place at the pore scale. Such an
understanding is fundamental for generating appropriate input data for use in reservoir
simulation studies which, in turn, facilitate efficient and reliable depressurisation
management.

Whilst a large amount of literature has been produced over the past 50 years examining
various aspects of solution gas drive in porous media and related petroleum engineering
applications, a great deal remains to be done, especially in the areas of heavy oil
depressurisation and depressurisation of waterflooded reservoirs. Papers of the past have
covered topics ranging from the build-up of supersaturation and related nucleation of
embryonic bubbles, to the growth of the gaseous phase, the study of critical gas
saturations and the regimes of gas flow. A wide range of experimental techniques have
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been used over this period; from the first attempts utilising simple methane and kerosene
mixtures in the presence of calcite and silica crystals (Kennedy and Olson, 1952) to
laboratory core tests (Handy, 1958; Firoozabadi et al, 1992; Scherpenisse et al, 1994; Akin
and Kovscek, 2002; Piccavet et al, 2006; Alshmakhy, A. and Maini, B., 2012) and
visualization methods using glass-etched micromodels (Hawes et al, 1994; El Yousfi et al,
1997; Mackay et al, 1998; Bora et al, 2000; Nejad and Danesh, 2005). In addition, a
number of different theoretical models for gas phase evolution have been proposed
(Moulu and Longeron, 1989; Firoozabadi and Kashiev, 1993; Li and Yortsos, 1993;
Tsimpanogiannis and Yortsos, 2002).

Despite this abundance of studies, however, it still appears that no generally accepted
theory for gas evolution in porous media has yet been agreed upon; nor has any
generalised procedure for estimating critical gas saturation been developed. The
conclusion seems to be that gas evolution during solution gas drive depends strongly
upon both the experimental set-up under consideration and the subtle interaction
between the corresponding rock and fluid properties.

7.1.2 Motivation
Recent discussions have highlighted the potential benefits of developing a pore-scale
network model capable of simulating a wide range of depressurisation protocols in
mixed-wet carbonates  this approach may be used to investigate a number of different
aspects of reservoir depressurisation below the bubble point. By incorporating
experimentally-determined core and fluid data, the process simulator can initially be used
to interpret depressurisation experiments and subsequently utilised to predict low-rate
depletion behaviour over a range of length-scales: from the plug scale to the large core
scale. In addition, several different boundary conditions can be considered and any
inconsistencies reconciled.

As a result of experimental data recently becoming available from the North Sea, an
opportunity has been presented for a detailed investigation of a number of important
issues pertaining to pressure depletion in waterflooded chalk.
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The Pilton Oil Field [a pseudonym] is a fractured chalk reservoir situated in the Central
Graben of the UKCS and has historically been produced via voidage replacement water
injection. However, following a few years of injection, an unexpectedly high water-cut has
been observed and this has led the field management team to consider a range of revised
development plans. The current viewpoint is that water injection into the chalk matrix
should be continued until the water cut becomes unacceptable, at which point a
depressurisation strategy should be invoked in order to displace additional oil.
Unfortunately, supporting evidence for the strategy is somewhat lacking at present and it
is not possible to carry out an isolated pilot depletion in the field to assess its potential.
In order to address this deficiency and provide some background data for associated
simulation studies, a moderate-rate, post-waterflood depletion experiment has recently
been completed. Analysis of the measurements suggests a significant decrease in residual
oil saturation from approximately 38% to 18% after depressurisation – surprisingly, no
significant water production was observed during the experiment. However, a number of
uncertainties remain with regard to the relevance of the experimental results to the field:
(i) the laboratory depletion rate significantly exceeded that practically achievable in the
field; (ii) production was restricted to the top of the sample, raising the possibility that
buoyancy effects could have biased the results; and (iii) constant composition expansion
was assumed to be a suitable model for assessing oil shrinkage but this may not be
appropriate.

7.1.3 Objectives
The main objectives of this case study are:
I.

To anchor the pore-scale simulator to reservoir samples using petrophysical data
obtained in the laboratory.

II.

To undertake a parametric study of the depressurisation process at the pore-scale.
The pore network model is used as an investigative tool to offer an interpretation
of the experimental trends.

III.

To build a predictive model of the reservoir sample by matching the experimental
production profiles.

IV.

To use this numerical surrogate to examine production and relative permeability
issues using different depletion rates and different rock/fluid parameters; and
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V.

To use the simulation results to re-interpret a range of experimental data and help
explain any apparent inconsistencies

The first three items are covered in this chapter whilst the last two are dealt with in the
next chapter (Chapter 8).

In the present chapter, after anchoring the simulator to petrophysical data of the
reservoir sample, the depressurization process is split into its constituent parts and an
assessment of how each individual component affects measurable quantities such as
critical gas saturation and oil production is made – all in the context of the experimental
data. The following will be discussed in detail:


The capillary/gravity force balance and implications for the definition of critical gas
saturation;



The impact of length scales/interfacial tension upon critical gas saturation;



The effect of nucleation density upon oil displacement and critical gas saturation



The impact of initial water saturation upon nucleation density – implications for
the expected efficiency of depressurization



The impact of spreading coefficient upon residual oil saturation

The second part of the chapter deals with reproducing the experimental phase
saturations throughout pressure decline – mainly by varying the wettability and
nucleation parameters, with a view to creating a model fit for subsequent forecasting.
The network models used for this part of the chapter are all 3D and equilibrated at initial
fluid saturations identical to the experiment.
Because of the direct relevance of the results of this chapter and the next to field operaations,
field units will be used throughout the following two chapters.
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7.2

Model Setup

7.2.1 Depletion model background
The details of the simulator modules dealing with depletion-related processes have been
presented in Chapter 3 of this thesis. However, brief summaries of the key modules are
given below for easy reference.
•

Nucleation Module: The nucleation model currently coded is the pre-existing

vapour model (after Yortsos and Parlar, 1989). Cavities are activated over a narrow range
of supersaturations (uncorrelated with pore size).
•

Diffusion Module:

A first-principles multiphase diffusion model has been

incorporated that allows for different gas/oil and gas/water diffusion coefficients to be
considered. Multiphase concentration gradients are calculated throughout the depletion
as they dynamically evolve.
•

Growth Module: Bubble growth is followed from the embryonic stage through to

endpoint gas relative permeability. Pressure-dependent interfacial tensions (IFTs) and
spreading coefficients are considered throughout bubble growth. Gas evolution in both
virgin and waterflooded systems can be followed and double drainage events are also
included (i.e. gas displacing oil followed by oil displacing water).
•

Buoyancy Module: The effects of gravity upon gas evolution and migration have

been examined with the inclusion of this module. Sensitivity studies have demonstrated
that the precise physics governing the process of bubble migration contains a greater
number of subtleties than previously thought (Dumore, 1979; Ezeuko, 2009).
•

Shrinkage Module: Independent of reductions in oil or water volumes which

occur by interfacial displacements, additional volume reductions due to oil shrinkage are
included. The resulting void is filled with gas – oil is assumed to shrink preferentially from
pores with the largest capillary entry radii since gas is more likely to invade these
elements when expanding.
•

Relative permeability module: Quasi-steady-state 3-phase relative permeabilities

can be calculated during a simulation under both spreading and non-spreading
conditions.
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7.2.2 Pore-scale anchoring
Although developments in pore-scale imaging and reconstruction techniques have
produced in silico models that appear – at least visually – to be direct numerical
analogues of the parent sample, the ability of such models to make a priori predictions
has recently been called into question (McDougall and Sorbie, 2002; Bondino et al., 2009;
Sorbie and Skauge 2011; Bondino et al 2012). Moreover, reconstruction protocols require
extensive CPU capacities and are consequently limited to producing relatively small 3D
networks – systems that are often inadequate for assessing crucial force balances that
operate at larger scales. In order to overcome such shortcomings, it is often preferable to
utilise more primitive models that, although lacking the fine geometrical detail found in
reconstructed pore systems, can include all of the pertinent physics at the appropriate
scale. This is particularly true in the present situation, where core-scale laboratory
experiments are to be interpreted with respect to capillary, gravitational, and viscous
forces.

The simple anchoring approach taken in this study is an iterative, heuristic process that
involves matching the experimental drainage MICP (mercury injection capillary pressure)
data, expressed in terms of pore radius and mercury saturation plot (or Rplot), by varying
- within sensible limits, a small set of network parameters that control network
permeability, pore volume, and topology. Information gained from a successful match
include the minimum and maximum pore radii, pore size distribution and volumetric
parameters, and some average measure of pore connectivity (coordination number).

Of the eight available Pilton cores, only two were used in the composite in the
depressurisation experiment (samples 1 and 2) and only sample 1 data was used here for
anchoring purposes, as both cores possessed very similar petrophysical properties. Figure
7-1 and Figure 7-2 show two Rplot matches to the Pilton capillary pressure data along

with corresponding matching parameters. Note that both an in-house analytical approach
and a direct MICP network simulation were compared against the experimental data.
Although the matching process is not unique, we find that the best matching parameter
combinations for the Pilton material are highly consistent – a relatively flat capillary entry
distribution, a weak correlation between capillary entry radius and pore volume, and
good pore connectivity. In order to help minimise finite size effects in the subsequent
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depletion simulations, the better connected network was selected as the Pilton analogue
(i.e. Trial 1 parameters were used). [Note that an additional sensitivity to network seed
was done to increase confidence in the parameter choice: Figure 7-3 compares simulated
drainage curves at different random seeds with the experimental curve, all expressed in
terms of capillary pressure vs. water saturation. Variation of random seed in the
numerical model did not affect the anchoring in any significant way].
Capillary pressure gradient plots – generally derived from porosimetry data and
(incorrectly) reported as pore size distribution functions – are presented for both the
experiment and simulation in Figure 7-4. The PDF plot of the generated network radii
(Figure 7-5) suggests a relatively uniform (i.e. flat) pore size distribution.

7.2.3 Network Dimensions
Building core-scale clastic network surrogates proves to be relatively straightforward and
2D models up to 1m in length have been reported (Ezeuko, 2009). However, Pilton chalk
pore sizes are extremely small (of the order 0.3m) and the number of bonds required to
build a core-scale model that honours the true pore radius/length (r/l) aspect ratio would
run into the tens of millions. There is clearly some limitation regarding the total number
of pore elements that can be included in a given simulation – both CPU limitations and
simulation time have to be taken into account. This means that only a portion of the full
core composite can be realistically simulated without recourse to the scaling of certain
fluid/rock parameters (although such a scaling approach will be considered alongside the
true simulations to help give a fuller picture of the depletion process).

Using an average pore length of 23.4𝜇m gives a radius/length aspect ratio of 100,
meaning that 2D models of up to 1cm in height and 0.218cm in width can be constructed
(427 x 93 x 1 nodes, 119319 bonds), whilst 3D models have a total height of 0.25cm and a
corresponding width of 0.055cm (106 x 23 x 23 nodes, 168751 bonds). Note that the total
core height to width (h/w) aspect ratio was maintained throughout. The full core height is
15.397cm, which means that for 3D models the ratio of full to scaled height is 61.59 (and
obviously 15.397 for our 1cm high 2D models). These scalings will be used later when
assessing the possible impact of gravity on the depletion experiments. The 2D models
were used for scoping sensitivity studies but all of the history matching and predictive
sensitivity runs were performed using the 3D analogue. The absolute fluid volumes in the
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network models were also matched to their equivalent volumes relative to the real core
by using a volume pre-factor that uniformly multiplies the volume of each bond element
by a constant. This ensures that 1cc of network holds the same amount of oil and water
as 1cc of the pre-depletion Pilton core and maintains the appropriate dissolved gas mass
for the modelled volume.

7.2.4 Fluid and Rock/Fluid Properties
Having anchored the network model to the experimental composite, the supplied fluid
properties and PVT data were then hardwired into the code. Figures 7-6 to 7-10 present
these parameters as functions of pressure. Representative average constant values of
gas-water and oil-water interfacial tensions, 0.050 𝑁⁄𝑚 and 0.040 𝑁⁄𝑚 respectively,
were estimated from the literature (Firoozabadi and Ramey, 1988). Representative values
of gas/oil and gas/water diffusion coefficients were also obtained from the literature
(Zainai, et al, 2009; Jamialahmadi, et al, 2006; Lu, et al, 2006; Bagrodia and Katz, 1977)
and are given in Table 7-1. Assuming a unit compressibility factor, the molar mass of gas
was estimated by calibrating the volume that the total mass of released gas would occupy
as pressure drops from bubble point to 1000psi with a known volume of gas recorded at
that pressure during a routine flash PVT test. The value arrived at was 0.0297kg. Table 7-1
summarises the network and fluid properties for 2D and 3D models.

7.2.5 Tracing the Pressure Profile with Time
The experimental depletion rate averages approximately 118 psi/day but was non-linear;
fast at the beginning and slower towards the end. With the aid of an interpolation
algorithm, this non-linearity was captured in the model - making sure that for a fixed
pressure drop per step the correct amount of diffusion time is allocated (see Figure 7-11).
The pressure profile in the generic sensitivity and history matching runs followed this
approximated experimental profile. Subsequent predictive runs were performed at
constant depletion rates.
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Table 7-1: Summary of network and fluid properties for the 3D model

Initial Pressure, [psia]

3165

Final Pressure, [psia]

1000

Temperature, [oF]

225

Gravity

Always on

Viscous Gradient

Negligible

NX,NY,NZ

106,23,23

Total Core Pore Volume, [m3]

3.659E-05

Model Volume, [m3]

1.496E-10

Volume Pre-factor

49.87915916

Pore length, [µm]

23.4E-6

Total Core Height, [cm]

15.397

Model height, [cm]

0.25

Buffer

Top 2 bond rows

Mean Radius, [µm]

0.23

Rmin, Rmax, [µm]

0.002, 0.389

Gas Molar Weight, [kg/mol]

0.0297

Gas Density at Std. Condition, [kg/m3]

1.255824

Gas-Oil Diffusion Coefficient, [m2/sec]

1.00E-8

Gas-Water Diffusion Coefficient, [m2/sec]

1.00E-9

Gas-Water Interfacial Tension, [mN/m]

50.0

Oil-Water Interfacial Tension, [mN/m]

40.0

Gas-Oil Interfacial Tension, [mN/m]

See Figure 7-10
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Matching Parametrs
Rx, Max. radius = 0.389
RM, min. Radius = 0.002
n, PSD exponent = -0.05
NU, volume exponent = 0.7
Z, Co-ordination nunmber = 5

R (microns)
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1

Figure 7-1: Trial 1: Matching radii vs. saturation (Mercury) plots to generate network anchoring
parameters.
Matching Parametrs
Rx, Max. radius = 0.372
RM, min. Radius = 0.002
n, PSD exponent = 0.33
NU, volume exponent = 0.45
Z, Co-ordination nunmber = 4.5

R (microns)

0.4
0.3
0.2

Experiment
Analytical

0.1

Numerical

0
0

SHg

0.5

1

Figure 7-2: Trial 2: Matching radii vs. saturation (Mercury) plots to generate network anchoring
parameters.
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Figure 7-3: Comparison of experimental and numerically generated drainage Pc curves initialized
at different random seeds.
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Figure 7-4: comparison of simulated and experimental plots of normalised “pore size distribution”
vs. radius, demonstrating a uni-modal “pore size (actually, pore volume) distribution”.
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Figure 7-5: Probability density function vs. radius plot of simulation model, indicating a flat PSD.
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Figure 7-6: Oil and water formation volume factors as functions of pressure
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Figure 7-7: Gas-Oil and Gas-Water ratios expressed as kg of gas per m3 of solvent (i.e. as
concentrations)
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Figure 7-8: Gas, oil and water densities as functions of pressure
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Figure 7-9: Gas, oil and water viscosities as functions of pressure
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Figure 7-10: Gas-Oil interfacial tension as a function of pressure.
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Figure 7-11: Interpolation of experimental pressure decline with time

7.3

Scoping Studies

Having incorporated Pilton rock and fluid properties into the model, simulations were
then performed using a range of parameter combinations: firstly to test simulator
integrity and, secondly, to get an approximate idea of the bands of uncertainty to expect.
The models used here were 2D and small, designed for rapid throughput.

Table 7-2 summarizes the network, fluid and operational parameters of the base model.
The system was equilibrated with live oil only (Swi=0.0) at a bubble point pressure of
3165psia and temperature of 225oF. A single nucleus was activated at a predetermined
point near the bottom of the network and the system depressurised down to 1000psia at
the experimental rate (Figure 7-11). Only capillary pressure was considered active (i.e.
gravity was artificially turned off). Figures 7-12 and 7-13 show gas occupancies at selected
stages of depletion and the gas saturation profile with pressure, respectively. Gas pores
are shaded in white, oil pores in red, and water pores in blue.
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7.3.1 Gravity/Capillary Force Balance and the Determination of Critical Gas
Saturation
The relative importance of gravity and capillary effects can be roughly approximated by a
macroscopic bond number:

𝐵𝑜 =

∆𝜌𝑔𝑘

(7-1)

𝜎∅

where ∆𝜌 is the density difference between oil and gas, 𝜎 the gas-oil interfacial tension,
𝑔 the gravity constant, 𝑘 the permeability and, ∅ the porosity. The effect of gravitational
forces on critical gas saturation is also dependent on the length-scale under consideration
and can be manifested in two different modes:
a. Gravitationally biased flow.
As an instructive scenario, the growth of a gas structure of vertical height ℎ will
become biased (i.e. evolution pattern will be modified from capillary-dominated
growth) if:
2𝜎
𝑟𝑡𝑜𝑝

<

𝑜𝑟 ℎ >

2𝜎
𝑟𝑏𝑜𝑡𝑡𝑜𝑚

+ ∆𝜌𝑔ℎ

(7-2)

2𝜎(𝑟𝑏𝑜𝑡𝑡𝑜𝑚 −𝑟𝑡𝑜𝑝 )
∆𝜌𝑔𝑟𝑡𝑜𝑝 𝑟𝑏𝑜𝑡𝑡𝑜𝑚

where 𝑟𝑡𝑜𝑝 and 𝑟𝑏𝑜𝑡𝑡𝑜𝑚 represent the largest radii of gas-oil perimeter pores at the
top and at the bottom of the gas structure respectively. An extreme upper bound
for ℎ can be obtained using the following substitutions;
𝑟𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑟𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 = 0.387 × 10−6 𝑚
𝑟𝑡𝑜𝑝 = 𝑡ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑢 𝑝𝑜𝑟𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 = 0.002 × 10−6 𝑚
∆𝜌 = 𝑜𝑖𝑙 ⁄𝑔𝑎𝑠 𝑓𝑙𝑢𝑖𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑡 2000𝑝𝑠𝑖𝑎 = 570 𝑘𝑔/𝑚3
𝜎 = 𝑔𝑎𝑠 − 𝑜𝑖𝑙 𝑖𝑛𝑡𝑒𝑟𝑓𝑖𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑎𝑡 2000𝑝𝑠𝑖𝑎 = 0.0045421 𝑁⁄𝑚
𝑔 = 10𝑚/𝑠 2
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This gives a maximum gas height of approximately 79,200cm (792m) before biased
growth is certain to occur. However, such an extreme network architecture is
highly unlikely to occur in practice and some degree of gravitational bias could be
expected at much smaller heights than this. A more realistic lower bound can be
obtained by setting 𝑟𝑡𝑜𝑝 to 0.1945 X 10-6m (the average pore size in the sample) –
this shows that gravitationally-biased growth could be expected once gas
structures reach a height of approximately 4cm.

b. Spontaneous migration.
As a first approximation, a gas structure could be a candidate for migration if the
buoyancy pressure exceeds the capillary entry condition for a pore on the
structure perimeter, i.e. if:
2𝜎
∆𝜌𝑔ℎ > 〈𝑟〉

𝑜𝑟

ℎ>

(7-3)

2𝜎
∆𝜌𝑔〈𝑟〉

where 〈𝑟〉 is some mean pore radius characterizing the gas structure (a zero
contact angle is assumed). Using the values of ∆𝜌, 𝜎, and 𝑔, as in the flow bias
calculations, the upper and lower bounds of ℎ for spontaneous migration are
calculated as:
Upper ℎ bound = 797m; assuming that the average radius characterizing the gas
structure is the minimum radius in our model i.e. 0.002 × 10−6 𝑚
Lower ℎ bound = 4.12m; assuming that the average radius characterizing the gas
structure is the maximum radius in our network i.e. 0.387 × 10−6 𝑚

Now, the full core composite height is only 15.397cm and these rough estimates suggest
that gravitational effects are likely to be small during the Pilton depletion experiment. To
get a more reasonable gauge of the effect of gravity, while also accounting for the
complexity of pore structure, simulations are necessary. However, our current network
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only spans a height of 1cm – several orders of magnitude shorter than the full core height
of 15.397cm – and so running a simulation with this truncated model will further
decrease the effect of gravitational forces and would remain capillary-dominated
throughout. To check the above height estimates, an approximate scaling scheme is
proposed that matches the ratio of capillary to gravity forces (i.e. Bond number) in two
systems of different absolute sizes. We scale our network such that:
2𝜎𝑚𝑜𝑑𝑒𝑙
∆𝜌𝑔𝑟̅ ℎ𝑚𝑜𝑑𝑒𝑙

𝑜𝑟 𝜎𝑚𝑜𝑑𝑒𝑙 =

=

2𝜎𝑒𝑥𝑝

(7-4)

∆𝜌𝑔𝑟̅ ℎ𝑒𝑥𝑝

𝜎𝑒𝑥𝑝 ℎ𝑚𝑜𝑑𝑒𝑙
ℎ𝑒𝑥𝑝

where ∆𝜌 is the density difference between oil and gas, 𝑟̅ the average pore radius,
𝜎𝑚𝑜𝑑𝑒𝑙 the scaled GOIFT, 𝜎𝑒𝑥𝑝 the physical GOIFT, and ℎ𝑚𝑜𝑑𝑒𝑙 and ℎ𝑒𝑥𝑝 the height
of the model and the experimental core, respectively.

The GOIFT (gas-oil interfacial tension) to be used in the network model can therefore be
reduced by a factor of 15.397 to approximate the Bond number characterising the
experiment. The scaled model is now run in two modes: one with gravity forces artificially
turned off and the other with gravity forces incorporated. Figures 7-14 and 7-15 show
that gravity had no impact on the evolution pattern – capillary forces dominated the flow
process as predicted from the theoretical analysis. This suggests that gravity would not
significantly affect the Pilton experiments and that critical gas saturations for Pilton could
be adequately defined in terms of network spanning gas clusters and could be expected
to be isotropic (as no discontinuous gas transport is observed). This contrasts with the
anisotropic and discontinuous flow of gas often seen during depletion simulations in
clastic systems. However, it should be noted that we are using simple scaled models at
this stage – we will return to the issue of gravity later when discussing full-scale
simulations.

7.3.2 Effect of Length-Scale on Critical Gas Saturation
In general it is expected that, as the gas-oil interfacial tension decreases, gas bubbles will
nucleate more easily in oil, as the energy barrier for nucleation is reduced. Therefore,
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higher bubble densities can be expected at lower interfacial tensions and this could be
expected to lead to higher critical gas saturations (Bondino et al, 2005). This is the most
likely explanation for the trends observed in the literature (Lighthelm et al, 1997).
However, gravitational and viscous forces could modify this situation (Bondino et al,
2005): for example the cores could have been of different heights (which could have an
impact on the capillary/gravitational force balance) or different viscous pressure
gradients could characterize each experiment. Equations 7-2 to 7-4 demonstrate that, in
terms of the relative magnitudes of capillary and gravity forces, a reduction in IFT
(interfacial tension) can be expected to have the same effect as an increase in core
height. The concern in this section is to determine at which length-scales gravitational
forces begin to affect flow behaviour and we remove any impact of nucleation density:
nucleation is taken as being instantaneous, with only one nucleus activated at bubble
point close to the bottom of the network.

Simulation results are shown in Figures 7-16 and 7-17 and show that, with a reduction in
GOIFT (equivalent to an increase in notional length-scale), the critical gas saturation
decreased as gas evolution became increasingly biased by gravity. However, the GOIFT
needed to decrease by more than an order of magnitude (equivalent to a scaled core
height of approximately 770cm) before any significant decrease in critical gas saturation
(Sgc) was observed. Furthermore, we note that a matrix block of height up to 1500cm
(GOIFT reduced by a factor of 100) would still be characterised by a critical gas saturation
consisting of a stable spanning cluster. At a block height of 15,000cm (GOIFT reduced by a
factor of 1000), spontaneous bubble migration began – a chain of gas structures moved
upwards from the bottom of the network in a fragmented and discontinuous form. The
definition of Sgc would have to be carefully defined in such cases and relative permeability
would be highly anisotropic. The displacement mechanism in the Pilton depletion
experiment under consideration appears to be a nucleated invasion percolation process,
dominated by capillary forces. Hence the spanning cluster model for estimating S gc should
be adequate.

7.3.3 Nucleation Density
The nucleation density and its distribution during depressurisation are the least certain
parameters in depletion studies and, for practical reasons; their measurement in the
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laboratory has seldom been attempted. The best known method of benchmarking these
quantities is through a history matching approach that results in the best match of some
well-defined experimental data, usually gas saturation vs. pressure or critical gas
saturation measurements.

Simulations using an instantaneous nucleation (IN) mechanism show that an increase in
nucleation density accelerated gas saturation growth and led to a non-linear increase in
oil recovery (Figures 7-18, 7-19, and 7-20). The endpoint gas saturation did not simply
increase with the increased total diffusion surface area and increased network coverage
afforded by increasing nucleation density, however, competition for dissolved gas
amongst the nucleated bubbles significantly affected gas growth patterns as nucleation
density increased (Figures 7-20). Furthermore, whilst nucleation sites in real porous
media would be randomly distributed, reproducing this in small networks could lead to
finite size issues –nuclei can activate too close to the network outlet, for example, and
distort the results. To address this shortcoming, a number of regular and symmetric
nucleation patterns were simulated (see Figures 7-21 and 7-22). The resulting gas
saturation plots are shown in Figure 7-23.

A high nucleation density might be expected to promote rapid connection of the arrays of
growing bubbles into a channel running from top to bottom of the network. However, the
widespread inter-cluster trapping of oil, and the competition between clusters for
dissolved gas can prevent this from happening (Figures 7-22).

Formation of a single, network-spanning cluster tends to establish a dominant exit route
for the gas coming out of solution post-breakthrough, leading to sharp rise in the
instantaneous gas production profile (Figure 7-24). Thereafter, displacement within the
network is no longer driven by gas pressure build-up (pressure is now simply released
each time gas enters the production buffer) but rather by the expansion of existing gas to
fill the volume vacated by oil as it shrinks.

7.3.4 Progressive Nucleation
Nucleation in porous media can either be instantaneous (IN) – requiring no pre-existing
nuclei with all sites activating at once at a critical supersaturation – or progressive (PN),
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where crevices activate when a local supersaturation activation threshold is reached.
Assuming a pre-existing gas bubble, a crevice of radius 𝑊 is assumed to be activated
when the local supersaturation exceeds the capillary threshold of the crevice, viz:

(𝐾𝐶 − 𝑃𝑙 ) ≥

2𝜎𝑐𝑜𝑠𝜃
𝑊

(7-5)

where 𝐾 is the gas solubility constant, 𝐶 the local dissolved gas concentration, 𝑃𝑙 the
local liquid pressure, 𝜎 is the gas/liquid interfacial tension and 𝜃 is the contact angle.

Hence, when a fluid system becomes supersaturated in a porous medium, the first pores
to host a bubble will be those containing the largest crevices. The critical supersaturation
for the onset of nucleation consequently depends upon the radius of the largest crevice,
whilst the overall degree of supersaturation during the process is a function of many
parameters: depletion rate, diffusivity, and the nucleation characteristics of the medium
(i.e. the crevice size distribution). Note that although we speak in terms of “crevice”
densities, we are simply using this as a physical cipher to describe sites more likely to host
embryonic gas nuclei – i.e. sites of increased nucleation potential (which could be due to
impurities on the rock surface or variations in mineralogy as opposed to pre-existing
crevice bubbles).

7.3.4.1 Effect of Crevice Density on Nucleation Density
From Equation (7-5), we see that a higher density of poorly wetted crevices leads
naturally to higher nucleation fractions. This was clearly shown by the micromodel
experiments of Dominguez et al (2000). Moreover, different distributions of the wetting
angle 𝜃 can be expected for different wettability configurations and phase occupancies
prior to depletion. Here, we set the crevice contact angle at zero throughout the system
and focus on crevice density as our main sensitivity parameter.
A crevice size interval of [1.0 × 10−9 𝑚, 20.0 × 10−9 𝑚], distributed uniformly across the
network, is assumed. Crevice density was varied from 1 per 20 oil-filled pores to 1 per
8000 oil-filled pores (note that high water-gas interfacial tension permits us to rule out
nucleation in water-filled pores). The fluid, fluid/rock properties and depletion rate
remain the same as those used in the experiment. Figure 7-25 shows nucleation density
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to be directly proportional to the density of crevices. The most important thing to note is
that, in all cases, nucleation was close to being instantaneous – this was due to the high
depletion rate (as high as 350 psi/day at the outset).

7.3.4.2 Effect of Initial Water Saturation on Nucleation Density
Another set of simulations was carried out on the sensitivity of nucleation density to
initial water saturation. Because of the naturally reduced connectivity in 2D systems,
initial water saturations ≤ 0.316 were used to maintain oil continuity prior to depletion. A
crevice density of 1 per 500 oil-filled pores was used here.

Having water in the network might be expected to increase the degree of local
supersaturation (as oil connectivity is reduced), leading to higher nucleation densities.
However, this is counteracted by the smaller oil volume fraction actually available for
nucleation (reducing the number of potential nucleation sites) and so it is not clear a
priori which mechanism will dominate. Figure 7-26 shows comparisons of nucleation
densities in virgin and waterflooded networks for different crevice distributions.
Nucleation in waterflooded networks was still broadly instantaneous. As water saturation
increased, so did the nucleation density – the higher local supersaturations in
waterflooded networks caused by the restricted mass transfer more than compensated
for the smaller number of potential nucleation sites.

The consequence of an increased nucleation density at higher Swi was a general increase
in the fraction of initial oil volume (OOIP) that produced post-depletion (Figure 7-27).
Although low Swi models exhibited higher recoveries at intermediate pressures, this trend
became less clear in the later stages of depletion (Figure 7-27). This suggests that the
efficiency of the depressurization process itself varies with initial water saturation.

7.3.4.3 Effect of Interfacial Tension on Nucleation Density
Equation (7-5) predicts that, all other factors remaining constant, the degree of crevice
activation changes with interfacial tension. This has been tested through simulations
assessing the effect of interfacial tension upon the nucleation profile. The previous cavity
size interval of [1.0 × 10−9 𝑚, 20.0 × 10−9 𝑚] and a crevice density of 1 per 100 oil-filled
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pores were used once again. Note that GOIFT is pressure dependent (see Figure 7-10) and
this has also been accounted for in the nucleation algorithm.

Figure 7-28 demonstrates the strong relationship between nucleation density and
interfacial tension. We also see that the nucleation process became less instantaneous
(meaning that nucleation occured over a longer period of time) as GOIFT increased. This
result is in agreement with related experimental evidence showing that nucleation
appears instantaneous for very low values of GOIFT. The GOIFT data provided
(represented as GOIFT*1.0 in the sensitivity result) supports the hypothesis that a
particularly high nucleation density existed in the experimental sample at close to bubble
point pressure.

7.3.5 Effect of spreading Coefficient on Residual Oil Saturation
Oil spreading is a characteristic of three phase systems and it describes the form of the
oleic phase in the presence of gas and water. It is quantified by a spreading
coefficient, 𝐶𝑠, defined as
𝐶𝑠 = 𝜎𝐺𝑊 − 𝜎𝐺𝑂 − 𝜎𝑂𝑊

(7-6)

where 𝜎𝐺𝑊 , 𝜎𝐺𝑂 , and 𝜎𝑂𝑊 are the gas-water, gas-oil and oil-water interfacial
tensions, respectively.
A non-negative 𝐶𝑠 suggests that oil films spontaneously spread between gas and water
(i.e. that no gas-water interfaces exist), while a negative 𝐶𝑠 indicates the existence of a
three phase contact line (see Figure 7-29). Great advances have been made in describing
how spreading phenomena affect multiphase flow displacement mechanisms at the porelevel, both through micro-model experiments and pore scale modelling (Lenormand and
Zarcone, 1984; Oren et al., 1992; Mackay et al., 1998, Sohrabi et al., 2000; van Dijke et al.,
2001a, 2001b, 2002a, 2002b,2003, 2004b, 2007a, 2007b; Hui and Blunt, 2000; Blunt et al.,
2002; Piri and Blunt, 2002,2005a, 2005b; Mani and Mohanty, 1997; Pereira, 1996,1999;
Lerdahl et al., 2000; Svirsky et al., 2007; Suicmez et al., 2007, Helland et al., 2006).

269

Chapter 7 - A Depressurization Case Study: Part I

One of the most important physical implications of oil spreading is the possibility of
continuous oil displacement even at very low saturations. This in principle means that
residual oil saturation could be reduced to near zero. The spreading coefficient computed
using our best estimates of 𝜎𝐺𝑊 and 𝜎𝐺𝑂 – 50𝑚𝑁⁄𝑚 and 40𝑚𝑁⁄𝑚, respectively – and
the supplied values of 𝜎𝐺𝑂 from Figure 7-10, suggests that oil will be spreading throughout
the entire depressurization process (see Figure 7-30).

Two simple 2D simulations were carried out to examine the extent to which oil spreading
could be expected to impact oil recovery in general – one with fully integrated spreading
mechanism and the other with the spreading mechanism disabled. The initial water
saturations were set to 0.30 in both cases (randomly distributed throughout the 2D
system) and 10 nuclei were instantaneously activated at 3165psia in each model.

Figures 7-31 and 7-32 show that it made a huge difference whether the system was
spreading or not. The fraction of initial oil produced post-depletion in a spreading system
was more than 60% higher than in the non-spreading system (see Figure 7-32). This may
be one of the key factors that explain the significant reduction in oil saturation postdepressurization in the experiment despite the very high initial water saturation of 0.616.

These generic sensitivities have enabled us to examine the possible contributions of a
wide range of parameters to the depletion behaviour observed in the experiment. The
limited vertical extent of the core and the tightness of the pores were shown to inhibit
gravity bias and resulted in dendritic gas growth. High bubble densities – which led to
high gas saturations post-depletion – could be inferred from the low GOIFT, high initial
water saturation, and extremely high experimental depletion rates at the onset of
depletion. These factors, in combination with the spreading characteristics of the oil, may
explain the very low residual oil saturations post- depletion.

Although the current network model is petrophysically equivalent to the experimental
core and also incorporates the measured fluid properties, there remain uncertainties
related to the wettability state and nucleation properties of the core under experimental
conditions. Moreover, only 2D models have been considered so far whilst the
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experimental core was a 3D system. Further model refinements would involve matching
the recorded experimental saturation profiles and are discussed next.
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Table 7-2: Summary of network and fluid properties for the base model of scoping studies

Initial Pressure, [psia]

3165

Final Pressure, [psia]

1000

Temperature, [oF]

225

Gravity

Off and On

Viscous Gradient

Negligible

NX,NY,NZ

427,93,1

Total Core Pore Volume, [m3]

3.659E-05

Modelled Volume, [m3]

2.935E-10

Volume Pre-factor

73.12

Pore length, [µm]

23.40d-6

Total Core Height, [cm]

15.397

Modelled height, [cm]

1.00

Buffer

Top 2 bond rows

Mean Radius, [µm]

0.23

Rmin, Rmax, [µm]

0.002, 0.389

Gas Molar Mass, [kg/mol]

0.0297

Gas Density at Std. Condition, [kg/m3]

1.255824

Gas-Oil Diffusion Coefficient, [m2/sec]

1.00E-8

Gas-Water Diffusion Coefficient, [m2/sec]

1.00E-9

Gas-Water Interfacial Tension, [mN/m]

50.0

Oil-Water Interfacial Tension, [mN/m]

40.0

Gas-Oil Interfacial Tension, [mN/m]

See Figure 7-11
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Figure 7-12: Scoping study (base model): gas occupancy at selected stages of depletion.
Gravity=0.0.
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Figure 7-13: Scoping study (base model): gas saturation profile
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Figure 7-14: Scoping study: sensitivity of gas evolution to gravity at 1000psia
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Figure 7-15: Scoping study: gas production profile sensitivity to gravity. Single bubble nucleated at
the bottom of system
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Figure 7-16: Scoping study: gas occupancy at 1000psia for different GOIFTs with gravity turned on.
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Figure 7-17: Scoping study: sensitivity of critical gas saturation (Sgc) to IFT with gravity turned on.
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Figure 7-18: Scoping study: Distribution of instantaneously activated nuclei in random locations at
2900psia. Each model had a pre-set total number of nuclei. Gravity=0.0
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Figure 7-19: Scoping study: sensitivity of gas evolution to nucleation density at 1000psia for nuclei
activated instantaneously at random locations. Gravity=0.0
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Figure 7-20: Scoping study: sensitivity of gas saturation profile to nucleation density. Nuclei were
instantaneously activated at random locations.
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Figure 7-21: Scoping study: Distribution of instantaneously activated nuclei in selected locations at
2900psia. Each model had a pre-set total number of nuclei. Gravity=0.0.
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Figure 7-22: Scoping study: sensitivity of gas evolution to nucleation density at 1000psia for nuclei
activated instantaneously at selected locations. Gravity=0.0
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Figure 7-23: Scoping study: sensitivity of gas saturation profile to nucleation density. Nuclei were
instantaneously activated at selected locations.
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Figure 7-24: 2D Virgin model: cumulative gas saturation and instantaneous production from the
60 nuclei model. The inflexion point of the saturation profile at around 1480psia signals the
formation of a global, network spanning cluster after which oil shrinkage almost exclusively drives
subsequent increments in core gas saturation.
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Figure 7-25: Progressive nucleation: sensitivity of nucleation density to crevice density in virgin,
2D models. 1/n indicates a nucleation potential (crevice) density of 1 per n oil-filled pores.
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Figure 7-26: Progressive nucleation: sensitivity of nucleation density to initial water saturation in
2D models. A nucleation potential density of 1 crevice per 500 pores was used in all cases.
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Figure 7-27: Progressive nucleation: comparison of oil production efficiency (OOIP) at different Swi.
A nucleation potential density of 1 crevice per 500 pores was used in all cases.
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Figure 7-28: Sensitivity of nucleation density to GOIFT. A nucleation potential density of 1 crevice
per 500 pores was used in all cases.
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(b)
Figure 7-29: Three phase schematic fluid (gas, oil, and water) configurations in negative spreading
(𝑪𝒔 < 𝟎) system (a), and positive spreading (𝑪𝒔 ≥ 𝟎) system (b)
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Figure 7-30: Spreading coefficient as a function of pressure

278

Chapter 7 - A Depressurization Case Study: Part I

Non-Spreading System Spreading System

Key

Figure 7-31: Comparison of phase occupancies in spreading and non-spreading systems at
1014.7psia
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Figure 7-32: Comparison of oil production efficiency in spreading and non-spreading systems
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7.4

Simulation of the Depletion Experiment

7.4.1 Summary of the Depressurization Experiment
Figure 7-33 shows a sketch of the experimental set up used for the Pilton depletion: the
two most important features essentially being a core unit hydraulically connected to a
separator. The core was charged with water and oil, occupying 0.616PV and 0.384PV
respectively, while the separator was filled with oil of known quantity. From some
pressure above the bubble point, the core pore pressure was gradually decreased below
the bubble point down to 1000 psig. Gas was liberated during this process and the
changes in fluid levels in the separator cell with pressure decline were recorded. To get an
idea of the contribution of the core to the changes in separator fluid levels during
depressurization, the separator unit was isolated and depressurized alone (starting with
the same fluid level as in the whole system depressurization). The fluid levels recorded
during the second process (cell only depressurization) were then compared to levels
obtained from the whole system depressurization and the difference inferred to originate
from the core. Figure 7-34 and Figure 7-35 show the gas and oil levels for the cell only and
whole system depressurizations respectively. The final fluid saturation distribution was
similarly inferred after correcting for PVT characteristics. At the end of whole system
depressurization, the water saturation was found to be largely unchanged at 0.577PV, oil
saturation decreased to 0.188PV and gas saturation stood at 0.230PV.

7.4.2 Determining the Experimental Gas Saturation vs Pressure Profile
The target laboratory variable to be reproduced by the modelling study is gas saturation
and its evolution within the core during pressure decline. This had unfortunately not been
determined directly from the experiment and therefore needed to be constructed de
novo using the same inference scheme as that used for the final saturations (with a slight
modification).

All oil production data before the system pressure reached 1500psig was extrapolated,
since no data on oil levels during the cell only depletion up to this point were available as shown by the dotted line in Figure 7-35. Experimental observations show that the core
hydrocarbon (oil + gas) pore volume had increased by 8.76% (from 14.04ml to 15.27ml)
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by the end of depressurization, apparently taking up some of the water volume (water
volume decreased by 5.455% - from 22.55ml to 21.32ml). This being so, oil production
data could not be exclusively relied upon to tell us the core gas saturation over time. To
overcome this difficulty, wherever both cell only and whole system gas production data
were available (from 1500 psig downward), these were used to estimate gas saturation in
the core over the course of depressurization. At any point during depressurization, the
volume of gas in the core is defined as:

Vgas_core = VPVTgas_core - VProdgas_core

where,
VPVTgas_core

= PVT volume of gas with respect to initial core oil volume

VProdgas_core

= Gas production from core = Levels for whole system – levels for cell only

Vgas_core

= Gas volume in core

Vporevolume

= Total core pore volume

Gas saturation is then given by Sg = Vgas_core/Vporevolume (see Figure 7-36).

7.4.3 History Matching with a 3D Waterflooded Model
The ultimate goal here is to create a 3D model that can reliably make predictions for
Pilton depletions that may occur under different conditions from those used in the
laboratory experiment. It is the culmination of the model calibration process that began
with network anchoring, hard-wiring of fluid and rock/fluid properties, and the
interpolation of the experimental pressure profile. For us to have any confidence in the
predictive capacity of any model, however, it must first be capable of reproducing
historical data.

The first stage of the history matching procedure adopted here deals with the
determination of the optimum nucleation density – which density gives the most
satisfactory match to the experimental core gas saturation profile at different levels of
assumed initial supersaturation. Moreover, how do wetting characteristics affect the
displacement mechanism and what is the impact on the determination of a matching
nucleation density? The nucleation process is assumed instantaneous at this stage in
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order to get an approximate idea as to the broad range of nucleation densities required.
The next stage aims to derive pertinent progressive nucleation parameters that
reproduce similar behaviours (in the absence of reliable empirical correlations of
nucleation density with depletion rate and Swi, predictive runs must be performed with a
nucleation process that depends on the internal dynamics of the depletion process itself –
only the progressive nucleation type is capable of accomplishing this objective).

Model Setup
Although 2D models are highly informative when assessing the displacement mechanisms
themselves, they are rather constrained, less well connected and are poor predictive
models. Consequently, a 3D network model will be used for these simulations. Table 7-3
lists the network properties.

The model was instantiated with initial oil and water saturations of 0.384 and 0.616,
respectively – as in the experiment. Nucleation sites were restricted to oil pores only, in
line with experimental observations that show nucleation to be most prevalent in the less
wetting oleic phase (Hawes et al., 1994; Mackay et al., 1998; Dominquez et al., 2000).
Production of gas was allowed at the upper boundary of the network to mimic
experimental boundary conditions.

7.4.3.1 Stage 1 – Instantaneous Nucleation and Wettability Sensitivity
Before discussing the impact of nucleation density and wettability upon Pilton depletion
in detail, we highlight some general observations to aid interpretation of the results
presented later.
Notes on the effect of wettability on nucleation and the diffusion process
1. The effect of a distributed water phase upon bubble evolution can be considered
in light of the connectivity issue discussed in Bondino et al (2003) — higher Swi
values lead to reduced effective connectivity for the hydrocarbon phase.
2. Even in cases where the diffusion coefficient of gas in water is larger than that in
oil, it should be remembered that water contains far less dissolved gas. Hence, the
process of diffusion of gas through water is comparatively slow, as the gas
concentration gradients within water remain almost negligible throughout
depletion. As a consequence, oil may become more supersaturated in the
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presence of water in the same way as oil in a less connected system becomes
more supersaturated than in a well connected one. This will become important
when

considering

progressive

nucleation,

which

depends

upon

local

supersaturation.
3. Different wettabilities produce different pore occupancies. In the water-wet case,
oil fills the biggest pores; in the oil-wet case water fills the biggest pores; whilst in
the fractionally-wet case water fills pores of all sizes. In addition, the effective
pore size distributions for the diffusion process (gas diffuses preferentially through
oil) are also different.
4. The process of diffusion in porous media is consequently very different in
differently-wetted systems — a number of things are changed simultaneously
when wettability is altered. For example, if an increased number of larger oil-filled
pores are present (which would be the case in a water-wet system), the average
cross-sectional area of pore-space available for diffusion would increase. Thus, in
the water-wet scenario, the system will equilibrate more easily and
supersaturation will remain lower during depletion. Conversely, in oil-wet porous
media the oil-filled pores are, on average, much smaller and diffusion through
them is slower.

7.4.3.1.1 Mixed/fractionally-Wet Condition
We begin with the assumption that the core is “mixed-wet”, water and oil being
distributed in pores of all sizes without discrimination. This may not be far from the truth
given the shape of the imbibition capillary pressure curve characterising the experimental
core (Figure 7-37). Moreover, carbonate formations are known to frequently exhibit
intermediate to oil-wet characteristics.

Impact of nucleation density
The slopes of the simulated gas saturation vs pressure plots were initially gentle
(comparable to the experimental data) but soon began to rise and then reached a plateau
towards the end of depressurization (see Figure 7-38). With the exception of the model
containing only five bubble nuclei, all curves at early stages of depressurization closely
overlapped. This could indicate that the decreased competition by bubbles for dissolved
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gas in low nucleation density scenarios compensated for the larger effective diffusion
areas associated with higher nucleation densities.

Plots of cumulative gas saturation and instantaneous gas production are shown in Figure
7-39. We see that gas production was delayed at high bubble densities due to the
competition for dissolved gas which slowed down average bubble growth. Over the
course of the entire depletion, however, oil recovery was broadly proportional to
nucleation density – increasing as nucleation density increased.

Figure 7-40 illustrates fluid occupancies in 3D networks at 1000psia for a select group of
models. The experimental saturation profile was most closely reproduced by nucleating
237 bubbles instantaneously.
Impact of supersaturation (nucleating at 2765psia instead of 3165psia)
Changing the assumed value of supersaturation (i.e. the difference between nucleation
pressure and bubble point pressure) had a small effect on the matching hierarchy by
nucleation density (Figures 7-41 and 7-42). The 28 nuclei model gave a significantly better
match to the experimental data for nucleation at 400psia supersaturation compared to
the match obtained for nucleation at zero supersaturation, although the improved match
was still inferior to the 237 nuclei model at zero supersaturation. The 237 nuclei model
consequently becomes a prime candidate for use in predictive simulation runs.
7.4.3.1.2 Strongly Water-Wet Condition
Impact of nucleation density
In water-wet networks, water occupies the smallest pores in the network. In comparison
to the same initial water saturation (Swi) in the mixed-wet model, a larger fraction of the
pores will be water-filled. The overall shape of the saturation curves look similar to those
seen in the mixed-wet scenario (compare Figure 7-43 and Figure 7-38). However, because
there are now fewer oil-filled pores in the network – only 24% compared to
approximately 39% for a mixed-wet system – oil was less connected and the evolving gas
bubbles took longer to form a global networking-spanning cluster. The end point gas
saturations were therefore generally higher than in the mixed-wet condition. Also, unlike
in the mixed-wet case, the change in final gas saturation with change in nucleation
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density was non-monotonic. The 143 nuclei model gave the best overall match to the
experimental data.
Impact of supersaturation (nucleating at 2765psia instead of 3165psia)
Increasing the super-saturation steepened the dissolved gas concentration gradient
between oil-filled and gas-filled pores, supressing the influence of nucleation density on
gas saturation profile i.e. the impact of diffusion surface area on oil-to-gas mass transfer
was diminished. Nucleating at 2765psia had the effect of changing the order of the match
to experiment compared to when nucleation was activated at the bubble point (compare
Figure 7-44 to Figure 7-43). Hence the 47 nuclei model now became the best matched.
7.4.3.1.3 Strongly Oil-Wet Condition
Impact of nucleation density
Oil initially fills the smallest pores in oil-wet network and so the majority of pores are now
initially oil-filled (57.35% specifically, which corresponds to 38.4% of the total initial pore
volume). This means greater oil connectivity and faster diffusive mass transport –
nucleation sites being surrounded by more oil-fill neighbours. A quicker formation of a
global network-spanning cluster can therefore be expected. As Figure 7-45 demonstrates,
this led to early gas breakthrough and consequently lowered the final gas saturations (for
identical nucleation densities) compared to the corresponding mixed-wet and water-wet
cases. Only the 926 nuclei model came closest to matching the experimental data.
Impact of supersaturation (nucleating at 2765psia instead of 3165psia)
The match to experiment deteriorated when nucleation sites were activated at 2765psia
(400psi supersaturation) compared to when the supersaturation was zero (compare
Figure 7-46 and Figure 7-45). High dissolved gas concentration gradients occasioned by
the late onset of nucleation and the increased gas-oil contact area as a result of enhanced
oil connectivity combined to further boost both the mass transfer and bubble growth
rates far beyond the levels necessary to obtain a good match for the same nucleation
densities.

7.4.3.2 Stage 2 – Progressive Nucleation
It is evident that, regardless of the wettability model chosen, the experimental saturation
profile could be satisfactorily matched by using correctly-tuned nucleation density and
supersaturation. No specific quantitative details on the experimental core wetttability or
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experimental supersaturation are known, although the laboratory report states that the
core was of intermediate wettability. Indeed, the imbibition Pc curve supplied (Figure
7-37) suggests partial oil wetting at best. Therefore, the mixed-wet model was chosen as
being the most representative of the Pilton core material and the 237 nuclei case selected
as the base case history match.

For the modelled volume, 237 nucleated bubbles implies a nucleation density of 4119
nuclei per mm3 of oil, a high number but quite sensible when placed in the context of the
experimental conditions. Because of the elevated temperatures and pressures that
prevailed at the onset of depressurization, GOIFT values were very low and that should
give rise to low crevice activation thresholds. Little is known of the peculiar nucleation
properties of chalks but experimental results by Chatenaver et al (1959) gives us reason
to suppose that their particularly low permeability might enhance the nucleation process.
Chatenaver et al. (1959) conducted more than 100 solution gas drive experiments in
transparent bead packs and found that bubbles predominantly nucleated in low
permeability sectors of packs and then preferentially expanded into higher permeability
regions.

The process of further model refinement involves converting the nucleation mechanism
from an instantaneous to a progressive type of process. This involves searching for the
appropriate progressive nucleation statistics of crevice size distribution and crevice
density to produce the right amount of bubbles that will match the experimental
saturation profile. The initial use of instantaneous nucleation to estimate the optimum
nucleation density for the history match has narrowed the search field greatly. Equation
(7-5) still specifies the nucleation criteria. The contact angle was set at zero and a crevice
size interval of [1.0 × 10−9 𝑚, 20.0 × 10−9 𝑚] was assumed. Crevices were distributed
uniformly across the network and nucleation was confined to oil-filled pores only.

Figure 7-47 shows nucleation profiles at different crevice densities and suggests that
nucleation process was very rapid, the vast majority of the nuclei being activated over the
first 100psi drop in pressure. Figure 7-48 shows that the response of the saturation buildup to changes in nucleation density using a progressive nucleation process exhibited far
less variability than that was seen in an instantaneous nucleation process.
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Crevice densities in the range 1/300 to 1/700 [crevice/noil-filled pores] produced sufficient
bubble nuclei for the model to match the experiment. However, since the 1/500
[crevice/noil-filled pores] crevice density yielded a similar nucleation count (231 in all) as the
matching instantaneous model (see Figure 7-38), it was selected as the optimum crevice
density to be used for subsequent predictive simulation runs. Table 7-3 summarises the
properties of the petrophysically anchored and history-matched model of the reservoir
sample.

Figure 7-33: Schematic of the experimental set up
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Figure 7-34: Gas levels in the separator unit during Cell only and Whole system depressurizations
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Figure 7-35: Oil levels in the separator unit during Cell only and Whole system depressurizations
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Figure 7-36: Inferred gas saturation history in the core
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Figure 7-37: The experimental water-oil capillary imbibition curve.
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Figure 7-38: History-matching 3D, mixed-wet, and waterflooded models using nucleation density.
Nucleation sites activated at bubble point.
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Figure 7-39: Correlation of the formation network-spanning cluster and the decline of the slope of
the saturation profile decline for the 5nuclei and 926nuclei models (3D, mixed-wet, and
waterflooded model). The inflexion points (around 1800psia for the 5nuclei model and 1240psia
for the 926nulei model) on the gas saturation profiles signal global network-spanning cluster
formation and establishment of a critical gas saturation.
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Figure 7-40: 3D mixed-wet waterflooded models: Fluid occupancy graphics at 1000psia for
different nucleation densities.
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Figure 7-41: History-matching 3D, mixed-wet, and waterflooded models using nucleation density.
Nucleation sites activated at 400psia supersaturation.
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Figure 7-42: History-matching 3D, mixed-wet, and waterflooded models using nucleation density.
Nucleation sites activated at 600psia supersaturation.
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Figure 7-43: History-matching 3D, strongly water-wet, and waterflooded models using nucleation
density. Nucleation sites activated at bubble point.
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Figure 7-44: History-matching 3D, strongly water-wet, and waterflooded models using nucleation
density. Nucleation sites activated at 400psia super-saturation.
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Figure 7-45: History-matching 3D, strongly oil-wet, and waterflooded models using nucleation
density. Nucleation sites activated at bubble point.
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Figure 7-46: History-matching 3D, strongly oil-wet, and waterflooded models using nucleation
density. Nucleation sites activated at 400psia super-saturation.
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Figure 7-47: Finding a matching crevice density: Nucleation profiles at different crevice densities.
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Figure 7-48: Finding a matching crevice density: Core gas saturation build-up at different crevice
densities

Table 7-3: Network and nucleation properties and the operating conditions of the predictive base
model
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Initial Pressure, [psia]

3165

Final Pressure, [psia]

1000

Temperature, [oF]

225

Gravity

Always on

Viscous Gradient

Negligible

NX, NY, NZ

106, 23, 23

Total Core Pore Volume, [m3]

3.659E-05

Modelled Volume, [m3]

1.496E-10

Volume Pre-factor

49.87915916

Pore length, [µm]

23.4E-6

Total Core Height, [cm]

15.397

Modelled height, [cm]

0.25

Buffer

Top 2 bond rows

Mean Radius, [µm]

0.23

Rmin, Rmax, [µm]

0.002, 0.389

Gas Molar Mass, [kg/mol]

0.0297

Gas Density at Std. Condition, [kg/m3]

1.255824

Gas-Oil Diffusion Coefficient, [m2/sec]

1.00E-8

Gas-Water Diffusion Coefficient, [m2/sec]

1.00E-9

Gas-Water Interfacial Tension, [mN/m]

50.0

Oil-Water Interfacial Tension, [mN/m]

40.0

Gas-Oil Interfacial Tension, [mN/m]

See Figure 7-10

Nucleation Type

Progressive

Initial Water Saturation [Fraction]

0.616

Crevice Density [crevice/oil-filled pores]

1/500
[1.0 × 10−9 , 20.0 × 10−9 ]

Crevice Size Interval [m, m]
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7.5

Summary and Conclusions

This chapter presents the first part of a case study to analyse and interpret a recent
depressurization experiment carried out on a waterflooded North Sea reservoir
sample. This involves building a network model surrogate of the core used in the
experiment and performing early sensitivities to understand the fundamental controls
on the depletion process in the context of sample-specific data. The chapter has been
divided in to two parts as follows:
1. The first dealt with anchoring the morphological properties of the model to those
of the core and hardwiring the fluid and rock/fluid properties and then performing
generic sensitivities to investigate the forces and processes that control a generic
depletion process. These scoping studies highlighted four key factors that help to
explain the post-depressurization saturation distributions in the experimental
core, viz:
a. The short, tight core made for highly isotropic bubble growth, unbiased by gravity.
Using an approximate scaling scheme, analysis showed that only when individual
bubble heights exceed 4cm should we begin to see the onset of any gravity bias,
and for spontaneous gravity migration to emerge, a minimum core height of 4m
would be required. With the physical core spanning a height of approximately
15cm, a capillary-dominated growth pattern was expected.
b. Oil spreading made a large difference to the residual oil saturation postdepressurization. 2D simulations revealed that the percentage of the initial oil
produced could be increased by as much as 60% when oil spreading is taken into
account.
c. Simulations using an instantaneous nucleation (IN) approach show that an
increase in nucleation density accelerates the rate of gas saturation growth and
increases oil recovery in a nonlinear fashion. The endpoint gas saturation does not
simply increase with increasing nucleation density however – although a higher
density can yield increased total surface area available for mass diffusion and
increased network coverage, competition amongst the nuclei can affect the
subsequent growth pattern considerably.
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d. The GOIFT data provided supports the hypothesis that a particularly high
nucleation density should exist in the experimental sample at close to bubble
point pressure.
2. The second part of the model construction process primarily involved tuning the
nucleation and wettability characteristics of the model to match experimental
core gas saturation over the course of depletion. The first stage of the history
matching procedure dealt with the determination of the optimum nucleation
density at different levels of assumed supersaturation using an instantaneous
nucleation process. The impact of wettability conditions was also investigated at
this stage. The next stage was concerned with the derivation of pertinent
progressive nucleation parameters that reproduced the experimental saturation
behaviour. It was necessary to switch to a progressive nucleation process because,
in the absence of reliable empirical correlations of nucleation density with system
variables (e.g. depletion rate and Swi), predictive runs would have to incorporate
the internal dynamics of the nucleation process itself. We learned from the history
matching process that assumptions regarding wetting characteristics significantly
affect dissolved gas diffusion rates and gas growth patterns, ultimately dictating
the nucleation density required to achieve a good match to the experiment. A
mixed-wet wettability model was chosen as being the most appropriate after
close examination of the imbibition capillary pressure curve in Figure 7-37 and
from broad considerations of the current literature on chalk wetting
characteristics.

Having successfully built a predictive numerical analogue of the experimental core
and gained some insight into the pore-scale mechanisms that likely dominate the
depletion process under experimental conditions, the next chapter examines the
impact of variations away from experimental conditions of network and fluid
properties as well as operating and boundary conditions on the depletion behaviour.
The implications of these variations on the calculation of critical gas saturation and
relative permeability are also explored.
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