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ABSTRACT

This research work explored mechanisms that control fluid flow in the natural gas hydrate
reservoir and the wellbore to resolve the challenges related to the gas flow assurance and
production sustainability. The study was motivated by the fact that natural gas hydrate
reservoirs hold the largest deposit of natural gas whose benefit to human being, ranging from
energy source to industrial products, cannot be over-emphasised. However, complex nature of
the gas hydrate reservoir and factors that influence the flow dynamics in the unconventional
resource have been found to correlate with the wellbore complexities to defy viable simulations
of the gas hydrate system toward commercial production. Thus, current modelling approaches
are limited. This thesis expatiated the transient flow problems in both the unconventional
reservoir and the wellbore, incorporated the various convective and diffusive flux phenomena,
non-Darcy flow effects, near-wellbore convective mixing processes, reservoir-wellbore
dynamics, and developed a new kinetic hydrate reservoir simulation model and a fully implicit
fully coupled reservoir-wellbore fluid flow model for natural gas hydrate application. Thus, the
thesis consists of two important simulation strategies for the specific gas hydrate reservoir
production simulation. First is the new reservoir model that aggregated and simultaneously
incorporated the inherent defying features to the gas hydrate fluid flow including threshold
pressure, diffusivity flux, Knudsen diffusion, inertia and gas slippage effects and thermal
expansion and Joule-Thomson effects. The second is the fully implicit fully coupled reservoir-
wellbore model for gas hydrate production optimisation. The solutions of the formulations were
obtained using finite different numerical scheme and Newton-Raphson iteration method
implemented in MATLAB. The models were verified and validated using CMG STARTS
benchmarked with the experimental data of Li et al. (2010a) and analytical model of Selim and
Sloan (1989). Simulation results showed excellent agreement with the analyses of the key
variables measured, including distributions of phases saturations, pressure, temperature,
production rates and cumulative productions of gas and water over time. The models have been
used to perform sensitivity analysis of the important unconventional reservoir-wellbore
parameters that control the flow system behaviour; and their comparative effects were
evaluated using the Monte Carlo simulation technique. Furthermore, near-wellbore conditions
related to the macroscopic laws of near wellbore upscaling was modelled to investigate effects
of the various functions of the relative permeability and capillary pressure equations and the
new optimisation technique. Results indicated that these factors can have severe cumulative

negative impact of over estimation of production rate by up to 30%. It was deduced that the



gas production process at early stage is controlled by pressure depletion and sensible heat of
dissociation dominated by heat advection in the hydrate zone and along the interface of the
pore spaces and near wellbore. The temperature dependent model would enable long time
production and the later stage gas production could had been dominated by thermal conduction-
driven recovery through of the wellbore. It was identified that the thermal diffusion has a strong
effect on the performance of the proposed scheme while the pressure diffusion has moderate
impact beyond the threshold. The developed fully implicit fully coupled model offered a more
efficient and robust flow assurance over a range of the reservoir parameterisation, including
dissociation kinetics, spatial heterogeneities, intrinsic permeability and gas saturation; thus,
offers a promising solution to the challenging gas hydrate reservoir production. After 1000
days of production, the cumulative gas production of decoupled model began to decrease up to
2.5 times lower than that simulated by the fully coupled approach which also has lower water
production. It is concluded that application of the fully implicit fully coupled reservoir-

wellbore could guarantee sustainable gas hydrate production.
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NOMENCLATURE

“Pory average pseudo-pressure

AP pressure drop

P pressure gradient

A Cross-sectional

As Hydrate dissociation surface area
b non-Darcy flow coefficient

Bg formation volume factor of gas
Bw formation volume factor of water
(of distribution coefficient

Co specific heat capacity at constant pressure, L2/t2T
C total compressibility

D diameter.

D diffusion coefficient,

E activation energy
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Natural gas huge abundancy and the cleaner energy attributes have put it in the position of
becoming the major fossil fuel energy source for the world, especially as the world transitions
to a lower carbon energy system. The annual demand of natural gas is already trendily
increasing more than the other major energy sources, oil and coal (International Energy
Outlook, 2021; BP Energy Outlook, 2021). To meet up with the growing demand and to ensure
energy security, exploitation of natural gas is moving from conventional to unconventional
sources. Thus, a motivation of this research. Conventional reservoirs are rocks having
interconnected pore spaces of porosity and permeability for easy fluid flow. They include
sandstone, carbonate and limestone reservoirs. Unconventional reservoirs, on the other hand,
produce from low permeability, low porosity, tight to ultra-tight formations in typically
challenging depositional environments. These create predicament of unlikelihood of extracting
the natural resources trapped in the reservoir using traditional production methods (Donev et
al., 2021). Examples of unconventional reservoirs are Tight Gas Sands, Coal Bed Methane,
Shale Gas, and Natural Gas Hydrate Reservoirs (Chong, 2016). This thesis focuses on gas
production from the natural gas hydrate reservoirs, simply known as natural gas hydrates or

gas (methane) hydrates.

Natural gas hydrate reserves existence and potential was acknowledged since 1965 by
Petroleum Company operating in Siberia, Russia and north region of Alaska. By 1980°s and
1990’s, marine expeditions and laboratory analyses offered evidences of natural gas hydrate’s
energy potentiality and existence in large amount in many continental shelves and beneath
permafrost (Sloan and Koh, 2008). The Reservoir viability depends on the rock type or
sediment bearing the hydrate. Coarser-grained sediments have the most viable deposit. They
have lower capillary pressures which permit preferential accumulation of hydrates in the
sediment with abundant hydrates concentration disseminated in the pores and/or fractures
(Collett, 2013). Studies have demonstrated that 1m?3 of natural gas hydrate contains about 164

m? of methane at standard temperature and pressure, and the world potential reserve of natural
1



gas hydrates stands at about 0.15 x 10*° m? to 3.05 x 108 m®. This is twice as large as the other
fossil fuel resources combined together (Aregba, 2017; Dillon, 1992). Thus, the interest of this
research in the gas hydrate resource — methane hydrates represent an exciting and untapped
resource that would help meet our expanding energy needs well into the future. Though
investigations on the gas production have been confronted with defying features to possible
commercial production, researches have proved that four conventional methods are effective
for feasible production of the natural gas hydrates deposits. The methods include
depressurization, thermal stimulation, inhibitor injection and gas replacement techniques; with
depressurization method deemed the best approach (Zhao et al, 2016; Lee et al, 2015; Hope
and Schaefer, 2015; Birkedal et al, 2015; ; Schoderbek et al., 2012; Moridis et al., 2011;
Cranganu, 2009; Rochelle et al, 2009; Anderson, 2014; Pooladi-Darvish, 2004; Ohgaki, 1997).
It has also been evaluated that combining pressurisation and thermal stimulation methods
would optimize the recovery (Pooladi-Darvish, 2004; Kawamura et al., 2006; 2008; Feng et al,
2015). Experiments and numerical simulations studies by different researchers have expatiated
that hydrate dissociation mechanism herald the production and the gas flow within certain
thermodynamic conditions under the various approaches. For instance, Sloan (2008) explained
that when arriving at critical radius, hydrate dissociation and formation will occur at random,
with the hydrate growth commonly accumulating at the interface where gas and water are
readily available at favourable condition for hydrate regeneration. Available production
performance and optimization prediction models have not provided adequate analyses of the
kinetics of the hydrate flow behaviour and phase transition to overcome the production
drawbacks; hence no commercial gas production from hydrate hitherto (Vedachalam, et al,
2016; Kurihara et al, 2011). Understanding the range of uncertainty in the gas transport in the
hydrate reservoir and the wellbore would help to shape the optimisation strategy, increasing

the resilience of the recovery.

This research would review the existing gas hydrate performance simulation models, evaluate
the modelling approaches of the fluid flow in the reservoir and wellbore. The thesis
acknowledged that models that coupled reservoir and wellbore flow models offer more
accurate performance prediction than the non-coupled models; and fully implicitly coupled
models are being advised (Livescu et al., 2010; Ozkan et al, 1999; Penmatcha and Azizi, 1998;
Sung et al. 2000, 2015; Li et al, 2018; Khoriakov et al, 2012; Jiang et al, 2016; Hagdu et
al.1995; Murray and Gunn, 1993; Hasan et al, 2009; Pruess et al, 1999; Baht et al, 2005;
Gudmundsdottir, 2012). However, there is less research focus on fully implicitly coupled
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reservoir-wellbore model for gas hydrate application. This left a gap in the development of
integrated gas hydrate production simulation model that better capture the reservoir-wellbore
interactions, near-wellbore convective mixing processes, wellbore hydraulics, thermal effects,
etc obtainable by coupling the fluid flow equations in the reservoir and well via appropriate
interface treatments that yield simultaneous solutions both systems. Thus, this thesis would
develop a new numerical simulation model that account for the non-Darcy flow factors, the
advective and diffusive fluxes in gas hydrate reservoir for improved gas hydrate recovery.
Based on the model, a fully implicitly coupled reservoir-wellbore model for gas hydrate
application would be developed and a new interpretation framework for pressure and
temperature transient analyses would be generated. Also, the thesis would evaluate the
capillary pressure functions and relative permeability equations for the production

optimisation.

1.2 Problem Statement

Natural gas hydrate reservoirs are unconventional reservoirs with gas stored primarily as caged
methane in crystalline solid and the production involves the uniquely hydrate dissociation
process. Fluid flows could be characterised by non-Darcy flow effects, non-linearity viscous
and diffusive flow rigours such as molecular, pressure and thermal diffusions (Javadpour et al,
2009). Moreover, a typical feature of the multiphase flow in gas wells is the near-wellbore
complexities encompassing complex flow phenomena, near-wellbore convective mixing
processes and thermal wellbore effects leading to quick cessation of gas hydrate production
noted in various researches in literature (Chong et al., 2017; Oyama et al., 2009; Song et al.,
2015; Zhao et al., 2015; Moridis et al., 2011; Moridis et al., 2004; Collette, 1993; Yamamoto,
2014; Li et al., 2010a, 2010b; Konno et al., 2010; Mutalik, 1989; Li et al, 2007; Davie and
Buffett, 2003; Yakushev and Istomin, 1992; Bai et al., 2015; Kuhs et al., 2004; Stern et al.,
2001; Komai et al., 2004; Ohno, Narita and Nagao, 2011; Sun et al., 2011; Bai et al., 2015).
Flow regime changes with different phases distributions influenced by pressure differentials
and velocity changes can be correlated to capillary pressure gradients and relative permeability
functions (Jansen and Currie, 2004). Phases separate and travel with different velocity; the
highly compressible gas phase expands with increasing in-situ volumetric flow rate; phases

have different pressures; and gas slippage, liquid hold-up, near-wellbore complexities are



prominent. More so, the gas hydrate system is known to be characterised by exclusive features,
such as hydrate dissociation, reformation, and transient temperature effects. Thus, solving the
transient flow problems and the flow assurance challenges could require incorporation of the
multiphase and multicomponent parameters and processes affecting the delivery of inflow and
intake profiles in the gas hydrate reservoir expanse and the wellbore into the modelling
approach for the more accurate performance predictions; and models that provide for coupled
the reservoir and wellbore fluid flow as a single continuum are being advised (Yin et al, 2016;
Miller,1980; Stone et al, 1989, 2002; Pourafshary et al., 2009, Souza et al, 2014; Pan, 2014;
Ertekin, 2001; Mazumba, 2016; Halliburton, 2017; Song et al, 2015; Tatar et al., 2014; Pan and
Oldenburg, 2014; Naderi et al, 2015; Li et al, 2018). Continued use of the decoupled approach
for the gas hydrate system evaluations might be attributed to the difficulty in solving
simultaneously the integrated systems of equations which fully implicitly coupled the reservoir
and well. Considering the vast differences in length and time scales for both systems,
combining the challenges of the strongly coupled processes in the reservoir and wellbore with
the potential for complex flow patterns in gas hydrate wells is a daunting task requiring a lot
of computational time. However, the issuing results obtained using the integrated approach
motivated the modelling concept. Numerical simulation of the fully coupled model had been
demonstrated to give improved accuracy in the well deliverability analyses and thus have
become very attractive. This thesis would incorporate and integrate the defying features of the
fluid flow in the unconventional gas hydrate system and develop a fully implicit fully coupled

reservoir-wellbore fluid flow model for gas hydrate application.

1.3  Description of Research Gap

There is no known existing gas hydrate numerical simulation model in literature that has
simultaneously incorporated the inherent defying features to gas hydrate fluid flow such as
impact of gravity, threshold pressure, diffusivity flux, Joule-Thomson effect, inertia and gas
slippage effects in the analyses of the gas hydrate production. This thesis would develop a
simulation model of natural gas hydrate production that accounts for the unconventional fluid
dynamics, non-Darcy flow factors and the various convection and diffusion fluxes that
correlate with the complex nature of the gas hydrate reservoir to impede the fluid flow

assurance. More so, there is no model in literature that focused much on fully implicit, fully

4



coupled gas hydrate reservoir and wellbore fluid flow for the production optimisation. The
available gas hydrate reservoir simulators and well models in literature (including
HydrateResSim, CMG STARS and TOUGH+HYDRATE) do not offer the fully integrated
solutions. Besides, their algorithms are not necessarily available for modification to obtain the
seamlessly fully implicit fully coupled model. Moreover, relevant open source simulators
cannot be used in this research work because their algorithms are also not readily available for
accurate required numerical tuning. Furthermore, for heterogeneous reservoirs like gas hydrate
reservoir with complex thermodynamics and fluid flow processes, application of fully coupled
models created for other specific reservoirs studies is disadvantageous because of the unique
unconventionalities of the gas hydrate reservoir including hydrate dissociation kinetics. This
research would incorporate and solve simultaneously the phase transitions and transient flow
phenomena associated with the gas hydrate reservoir and wellbore fluid flow, as an apparent
system that exhibits convective fluxes, advective and diffusive mass and heat fluxes, to develop
a fully implicit coupled reservoir-wellbore fluid flow model for gas hydrate application.
Furthermore, the thesis would leverage on the model to handle simultaneous heat and mass
transfer processes for the pressure and temperature transient analyses application; and
investigate the relative permeability and capillary pressure equations using near-wellbore

upscaling.

1.4 Research Questions

The relevant questions below would guide the research objectives, the methodology used and

results obtained:

= What factors and/or mechanisms affect the unconventional fluid flow and the convective
mixing processes in gas hydrate reservoir production.

= Does fluid flow in the well has influence on pressure responses from the reservoir.

= How best can the dynamic interactions and hydraulic communications between the
wellbore and the reservoir be captured.

= Can commercial production be deemed feasible within the modeling approach.

= What pressure and temperature values would result in gas flow assurance and production

optimisation.



= How do different capillary pressure and relative permeability equations affect gas hydrate

fluid flow analyses and the well deliverability; and what is the impact of hydrate saturation.

1.5 Aimand Objective

The aim of this research is to identify the microscopic and macroscopic flow parameters and

processes defying gas hydrate production, aggregate them into the modelling approach, and

develop a fully implicit coupled reservoir-wellbore model for gas hydrate application.

The objectives are to:

= Incorporate the various unconventional multiphase parameters that affect fluid flow in the
hydrate reservoir and well deliverability.

= Couple the advective and diffusive mass fluxes and conservely formulate the continuity
equations focusing on depressurisation-induced gas hydrate production.

= Develop the transient flow numerical simulation model for the more accurate gas hydrate
reservoir performance predictions.

= Incorporate wellbore hydraulics, near-wellbore convective mixing processes/crossflow
parameters, and fully implicitly couple the reservoir and wellbore to optimise production.

= Develop pressure and temperature transients’ interpretation workflow (numerical
solutions) based on the analytical model.

= Evaluate the parameters for capillary pressure and relative permeability functions and
analyse the effects of the different equations on gas hydrate production.

1.6 Scope

The thesis would leverage on computational fluid dynamics techniques that describe gas
hydrates flow fluid behaviour in the reservoir and well to create new kinetic formulations for
the reservoir performance evaluations. It would expound the unique characteristics of the gas
hydrate reservoirs and the wellbore, review the fluid flow modelling approaches and large
pools of widely used fluid flow models, provide fundamental understanding of the parameters
governing the fluid flow equations, develop and use new simulation models to analyse the
effects of various factors on the way gas and water flow in a hydrate reservoir including the
rates of production through of the wellbore to the surface facility. Specifically, the research
6



would be directed at developing a fully coupled reservoir-wellbore numerical simulation model
that allows for the more integrated modelling of gas hydrate fluid flow behaviour. The reservoir
was described by a two-dimensional cross-sectional discretised grids model and the well one-
dimensional; and simulation is tended to proceed in vertical conformance. The work derived
the gas hydrate reservoir fluid flow equations by assuming non-Darcy flow, no flow boundaries
conditions, and isothermal wellbore effect in the depressurisation-induced gas hydrate
production. More so, since gas hydrate dissociation is an endothermic reaction, the system
would be further treated as a non-isothermal system. Other assumptions are:

= Sediment is not compressible.

= Three discrete phases are present — hydrate, water and gas

= Conservations law is phase-wise, not component-wise.

= Gas dissolution in water phase, water vapor formation and Ice formation are neglected.

= No precipitation of dissolved salt in the process and no chemical reactions.

= Reservoir is infinitely acting.

= Reservoir is heterogeneous, anisotropic

= For Isothermal case, the system is assumed to gain or loss heat from the surrounding

under adiabatic expansion and Joule—Thomson process.
= For non-isothermal case, thermal wellbore/external heat source is considered
= Fluid Flows under slip and inertial forces, viscous and Knudsen diffusions
mechanisms
= Advective mass flux and the diffusive mass flux terms were at play.

= Hydraulic communication between reservoir and wellbore is prominent.

The limitations to this work include approximation of some parameters whose field values
could not be obtained from validated literature sources. More so, the research could not go into
the importance mechanisms such as poro-elasticity and geomechanics which are known to
affect the fluid flow dynamics and features related to deformation of gas hydrate sediments.
Besides, coupling of the full thermal wellbore effects could include accounting for the heat
transfers linked with the complete well completions, tubing, annulus, insulation, casing and
cementing, which are necessary following that gas hydrate is a strong candidate of thermal
production method. The techno-economics of the hydrate system and model have not been
provided for analyses.



1.7 Methodology

This thesis leveraged on the physics and quantitative analysis of fluid flow and coupling
processes in gas hydrate reservoir and the wellbore system. This thesis utilised the conservation
laws of mass, momentum and energy to develop a scalable reservoir and wellbore mathematical
models that better define and describe the fluid flow in the gas hydrate production. Considering
that flow dynamics in gas hydrate reservoirs is characterized by very low-permeability,
heterogeneity, reaction kinetics (dissociation reaction) and high-to-low flow rates effects,
assumptions of non-Darcy flow sufficed. Complex factors, which are conventionally neglected,
that affect fluid flow in the gas hydrate reservoir such as threshold pressure, inertial and gas-
slippage effects, advective and diffusive fluxes are incorporated in the formulation of a new
flow model in this thesis. More so, a fully coupled reservoir-wellbore model is developed by
seamlessly linking the reservoir model to the well model by incorporating the near-wellbore
convective mixing processes, the reservoir-wellbore interactions, wellbore hydraulics. The
fully coupled method involves simultaneously solving the wellbore and reservoir flow
equations using a numerical scheme that is forward in space and time. The equations for flow
in both the reservoir and wellbore are derived for each occurring phase and discretised across
the reservoir grids and well segments of the hydrate production system. These would result in
stiff coupled partial differential equations. The numerical solutions are obtained by
discretization of the equations in time and space using finite difference scheme. Time
discretisation is by first-order up-winding finite difference and space discretisation by first and
second order central finite difference scheme. The solutions of the discretised equations are
obtained by fully implicit approach using Newton-Raphson method implemented in
MATLAB. MATLAB is a programming language, efficient in solving numerical problems
related to fluid dynamics. Additionally, macroscopic laws of near wellbore upscaling
associated with capillary pressure and relative permeability is implemented and effects of the
different equations are evaluated to optimise flow and quantify production. Schematic of the

model development is presented in Figure 1.1 below:
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1.8 Thesis Outline

This sequence of the thesis is as follows:

Chapter 1 introduced and contextualised the research. It presents the background,

motivation, research gap, aim and objectives of the study, addressing the scope, methodology

and outline of the thesis.

Chapter 2 contains the literature review of the critical aspect of the gas hydrate

resources, the reservoir production, performance prediction and optimisation schemes.

The chapter dovetailed into identifying and substantiating the conceptual and theoretical




frameworks upon which the research problems, gap(s) and solutions methodologies are
built.

Chapter 3 covers the modelling techniques and incorporations of the inherent defying
features of gas hydrate reservoir fluid flow. In this chapter, the modified governing
equations of the reservoir fluid are formulated and solved using the prescribed
numerical scheme and modelling approach, finite difference approximation and Newton-
Raphson implicit numerical scheme, that resolve the reservoir flow dynamics in space and time.
Specifically, this chapter presents a new two-dimensional reservoir flow model for natural gas
hydrates application and the results and discussions of some sensitivity parameters, and use of

Monte Carlos simulation method implemented in MATLAB for the uncertainty analyses.

Chapter 4 described the fully implicit fully coupled reservoir and wellbore fluid flow
modelling approach for gas hydrate application. Here, the detail wellbore mass and heat
transport and the coupling gas hydrate reservoir conservations equation are presented and
solved. The algorithm for the coupled reservoir-wellbore model are also developed and
presented. This chapter presented the validation and comparison of the fully implicit
fully coupled model with an analytical solution of one-dimensional transient pressure
and temperature wellbore model. The scheme is used to evaluate some parametric
effects. Pressure and temperature transient analyses are carried out using the developed model.
The chapter further extend the model to near-wellbore upscaling and analyses of the effects of

the various capillary pressure and relative permeability functions on gas hydrate production.

Chapter 5 concludes the thesis and finding of the research, making recommendations

for the future work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Theoretical Framework

Hydrates are crystalline solid mixture of light gaseous molecules (methane, ethane, propane,
carbon dioxide, nitrogen etc) and water molecules. They are formed when gaseous molecules
(acting as guest) got entrapped in the water molecule lattice (the host) under thermodynamic
conditions of low temperature, above or below the freezing point of water, and high pressure
as in Eqg.1 (Sloan and Koh, 2008). Methane hydrates, normally called gas hydrate or natural
gas hydrates, are ice-like clathrates of methane and water (Licence, 2008). They naturally occur
as solid deposits confined in reservoir rocks found in two kinds of geological depositional
environment: under permafrost and beneath ocean floor of continental shelves. Figurel.1a and
Figurel.lb showed the generic phase diagrams for methane hydrate formation under
permafrost and ocean bed respectively. The yellow sections in the diagrams indicate the gas
hydrate stability zones (GHSZ) which are regions in the permafrost and oceanic sediments
where the methane hydrate formations and depositions are favourable. The methane hydrates
would form because of existence of appropriate pressure and temperature for the hydrate
stability. In the figure 1.1, the stable region is situated between depths of 200m and 1,100m for
the permafrost and from about 1200m to 1500m for the sediments of oceanic or continental
margins. The oceanic deposits thickness is said to be around 300 — 500m thick in the
sediments. Though the stability zone can be lengthened to above the sea floor, the
concentration of methane is usually elusive above the sea floor to create viable hydrates,

methane being gaseous (Dickens,1997).
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Figure 2:1 Phase diagram for methane hydrate formation under the (a) permafrost and (b)

ocean bed (Sloan et al, 2010)

Aman and Koh, (2016) noted that the accumulation of the methane hydrate is a function of the
mass and heat transfer rates, influenced by the gas consumption with time at a constant pressure
and temperature to achieve the hydrate formation and stability (Aman and Koh, 2016).

Generally, molar reaction of gas (G) hydrate is expressed as follows:

G + N,H,0 2 G.N,H,0 (2.1)
Typically, the stoichiometry for natural gas hydrate can be represented as
CH, + N,H,0 < CH,.N,H,0 (2.2)

Silva and Dawe, (2011) described Natural gas hydrate as a deep-freezing version of liquefied
natural gas (LNG) and an enticing source of methane gas. This is because the crystalline lattice
or cage of the hydrate is firmly packed with the methane molecules inside it with large energy
density. Compared to ice, hydrogen bonds found in hydrate is about 1% more than in ice;
hydrates are more impervious to crush compared to ice (higher yield strength); hydrates depict
more thermal expansion and lower dielectric constant. When the methane hydrates are exposed
to conditions that are not favourable to keep it stable, especially change in pressure and
temperature, it would begin to undergo dissociation process — the solid lattice turning into water

with the trapped gas escaping. The gas ignites when the dissociating hydrate is lit — reason why
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the hydrate being called burning ice (Beaudoin, 2014). The hydrate pressure — temperature
phase diagram, figure 2.2, is used to describe the thermodynamic phenomena (Sloan, 1998).
All these make natural hydrate an exploitable and viable energy source. Figures 2.2a — 2.2c
below present different physical appearance of methane hydrate in natural form.

(a): Methane hydrate as burning ice (b) Natural gas clathrate in marine
(Bump, 2012). environment (Wusel007, 2002)

(C). Natural Gas hydrate core sample (Beaudoin, 2014).

Figure 2:2 (a) Methane hydrate as burning ice, (b) Natural gas clathrate in marine,
(c) Natural Gas hydrate core sample

This thesis does not intend to underscore the mechanisms of natural gas hydrate formation as
it is not within the scope of the thesis; however, the understanding of the nature of hydrate
formation, appearance and occurrence are necessary in analysing the hydrate phase behaviour,

fluid dynamics, production and viability.
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2.2 Structure of Natural Gas Hydrates

Hydrates are categorised into three structures based on the geometries of the structural
orientation of the constituent water and gas. We have Structure 1 (SI), Structure 2 (SII) and
Structure H (SH). The differences between the structures arose from thermodynamics stability
of the host and occupying guest molecules (Xia et al., 2017). Structures I and Il are cubic while
structure H is hexagonal. The guest molecules have size ranging from 0.40 - 0.90 nm in
diameter and are entrapped in cavities of different sizes. The molar gas (guest) to water (host)
ratio is 1:5.57 at standard temperature and pressure (STP), corresponding to 168.27m?3
(Methane):1m®(Water) by volume optimal occupancy. Sloan (2008) noted most experiments
are based 90% occupancy in conversely realistic. the gas to water ratio is 1:6.39 (corresponding

to 155 m® methane occupation) at STP (Sloan, 2008). The calculation is made as below:

( 16gm/mole )( 900kg ) — 155m3 (2.3)

16gm/mole+6.39 Xx 18gm/mole/ \0.717kg/m3

Sl hydrates are found to be the most prevalent of the three structures and are common with
deep waters. SI make up greater than 99% of every hydrate found in oceanic environments
(Jemai, 2014). The crystalline cages are wide and centrally organised such that the water
molecules (host) can always re-shape (Sloan and Koh, 2008). The methane hydrate model is
shown in Figure 2.6 below. Silva and Dawe (2011) described that the guest molecules are
small, of diameter 0.40 - 0.55 nm, as such that a unit cell of a SI hydrate has 46 molecules
contained in a shape of two small dodecahedral cages (12 pentagon faces each, 5!%) and six
large tetra-decahedral cages (12 pentagon 2 hexagon faces each, 5% 62). It was further pointed
that the SIl and SH hydrates can accommodate higher molecular weight molecules; however,
they are not widespread in nature; SH is the least found in nature. Sl typically encases propane
or iso-butane while SH encases cycloheptane or combinations of methane gas and nexohexane.
SII types can consists of eight 512 64 cages, sixteen 512 and 136 molecules of water while
Structure H can contain two 435663 cages, three 512 cages and one 512 68 cages with 34

molecules of water.
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2.3 World Hydrate Resources

Natural gas hydrates are found under the permafrost and beneath seabed along most continental
margins, at depths ranging from 130m to 2000m (Huneker, 2010). The reservoirs are tagged
hydrate bearing sediments (HBS). Moridis et al, (2008) and Dawe et al, (2007) estimated that
the world potential reserve of gas hydrates stands at about 0.15 x 10%° m® to 3.05 x 10'® m? at
STP, with 97% located offshore and 3% on land (Permafrost). Saxena, (2012) noted that the
total world natural hydrate resources are twice as large as the combined fossil fuel resource and
that 1m® of methane hydrate contains about 164 m® of methane at standard temperature and
pressure. Lu, (2015) evaluated that the energy needed for the hydrate dissociation is 85% less
the energy value of the produced methane, underscoring high production efficiency. Research
and development of gas hydrate are therefore being advanced. The first world gas hydrate field
production test was in 2007 at the Malilik site, Mackenzie River Delta, Canada and the latest
and first offshore production pilot test was in 2013 at Nankia Trough, Japan. Vedachalam
(2016) noted that there are about two hundred and thirty (230) Natural Gas Hydrate deposits
locations worldwide and those with experimental drilling data are:

. Mallik site, Mackenzie river delta in Canada

. Nankai Trough in Japan,
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" Mouth Elbert, North Slope Alaska, Gulf of Mexico, USA

" Krishina basin in India

. Messoyakha Field, Russia

. Pearl mouth basin, South China sea, China
" Shenhu basin, South China sea, China

" Ulleng basin in Korea.

The wide spread of the methane rich hydrate reservoirs around the world and the restriction to
shallow lithosphere (that is < 2000m) all constitute in the high interest in the resources. It is
worth noting that a country like Japan that rely import to meet her natural gas needs are
recorded to have huge hydrate deposits that can make them self-reliant. Thus, when hydrate
production become commercially feasible, it might become the game changer in the world
energy market. Figure 1 shows the worldwide distribution and locations of potential hydrate

deposits.
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Figure 2.4:  Natural Gas Hydrate Deposits and Major Developments Locations Map
(Vedachalam et al, 2016).
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2.4  Types of Hydrate Reservoirs

There are three types of natural gas hydrate reservoirs based on their depositional environment,
the hydrate distribution and saturation characteristics (Kurihara and Ouchi, 2011). Figure 2.6

presents the hydrate forms; they include:

I. Pore filling type methane hydrate reservoir: Sand-rich reservoir rock with pore
spaces and/or fractures, typical of conventional reservoirs, filled with hydrates.
These hydrate reservoirs are found in the Eastern Nankai Trough, Japan, Mallik site
and Mt. Elbert, Canada.

ii. Naturally fractured type methane hydrate reservoir: Hydrates found in natural
fractures of formations of impermeable layers like shale. Example are those of
offshore India and Korea.

iii. Massive/nodule methane hydrate deposit: Methane hydrates existing in lumps
and accumulation in fine-grained mud at sea floor. The deposits are found offshore
Gulf of Mexico and Sea of Japan.

Massive/ Fractured Pore filling
nodule type type type

LI
b Y

Figure 2.5 Schematics of Types of Hydrate Reservoirs
(Kurihara and Ouchi, 2011)

2.5 Classification of Gas Hydrate Reservoirs

Gas hydrate bearing sediments have also been classified in line with the structural layering and
profile of the position of the hydrate deposit in the arrays of the surrounding with respect to the

bottom of the hydrate stability zone (BHSZ) (Xia et al, 2017 and Vedachalam et al, 2016). The
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Classifications include three distinct classes and a fourth class that is yet to be well grasped.

The diagrammatic representations are as in figure 2.6 below.

Class 1 Class 2

Figure 2.6 Four Classes of hydrate deposits
(Lee etal., 2011)

These are explained as follows:

= Class 1 (Reservoir underlain by free gas): The reservoir consists of two layers of
hydrate interval (a pore space layer containing large hydrate saturation and an
underlying layer containing aqueous phase with free gas) crammed between
impermeable under-burden and over- burden layers. Class 1 Accumulation is shown in
figure 2.9.1. Messoyakha Field in Russia and Sagavanirktok Formation in Alaska are
typical examples of this type of reservoir.

= Class 2 (Reservoir underlain by water zone): The hydrate bearing sediment is underlain
by water bearing sediment (such as an aquifer) with no free gas. Figure 2.9.2 illustrates
the class 2 hydrate accumulation. A part of Eastern Nankai Trough Japan and the Mallik
site in Canada are examples of Class 2 methane hydrate reservoirs.

= Class 3 (Confined reservoir). These are single zone hydrate bearing sediments with no
underlying fluid sediment layer, Figure 2.9.3. The hydrate sediment is rather directly
crammed between impermeable layers like shale wherein the pore spaces might be
filled with hydrates with small amount of water and no gas contact. Most MH reservoirs
discovered in the Eastern Nankai Trough, Mallik site and Mt. Elbert 9 are categorised
as Class 3.

= Class 4 (Mud layer with sparsely deposited hydrate reservoir). Moridis et al (2008)
noted that the Class4 MH reservoir is poorly understood and appears to have no
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potential for production. Xia et al, (2017) expressed that class 4, unlike others, has no

intrinsic permeability.

sea surface

~ Temperature profile

Gas-hydrate zone

Free Gas + water zone

BHSZ

Figure 2.7  Class 1 Gas Hydrate Sediment Structural Profile (Xia et al, 2017)

Figure 2.8  Class 2 Hydrate Sediment Structural Profile (Xia et al, 2017)

sea surface

- Temperature profile

Figure 2.9  Class 3 Hydrate Sediment Structural Profile (Xia et al, 2017)
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Conventionally the hydrate intervals are crammed between impermeable underburden and
overburden layers, lending themselves to economical exploitation. Moridis and Collett (2003)
explained that the hydrate phase becomes unstable below the BHSZ because pressure and
temperature increase with depth under sea floor. Thus, perturbation within the hydrate stability
zone can cause changes in pressure and temperature due to geothermal gradient, induce

dissociation and production process.

2.6 Properties of Hydrates Gas Hydrate

Understanding of the parameters and characteristic of the methane hydrate reservoir is
necessary to model the behaviour and performance of the reservoir under different condition
and develop appropriate production process. Field and experimental studies have been carried
many researchers to examined and validated the reservoir parameters and components
properties. The properties and behaviour of hydrate sediments result from complex Thermo-
physico-chemical and mechanical interactions between the reservoir pore grains and the fluids.
The parameters contributing to the interactions are expressed as sediment index properties, and
are used to conceptualise, characterise and model the reservoir, engineering design, and
production. The properties have been shown to be of variable values and are affected by the
natural gas hydrates reservoir type, form, location and depositional environment as
demonstrated in table 1 (Waite et al., 2009). Table 2 and 3 present the literature data of
different values of some of physical properties gas hydrate and the components characteristics
respectively. Representative experimental data would be selected from the literature and used
to create a base case simulation model and subsequently carry out sensitivity analysis of the

impacts of the value limits on the gas recovery.
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Table2. 1 Typical Features of Gas Hydrate Reservoirs in Different Locations.
Dominant Hydrate
Reservoir | Sediment | Gas Hydrate | Saturation,
Type Type Type Max (%) Locations LL (PI) Reference
Delimore et al.
Coarse Sand - Mackenzie Delta (1999);_Uchida and
grained grave,l Pore filling 80 (Permafrost), - Takashi (2004);
Canada, Winters et al.
(1999)
Nankia Trough, ) Uchida and
Japan Takashi (2004)
Paull and
Matsumoto (2000);
Blake Ridge, 0.68-0.99 | Trehu et al. (2004);
. Canada (0.44-0.64) | Winters (2000);
) ~ Finely Winters et al.
F|_ne Clay, silt disseminated, ~10 (2007).
gralned n|0dU|es, Hydrate Rldge, 0.64 -0.87 I
ayers Oregon-USA (0.25 - 0.45) Tan et al. (2006).
. 0.51-1.02 | Francisc et al.
Gulf of Mexico (0.28-057) | (2005)
India Continental 0.73-0.75
shelf, offshore (0.34-0.36) | Yunetal. (2009)
India
India Continental Collett et al.
Fractured Complex =100 shelf, offshore - (2008); Winters et
Clay, silt | vertical vein India al. (2008)
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Table2. 2

Literature review for gas hydrate reservoirs properties

Hamed
Uddin | Waite et | Kurihara | White Tabatabaie &

Chenetal. | Myshakin Liu et al. et al. al. et al. et al. Pooladi-Darvish | Howe et Sung et
Parameter (2010) | et al (2009) (2009) (2008) | (2009) (2011) (2003) (2010) al. (2009) | al. (2002)
Porosity 0.5 0.35 0.2 0.28 0.3 0.35 0.3 0.3 0.36 0.2
Permeability (mD) 0.1 1,000 4.2 20 140 1,000 1,000 - 300 10-100
Thickness (m) - 60 - 10 - 125 30 16 15 15
Radius (m) - 900 100 200 - 450 567 100 - -
Initial pressure 20.37 10.9 - 6.91 . 6.8 10.67 8.54 , 5.51
(MPa)
E?g)'a' temperature 3.1 12.45 12-16 10 - 2.8 135 12 11 4.75
BHP (MPa) - - 3-4 4.3 2 - 4 - 2.07 3.45
Initial Saturation, ) i i 01 i 0 i 0 01 04
Gas
Initial Saturation, ) i i 03 i 0.35 i 0.25 02 03
Water
Initial Saturation, - 0.4 0.19 0.6 ; 0.65 ; 0.75 0.7 -
Hydrate
Heat capacity, . ) - -
Rock (J/kg-K) 2,200 1,600.5 2,031 1,300 1,600 1,350
Thermal
conductivity, Rock 1 0.5 2.73-5.57 1.5-8 2.7 2 0.5 15 1.7 -
(W/m-K)
Heat of Reaction,
Rock (KJ/mol) ) ) 54.7 51.9 ) ) ) ) ) )

22




Table2. 3  Gas hydrate Components properties
Methane- Data

Parameter Hydrate H->O CHs Source
. Hong et
Density (kg/m3) 919.7 1000 27.6 al. (2010)
Molecular weight Uddin et
(kg/kmol) 119.5 18 16 al. (2008)
Heat capacity (J/kg-K) 2200 o o Liuetal.

pacity (/kg (2009)
Thermal conductivity, Gabitto et
Rock (W/m-K) 05 06 0041 a1 (2010)

2.7  Gas Hydrate Production Methods

Physical experiments and numerical simulations have been conducted by many researchers to
investigate the production performance and the optimization mechanisms under various
approaches. Presented production methods that have also been efficiently explored include —
Depressurization method, thermal injection method, Inhibitor injection and Gas Injection
techniques. Challenges identified to have hindered commercial production to date include,
among others, inadequate understanding of the mechanisms that control the dissociation and
the gas flow (Pooladi-Darvish, 2004; Moridis et al., 2005; Schoderbek et al., 2012).

The methods, demonstrated to have technical viability include: depressurization, thermal
stimulation, inhibitor injection and CO> replacement (Moridis et al., 2011).

Inhibitor Injection

(F.'l'l,"x,l!:u:

Thermal Injection

Depressurization Co, Exchange

Steam or

Hot Water
Gas
‘\( Out 1\

Gas Gas
Out Out

Figure 2.10  Illustration of Gas Hydrate Reservoir Production Methods

(Graue, 2010).
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2.7.1 Depressurization
In the depressurization process, a pump is installed in the downhole to induce the dissociation
of the methane hydrate by depleting the reservoir pressure. The pump is operated to reduce the
pressure below the equilibrium pressure of the methane hydrate formation. The dissociation
process is an endothermic process and in the depressurization method, the necessary heat flow
comes only naturally from the surroundings. The method is effective in producing gas from
reservoirs consisting of alternative layers of sand and mud (Nagao, 2012; Holder, 1982).
Though many researchers have quoted depressurization as the most viable method for gas
recovery, the shortfalls of this method include (Makogon Y.F. 1997; Pooladi-Darvish M.
2004):

= Subsidence and submarine landslides

= Hydrate reformation due to endothermic process

= Excess water production

2.7.2 Thermal Injection
Gas recovery from methane hydrate via thermal injection or stimulation has been investigated
by many researchers ((Tang et al., 2005; TSYPKIN, 2000; Moridis, 2003, 2004; Moridis et al.,
2004; Pooladi-Darvish, 2004; Zhu, 2007). The thermal method entails increasing the reservoir
temperature to promote methane hydrate dissociation by adding heat either through circulating
hot fluids downhole or through electric and sonic means. The system temperature increases
until it reaches the hydrate dissociation temperature or where all heat that is added is spent on
hydrate dissociation (Phale, 2006). Tang et al. (2005) documented that thermal stimulation
methods include thermal flooding technology using heat sources such as hot brine injection,
steam injection, cyclic steam injection, fire flooding; electrical heating technology such as
electromagnetic heating and microwave heating.  The major limitation to thermal flooding
techniques is that result to high heat losses and wet produced gas. For instance, by products
from fire flooding can dilute the natural gas produced; hot brine injection the dissolved salt
lowers the gas hydrate dissociation temperature (Zhu, 2007). Problems associated with this
method are

= Slow production rate

= High heat losses

= Cost
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2.7.3 Inhibitor Injection
Inhibitors lower the hydrate formation temperature and can result in hydrate dissociation when
injected into a gas hydrate bearing formation (Sung et al.,, 2002). The is based on
thermodynamic principle as the inhibitors shift the 3-phase equilibrium conditions to high
pressure and low temperature side and hence move the reservoir conditions to the methane
hydrate dissociation region reducing the temperature at which hydrates form (zZhu, 2007).
Known thermodynamic inhibitors include alcohols such as methanol, glycols such as ethylene
glycol, lonic salts such as NaCl, NaBr, and KCI. Problems associated with this method are

= Cost (inhibitors are expensive)

= Quantity required and dispersion in low permeability porous medium

= Thermal adjustment

=  Environmental issue

2.7.4 Gas Injection
Ohgaki et al. (1994; 1996) first advanced the concept of exchanging CO2 with methane,
through experiments that showed CO; to be preferentially clathrated over methane in the
hydrate phase and demonstrated the possibility of producing methane gas by injecting CO2 gas
(Zhu, 2007; Seo et al. 2001; Zhu, 2007). Lee et al (2003) estimated that approximately 64% of
methane could be released via exchange with CO2 (Zhu, 2007). Smith et al., (2001) added some
contributions saying the heat of CO- hydrate formation (- 57.9KJ/mole) is greater than the heat
of dissociation of methane hydrate (54.5KJ/mole), which is favorable for natural exchange of
CO- with methane hydrate because the exchange process is exothermic. Fluorine is another gas
being used to displace methane in hydrate production and is being explored as a new horizon.
Preliminary studies of the Fluorine exchange process in sediments showed higher methane
production at Pressure-Temperature conditions near the methane hydrate stability and pressure
values near saturation levels where CO> injection are hampered (Jadhawar et al., 2005).
Challenges of gas injection methods include

= Flow impairment in gas hydrate reservoirs with low permeability

= Environmental issues and climate change

= Cost

= Slow production rate
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2.8  Reservoir Performance Prediction and Optimization

Reservoir recovery calculations and predictions ranges from classical methods to numerical
simulation approach requiring use of digital computers. Classical techniques include material
balance calculations and analytical method such as Buckley-Leverett approach, which consist
of development of simple mathematical models to describe the physics of reservoir depletion
and fluid flow (Ertekin et al 2001). The general form of the material balance equation was first
presented by Schilthuis in 1941. The equation is derived as a volume balance which equates
the cumulative observed production, expressed as underground withdrawal, to the expansion
of fluids in the reservoir resulting from finite pressure drop. Simple classical models are
inadequate and cannot provide the required solutions to reservoir deliverability problems. Dake
(2001) noted that in a natural water drive reservoir, for instance, the classical material balance
can be used to predict the volume of water influx, but it can never predict where the water will
preferentially move in the reservoir and such knowledge may be required to determine the
location of additional production or injection wells. Furthermore, not all reservoir problems
can be formulated in terms of linear differential equations for which standard solutions can be
sought. Buckley and Leverett made a major in-road into the subject of immiscible,
incompressible displacement in a reservoir and their work formed the basis for the generation
of relative permeability as a function of the thickness average water saturation. However, the
Buckley-Leverett theory is limited as it is only applicable to one dimensional flow. Classical
methods are also not sensitive to accuracies in measured reservoir pressure. They fail when

there is no extensive depletion in reservoir pressure (Ertekin, 2001).

Brill and Mukherjee (1999) presented many of the concepts normally used to analyse reservoir
fluid production and presented that the production system is made up of inflow performances
from the reservoir and vertical lift performance in the well. For each component, the flow rate,
q, is related functionally to the pressure differential, AP, across the component {i.e. ¢ =f (AP)}.
Inflow performance is a measure of reservoir deliverability defined as the fluid flow rate
achievable from a reservoir at a given bottom-hole pressure (Guo et al., 2007). The difference
between reservoir pressure and bottom-hole pressure (pressure drawdown) is the driving force
for inflow into the wellbore (Wiggins et al., 1992). The vertical lift performance relays on the
motion of fluids in the production string as related to the pressure drops along the well

completion (Bradley et al., 1987). The mathematically relationship between the flowing
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bottom-hole pressure and the pressure losses in the well starting from fixed wellhead or

separator pressure is given as:

Py = Py + AP, + (AP + AP, + APch)f + AP, (2.4)

Where,
Pwt = bottom-hole flowing pressure, Psep = separator pressure, AP, = hydrostatic
pressure loss, (APﬂ + AP, + APch)f: friction pressure losses through the flowline,

tubing, choke or restrictions, and APacc = pressure loss because of acceleration.

The system analysis for determination of fluid production rate and pressure at a specified node
is called Nodal Analysis (Beggs, 1991). It is based on the principle of continuity of pressure
(i.e. there is only one unique pressure value at a given node regardless of whether the pressure
is evaluated from upstream or downstream location). A node is any point in the production
system where the pressure can be calculated as a function of flow rates. Plotting the total
pressure drop against production rates in reservoir and well would result in an inflow
performance curve and tubing performance curve respectively. The point of intersection of the
system graphs represents the operating condition or solution point that gives the actual flow
rate and bottom-hole pressure as below:

IPR from Reservoir
Simulation |
— ,-"'I.
Pu . Operating
: Point .~~~ VLP from actual Well
N, e and Facility Model
Q

Figure 2.11  Production System Curve

The nodal system analysis is a simplified analytical description and rate calculation procedure

generally (Brill and Mukherjee, 1999). The Inflow performance relationship (IPR) is the

production rate g from a reservoir in relation to the flowing bottom-hole pressure (pressure in the near
wellbore area). It is a measure of reservoir deliverability, defined as the oil or gas flow rate achievable
from reservoir at a given bottom-hole pressure (Guo et al, 2007). The difference between the reservoir

pressure and the bottom-hole pressure, BHP of a well is the driving force for inflow into the wellbore,
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called pressure drawdown. Although this relationship is often complex, for a reservoir producing above
its bubble point pressure, the IPR might be constant (an almost-linear relationship). Against this
backdrop, it is called the productivity index (Pl or J), defined as below —

Pl = —2 (2.5)

- (Pe=Pyy)

_ 21nkh(Pe—Py)

Bu zn(:—‘i)+s (2.6)
LdP
Pws = Pwr t f() Edz (2.7)
d Avm | fmPmV*m :
d—IZ’ = pmvm;—L+%+pmg sin @ (2.8)

(The generic wellbore multiphase flow — Pressure Gradient)

The solutions of the system of equations can be semi-analytically expressed with the default
well model representation in a numerical simulator. The conventional numerical simulator
computes the flowing bottom-hole pressure from the analytical expression as follows:

_ ln(:—;)+5
ow = Pe - C,quT (29)

Uncertainty in the accuracy of the semi-analytical methods becomes a concern when dealing
with complex reservoir and multiphase flow. Engineers are therefore often called upon to
predict the deliverability of a reservoir through of the wellbore and to evaluate the different
operating possibilities to ascertain the optimum production scheme. This would require
application of the knowledge of the pressure-rate behaviour of the reservoir and numerical
simulation techniques combining flows in both the reservoir and well to accommodate
information from well grids that traverse the completions, near-well flow restrictions and well
effects (Fung et al, 2005; Ahmed, 2007; Dogru, 2010). The numerical modelling entails using
responsive variables to describe a network of ten’s to hundreds of nodes with proper correlation
and model validity of fluid flow in both the reservoir and well production system. Of interest
are the pressure drops along the length of the production string, the wellbore hydraulics, which
must be accounted for to obtain the accurate optimum flow rate for the well. This needs to be
coupled with the reservoir inflow performance relationship to create an integrated system that
ensures parallelism and scalability for accurate determination of the surface production rate as
an integrated system (Bendakhlia and Azizi, 1989; Pan, 2015). The numerical coupled
simulations present better reservoir performance evaluation, accuracy, and improved overall
economy of the field (Allen and Robert, 1993; Lyons and Plisga, 2005; Guo et al, 2007). Brief

literature review on reservoir modelling, wellbore modelling, multiphase flow modelling and
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numerical simulation research efforts that would dovetail into gas hydrate production and

optimization would be presented in this thesis.

2.9 Pressure Drop Calculation and Multiphase Flow

Multiphase flow is a common phenomenon in many petroleum production systems. That is,
materials being processed often occur as complex combinations of two or more phases (gas,
liquid or solid). Gas-liquid flows are commonest in oil and gas industry and present most
complex cases. The presence of a compressible phase presents a deformable interface, such
that for a given flow-rate, a gas-liquid interface would arrange itself into different forms. As a
result, many old schools of thought concluded that, although theoretically possible with
Navier—Stokes equations, it is difficult to solve the two-phase flow problem without first
determining the flow distribution patterns. This has led to classification of the gas — liquid flow
into several different phenomenological patterns or flow regimes for both horizontal and
vertical wells (Jansen and Currie, 2004). Namely — bubble, slug/plug, churn, and annular flow.

For example, for vertical well, the flow regimes are as shown in figure 2.12 and 2.13 below:
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Figure 2.12  Illustration of Flow Regimes for Multiphase Vertical Flow
(Jansen and Currie, 2004).
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Figure 2.13  Illustration of gas and liquid two-phase flow regimes along a pipe
(modified from Jansen and Currie, 2004).
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These flow regimes occur as a progression with increasing gas flow rate for a given liquid flow
rate. In bubble flow, gas phase is dispersed in the form of small bubbles in a continuous liquid
phase. In slug flow, gas bubbles coalesce into larger bubbles that eventually fill the entire pipe
cross-section as bullet-shaped slugs that remain more or less centred in the wellbore. Between
the large bubbles are slugs of liquid that contain smaller bubbles of entrained gas. In churn
flow, the larger gas bubbles become unstable and collapse, resulting in a highly turbulent flow
pattern with both phases dispersed. In annular flow, gas becomes the continuous phase, with
liquid flowing in an annulus, coating the surface of the pipe and with droplets entrained in the
gas phase. Essentially, three approaches exist for flow regimes predictions — The flow regime

transition maps, empirical correlations and analytical models.

The flow regime map, figure 2.14, are sometimes utilised to analyse and predict the flow regime
distributions. They are, however, not widely used as they are associated with significant error
functions which compared to other techniques, may reach up to 80% (Besagni et al, 2018).
They are derived from visual observation and experimental mapping of phases superficial
velocities (u) against the transition boundaries coordinates (Zhang et al, 1997).
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Figure 2.14  Flow regime map for vertical upward two-phase flow
(Zhang et al, 1997)

2.9.1 Empirical Correlations

The empirical correlation involves curve fittings of the experimental or field data. Their

applicability is therefore limited within the experiments conditions and assumptions been

explored (Shi et al., 2005). The advantage of empirical correlations is mainly the simplicity
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and close representation of field conditions (being a curve fit to laboratory and field data).
However, there are uncertainty when extrapolations of the flow correlations beyond the
experimental conditions are required (Moniem, 2015). The different empirical correlation
methods have been developed to predict the multiphase flowing pressure — gradients; the
techniques mainly differ in the manner used to calculate the friction factors for the different
flow regimes (Mukherjee and Brill, 1987). The empirical correlations were placed into three
categories:

Category ‘a’ (No slip, no flow pattern consideration). Mixture density is calculated based on
the two—phase friction factor from gas/liquid ratio input. The gas and liquid are assumed to
travel at the same velocity and distinction is made from different flow patterns.

Category ‘b’ (Slip considered, flow pattern not considered). The liquid and gas are considered
to travel at different velocities. The method required prediction of the portion of the pipe
occupied by a phase at any given point or location. Thus, a correlation is required for both the
liquid holdup and friction factor for all the flow patterns.

Category ‘c’ (Slip considered, flow pattern considered). Here, the method used to calculate the
pressure gradient depends on the flow pattern. The correlations to predict liquid holdup and
friction factor are determined based on the established flow pattern.

Some of the recognised empirical correlations models and the categories in which they belong
are listed in table 2.1 below (Mukherjee and Brill, 1999)

Table2. 4 Pressure Gradient Empirical Correlations Methods
Method Category
Poettmann and Carpenter (1952) a

Baxendell and Thomas (1961)

a
Fancher and Brown (1963) a
Hagedorn and Brown (1965) b
Asheim (1967) b

Duns and Ros (1986) c
Orkiszewski (1963) c
Azia et al (1967) c
Chierici et al (1972) c
Beggs and Brill (1991) c
Mukherjee and Brill (1999) c
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2.9.2 Mechanistic Models

Mechanistic models, are based on fundamental physics and principles of fluid flow such as
conservations of mass, momentum and energy (Posluszny et al., 2010). Mechanistic models
can predict pressure drop and fluid flow properties in situations where experimental data are
not reliably available and empirical correlations cannot be easily modelled. Also, available
empirical models are inadequate for some type of fluids and conditions encountered in oil and
gas fields due to their limitation with respect to the range of data on which they were created.
Moreover, such models exhibit large discontinuities when used for the simultaneous simulation
of reservoirs and wellbore (Petalas, N. and Aziz, K., 2010). These give mechastic models
advange over empirical correlations. The many mechanistic models in literature have been
employed in calcution and prediction of pressure gradient and fluid flow properties in wellbore
with good accuracy and they include Ansari et al., Hasan and Kabir, LedaFlow , OLGA and
TACITE (Xiao et al., 1990; Hasan, et al., 2007; Ahmed, 2006). However, mechanistic models
are often more complex, and though the approach is based on mass and momentum
conservation equations, it does not capture the informations about the local gradients at
interfaces and the reservoir - wellbore interfacial transfers. Most are flow regime dependent,
requirig closure relationship that would incorparate the empirical correlations. As such, you
would first determine the flow regime and variables and then use a separate model to predict
the hydrodynamics (Gomez et al., 1999). Hasan, et al., (2007) therefore attempted and made a
great advancement in the basic homogenous wellbore modelling that led to the so development

of the so called drift-flux models.

2.9.3 Drift-Flux Models

A drift-flux model is a wellbore multiphase flow model in which fluid properties are
represented by mixture properties and treated as continuous but differentiable flow mechanism
with velocity flux of each phase and slip between the phases accounted for. The homogeneous
models do not consider slip between the phases and all phases share the same in-situ flow
velocity. The general form of the drift-flux model can be written as

V, = CoVin + Vg4
Where
V= gas phase velocity
C,= distribution parameter
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V;, = volumetric flux of the fluid mixture (weighted velocity)
V= weighted mean drift velocity of the gas (buoyancy effect of the gas phase; a function of

saturation and density).

Co=12— 0.2\/":"
P

1 (Apgo Ya 12 Apgo 1,
vV, = 22( - ) (1—S,) * for bubbly flow or V-, = 0.35 (p—) for slug flow
l l
Vo= SgVy+ (I =SV,

_ U=S.C)Vin _ SgVa

4
- 1-Sg 1-Sg

The drift-flux model is easier to be implemented than mechanistic models in reservoir
simulation and are well suited for incorporation and wellbore coupling in reservoir simulation.
They continuous and differentiable, and reduces the non-convergence risk in the coupling
simulation (Shi et al., 2005). The drift-flux model performance has been considered good that
many simulation models like Eclipse Multi segment Well has deployed it (Shi et al., 2005;
Hasan, et al., 2007; Ahmed, 2006). Drift-flux models can offer correlation of the liquid holdup
and the empirical relation on the gas velocity. Drift-flux models can eliminate the need to model
the interactions at the interface, such as the momentum transfer or the effects due to the
interfacial pressure. One major disadvantage of the drift-flux model is that closure equation is
given by a slip law which assumed a steady-state flow. Thus, it is an approximation
formulation. It is not well characterized for flow regimes with high slip velocities and as such
might still require implementation of an empirical correlation for the slip velocities (Holmes et
al. 1998; Hasan & Kabir, 1998; Shi et al., 2005; Aarsnes et al, 2014, 2016). A more rigorous
approach is given by the Computational Fluid Dynamics method where the velocities and/or

the pressures of each phase can be treated distinctly.

2.9.4 Computational Fluid Dynamics (CFD)

The CFD models are formulated by a set of conservation equations governing the balance of
mass, momentum and energy of each phase. The transport processes of each phase are
expressed by their own balance equation. Thus, the model can predict more interface and
detailed changes and interactions than the drift-flux model. It can resolve conservation equations
combined with other flow equations, such as Darcy and Navier-Stokes equations, to estimate flow
parameters especially when considering complex flow geometry and stress related flow (Linga et al.
2017, Parsi et al. 2014). Examples include the Eulerian Model and Mixed Models which involve solving
of a set of continuity and momentum equations for each phase and coupling the equations through

pressure and interphase exchange coefficients. The phases are considered to be interpenetrating
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continua and the mixture momentum equation are solved with or without the phases’ relative
velocities. CFD is a form Eulerian transformation. It assumes that fluid flow involves two
separate but inter-mixed continua for a two-phase flow. Track on the individual phase may not
be kept but the volume averaged description of the domain would be represented. The local
averaged quantities for each phase are defined at each point in space and the relative inter-
phase velocity is accounted for. The treatment allows for evaluation of two distinct velocities
and perhaps different phase pressures. The formulation is categorised into: pressure-free
models/ global momentum equation (no pressure in the equations; single-pressure models (the
two phases pressures are assumed to be equal) and two-pressure models (the two phases
pressures are assumed to be different) (Pauchon and Banerjee, 1989; Ransom and Hicks, 1984;
Saurel and Abgrail, 1999; Watson, 1990) The pressure difference arising from the dynamic
and interfacial effects (interfacial force terms, wall shear force, interfacial pressure, phase
pressures and pressure correction term) may need to be accounted or some information would
lost in the equations. Thus, constitutive equations, called closure relations, are therefore
normally introduced to the set of equations (Romate, 2000). In this thesis, CFD principles
would be applied to develop the numerical simulation model that couples the gas hydrate
reservoir fluid flow processes and wellbore hydraulics equations to optimise the well
performance prediction. The main concern is to incorporate the transient phenomena and the
multiphase flow problems in the gas hydrate production system and create a numerical
simulation model that implicitly fully coupled the fluid flow in both the reservoir and well.

2.10 Numerical Modelling and Simulation

Reservoir modelling starts first from building a geological model, which usually consist of tens
to hundreds of millions grid blocks, to describe the physical reservoir pore-network and
heterogeneity. Although, the geological model grids are can be said to be fine cells, they are
still much larger than the small-scale heterogeneity of the natural reservoir. Therefore, it
becomes necessary to average the small-scale reservoir properties in order to make them
suitable for use in the geological model. A numerical simulator is a computer program which
permits the user to divide the reservoir or/and wellbore into discrete grid blocks, as shown in
figure 2.15, which may have same or different properties. The flow of fluid from block to block
is governed by the principle of conservation and continuity of the flow equations. In all,
numerical simulation involves reducing the problem to logical sequences represented by
mathematical equations which are then applied to a control volume/discrete prototypes of the

whole model. This produces a set of partial differential equations (PDE) that predict over time
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and space, the behavior of the modeled variables (Michael, 2011). The solutions of the
differential equations are generally formulated through numerical discretisation. It involves
approximation of the fluid flow equation to finite analogues using numerical techniques such
as finite difference, finite volume and finite element methods.
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Figure 2.15  Illustration of Discretised Grid Blocks

Finite difference scheme is found to be appropriate for the solutions of the coupled gas hydrate
reservoir and wellbore fluid flow considered in this thesis. This is because the method offers
resolutions to stiff coupled non-linear partial differential equation requiring weighted
averaging of the parameters of the continuity equation and approximations of the total
conservations in the continuous system where time and space discretization is required. More
so, it is attributed with small error function that does not propagate with time, ensuring the
stability of the solution of the equations. The different numerical methods of the finite
difference scheme exist. These include Implicit Pressure-Explicit Saturation (IMPES) method,
Implicit method and Fully Implicit techniques. According to IMPES method the pressures of
the phases are solved at new time step using saturations at former time step, and the solution
obtained at the new time is used to solve for saturation at the new time level. In the fully
implicit scheme, the flow coefficients are updated in an iterative process and the primary
variables are calculated with respect to the unknown at the new time level (Fanchi, 2018). This
thesis leveraged the fully implicit finite difference scheme to generate optimization algorithms
for gas hydrate fluid flow from the reservoir to the wellhead and vis-a-vis develop the fit-for-
purpose fully coupled reservoir and wellbore hydraulics model. The coupling of the continuity
and momentum conservation equations in both the reservoir and wellbore would result in stiff

partial differential equations requiring large computation time. The fully implicit schemes have
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been proven to guarantee stability and fast convergence during iterations (Ertekin, 2001;
Mazumba, 2016). The solutions of the equation are usually solved using Newton-Raphson
method or the Successive over relaxation/substitutions method. The system of partial
differential equations to be solved is normally defined which method to be used. The Newton-
Raphson converges to solution in implicit approach to nonlinear approximations while the
successive substitution method is at best super linear and tends to converge to the trivial
solution when the system exhibits stiff partial equations. The mathematical equations are
obtained from the mass, momentum and energy conservations of the individual phases and

equations of state with respect to the system being modeled.

2.10.1 Reservoir Modelling

Mathematical formulae that relate pressure drawdown to flow rate to predict the Inflow
performance relationship formed the basis of numerical simulation of reservoir fluid
flow. Typically, reservoir models integrate geophysics, geology, petro-physics, engineering,
computer science and economics (Guo et al, 2007; Bendakhlia and Azizi, 1989). Dake (2001)
opined that the empirical equations for modelling reservoirs dynamics have developed from
the time of Henry Darcy (1856) and are continually advanced. Darcy’s law was the first to
establish the relationship that the rate of fluid flow through a porous media is proportional to
the magnitude of the pressure drawdown (gradient in hydraulic head and the hydraulic

conductivity) as follows:

kA k
= -——AP r =—-VP
Q uL 0 1 HV

The significance of Darcy’s law is that it introduced flow rates, and invariably, time scale into
reservoir modelling and the fluid(s) recovery calculations. For single phase reservoirs and
incompressible fluid flow in steady-state, the proportionality is considered to be constant (a

linear relationship) and is called productivity index, PI or J (Itodo, et al, 2010).

Chen (2018) explained that, for multiphase flow and gas reservoirs, a single J value cannot be
assigned, as it would rather vary for each phase. To describe the behaviour of the multiphase
variables, it is considered that each phase flow and production rate would be conserved in
relation with the rock and fluid properties changes as a function of the various phase saturation
and the relative permeability. Thus, the systems of equations that described the reservoir fluids
flow are the mass transport of the individual phases as a function of the pressure rate
propagation (for isothermal case) and temperature propagation (for non-isothermal case). In

all, the dynamic reservoir model in the substantial region of the multiphase flow regime is a
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combination of conservations of mass, momentum and energy of the individual phases
(Chukwudozie, 2013). The conservation equations are usually derived from the material
balance of the flow parameters and equation of state based on the mass density or other
convertible quantities and dependent variables that are normally calculated in the industry.

The continuity equations are generally expressed as a system of non-linear partial differential

as below.

Spepnase (5), = V-0l + 2 ay (2.10)

The well flow rate is a source or sink term represented by the sum of internal inflow of any
phase and all phases as a function of their respective relative permeabilities,
mobility/transmissibility and well index (Wolfsteiner et al., 2001). If a well is constrained to
operate at a given flow-rate, the sum of the fluid inflow rates from each phase through the
complete grid-cells must equal the target total fluid flow rate (Holmes, 2001). The conventional

well rate relationship is given by:

Qpsci = X Wi /\p Pp (Pi - owi) (2-11)

There are lots of high — fidelity reservoir simulators such as ECLIPSE, IMEX, CMG STARS,
GEM, TOUGH etc and numerous other personalised and industry in-house simulators in use
for reservoir performance evaluation. There are also successful wellbore softwares such as
PIPESIM and IPM to evaluate accurately the pressure profile necessary for production at the
surface facilities (DeBaun et al., 2005; Guyaguler and Ghorayeb, 2006; Holmes et al., 2010).
An integrated model that connect the reservoir and well simulations and account for the effects
of the near wellbore accumulations and the near well convective processes is being advised in
this thesis.

2.10.2 Wellbore Modelling

Standard wellbore model presents well as a source or sink term to a reservoir model. The well
is treated as a boundary condition such that the detailed fluid dynamics in the full length are
ignored. In the petroleum industry, the well is the only channel that connects the subsurface
reservoirs to the surface facilities and it is needed all through the life of the reservoir
development. Reservoir recovery and production performance are functions of factors and
parameters related to wells such as the well trajectory, geometry and performance. In a typical

production well, fluids (oil, gas and water) flow into the wellbore by the driven force arising
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from the pressure, temperature and volume differences between the formation and the well.
This differential can be induced sometimes by the aided of a pump or injection schemes allied
to the well. The complete well system comprises the formation, wellbore, casing, cementing,
annulus, insulation and the tubing (as shown in Figure 2.16). Full understanding of the working
dynamics of this system remains a challenge in the petroleum industry, and the accurate
modelling of the coupled flow system is becoming more essential as more energy resources are
sought from unconventional sources. Conventional reservoir modelling represents the well
deliverability as a source/sink term. That is, wells are considered to be internal boundaries
(wellbore) of the reservoir system; there is no hydraulic communication (Ertekin, 2001;
Halliburton; 2017). However, modelling the complete well system will require accounting for
the fluid and heat flows in both the reservoir and wellbore. The detailed wellbore modelling
and its coupling with reservoirs are increasingly gaining research interest (Economides et al.,
1994; Uddim, 2010; Pan, 2015).
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Figure 2.16  Schematic of typical wellbore system with completions
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The research interests in modelling and simulation of sophisticated well systems are being
directed at incorporating the full wellbore hydraulics into the reservoir model.
Correspondingly, they are aimed at resolving the complexity associated with increasing need
for advance wells for unconventional recovery and assisted well performance. Ramey (1962)
was first to model a comprehensive wellbore analytical formulation, used to calculate
temperature profiles along the wellbore. Although Ramey’s is a highly simplified model, the
work formed the basis for all advances in wellbore modelling and simulation. Several
researchers including Willhite (1967), Ali (1981), Fontanilla and Aziz (1989), and Hasan and
Kabir (2002) proposed various analytical models based on Ramey’s. The modern advances
have led to development of wellbore case-sensitivity technologies such as Cyclic steam
stimulation (CSS), Steam assisted gravity drainage (SAGD), Hybrid SAGD, Fast-SAGD,
multiple-tubing wellbore, Wedge well technology and coupled reservoir-wellbore models
(Coskuner, 2009; Ghanbari et al., 2012; Hasan and Kabir, 2002; Li et al., 2010b; Xu et al.,
2014; Jeong et al., 2013; Sarapardeh et al., 2013; Manchuk and Deutsch, 2013).

2.10.3 Wellbore Hydraulics Model

Fluid flow modelling in wellbore is similar to those in reservoir and requires the three
governing equations (mass, momentum and energy). Bradley et al (1987) defined Wellbore
Hydraulics as the branch of production engineering that deals with the motion of fluids in the
production string. Consideration is given to the relationship among fluid properties, fluid
motion, and well system. However, it is specifically intended to solve the problems associated
with the determination the pressure. Application of these principles permits the calculation of
pressure drops along the completion length. Novy (1992) presented that the basis for virtually
all computation involving fluid flow in pipes is conservation of mass, momentum and energy.

For steady state flow, the resultant equation can be expressed:

dap dvm  fmpmvim .
— =-— —s _nn 7 in 2.12
= PmVm—; a Pmg sinf (2.12)
Where
dv . . .
PmVUm d—:‘ = Acceleration or kinetic energy component
2
v .
fmpz% = Friction component

Pmg Sinf = Elevation or hydrostatic component
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The components of the pressure drop equation are described as follows (Jansen and Currie,
2004):

The friction component is the frictional loss that results from friction or shear stress at the
pipe wall. It is caused by the dissipation of energy by viscous forces in the fluid. This term
depends strongly on the fluid properties, the flow regime (laminar or turbulent) and the fluid
velocity. It is usually the most important component in pipelines and represents 5 — 20% of the
total pressure drops in wells.

The Elevation or hydrostatic component is the static change in pressure caused by elevation
or potential energy change. It is measured as head loss. The pressure between surface and
bottom-hole changes basically due to the weight of the column of fluid in the well, even if it is
not flowing. The hydrostatic pressure loss is normally the predominant term in well and
contributes from 80 — 95% of the pressure gradient. However, in horizontal pipelines this
component might not be significant (Ohaegbulam et al, 2017).

The acceleration component is loss associated with change in momentum (velocity) when the
fluid is accelerated in the well due to expansion. This term is usually considered as negligible,
but it can become of significance at high velocity and flow rate, and where a compressible

phase exists at relatively low pressure, such as gas wellbores near the surface (Osiadacz, 1987).

However, in the substantial region of the wellbore, the flow dynamic is a transient model with
conservations of mass, energy and momentum in time and space (Osiadacz and Chaczykowski,
2001). Thus, while the wellbore mass and energy conservations would be derived from similar
formulation to that of the reservoir, momentum conservation is derived from pressure drop
equation as a function of time to account for the velocity vector. The change is normally
represented by the transient form of the momentum equation below.

dpy,v  9(pv? P fmPmV%m .
R e

Applications of the wellbore hydraulics simulation model abound. Popular among them are
simulators such as OLGA (Bendiksen et al., 1991), FlowManager ™ Dynamic (Holmas and
Lovli, 2011) and LedaFlow (Danielson et al., 2011). Though these models are ranked as high
degree predictive models, they are complex and are mainly used for archetypal pipelines flow
simulation or general-purpose reservoir-well transient flow simulations (Shi et al., 2003,
Aarsnes et al., 2014, 2016; Ambrus et al., 2016). From a reservoir engineering perspective, the

simulators do not provide for fully coupling of the well and the reservoir system. They would
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suffer from discontinuities difficulties and convergence problems when used within coupled
reservoir simulation (Shi et al., 2003, Aarsnes et al., 2014, 2016; Ambrus et al., 2016). As a
result, many simplified models are being developed in the industry including the earlier popular
drift-flux model which also served as baseline for many others (Kaasa et al., 2012; Reitsma
and Couturier, 2012; Godhavn, 2010; Chaczykowski, 2009). To account properly for the time
derivatives of the accumulation terms and capture the full transient behaviour of both mass
transport and pressure rate propagation, models that fully coupled the reservoir and wellbore
fluid flow are advised (Pourafshary, 2009; Pan, 2014; Souza, 2014; Ertekin, 2001; Mazumba,
2016; Halliburton, 2017). Of research interest therefore is the development of a transient flow
numerical simulation model of a fully implicit coupled reservoir-wellbore for natural gas

hydrate application.

2.10.4 Coupled Reservoir-Wellbore Modelling

Coupling wellbore and reservoir models can be by sequential/segregated procedure (decoupled
model) or by fully implicit scheme (fully coupled model). In decoupled models, the reservoir
and wellbore are independently modelled and then coupled as blocks in multi interaction
continua gridding without hydraulic communication. This implies separate modelling of the
wellbore hydraulics base bottom-hole constraint(s) to account for the well completion and the
flow performance of the production string. As such, the wellbore is can still be discretised into
segments but the model equations would be applied to each block starting from the surface and
solving till the bottom-hole value is obtained. On the other hand, fully implicit coupling entails
treating the reservoir and well system as one seamless continuum with appropriate interface
treatment that capture the interface interactions between the reservoir and the wellbore (Pan
and Oldenburg, 2014; Ertekin, 2001; Mazumba, 2016; Peng et al, 2022; Halliburton, 2017).
The coupling is executed via an interface scheme which account for the transient problems,
such as phase segregation and counter-current phase flow, associated with reservoir-wellbore
dynamics in the near-well. Relevant variables and equations that affect fluid flow in the
reservoir and wellbore are integrated and solved simultaneously to provide solutions of the
systems of equations. Illustration of the wellbore model are as shown in figure 2.17 (Designed
using CMG STARS).
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(a) (b)

Figure 2.17  Schematic of Reservoir/Wellbore model (a) Source/Sink Model; (b) Coupled
Reservoir-Wellbore

One of the earliest reservoir-wellbore coupled models was by Miller (1980) who deployed the
model in a well test to investigate the transient phase behaviour through of a geothermal
reservoir. Hagdu et al. (1995) developed an explicit coupled reservoir — wellbore model by
coupling two independent simulators, a reservoir model — TOUGH and a wellbore mode —
WEFSA, to optimised production. Murray and Gunn (1993) coupled a reservoir simulator
TETRAD and a wellbore simulator WELLSIM by implicit method to generate tables of
wellbore pressure for a range of enthalpies and mass flow rates to establish requisite wellhead
pressure. Hasan et al. (2009) proposed an effective reservoir-wellbore coupling via drift-flux
model to optimise a two-phase flow in geothermal wells. Pruess et al. (1999) explained that the
reservoir fluid flow simulator, TOUGH2 has interface for wellbore model coupling. Baht et al.
(2005) coupled TOUGH2 and a well model (HOLA) using an explicit numerical approach to
evaluate enthalpies and flow rates. TOUGH2+HOLA was used to predict wells deliverability
at constant wellhead pressure and bottom-hole pressure (Rivera Ayala, 2010).
(Gudmundsdottir, 2012) created a wellbore model, FLOWELL coupled with reservoir
simulator, TOUGH2, for geothermal reservoirs production optimisation. CMG FlexWell is
another coupled wellbore hydraulic model but it is tailored for steam assisted gravity drainage
(CMG STARS, 2016). COMSOL Multiphysics is another simulation software that offers fully
coupled modelling capabilities and simulation applications. However, it is a general-purpose
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simulation software used in all fields of engineering and the algorithm might not be readily
available for tuning for the gas hydrate’s fit-for-purpose application. Other coupled reservoir-
wellbore models are general-purpose formulation by Stone et al., 1989, 2002; Pourafshary et
al., 2009; Souza et al., 2014; and T2Well by Pan and Oldenburg, 2014. Others are — semi-
analytical coupled model by Li et al. (2018), Livescu et al. (2010) model, Ozkan et al. (1999)
model, point source model (PSM) by Khoriakov et al. (2012), and distributed-volumetric
source (DVS) model by Jiang et al., (2016). A review of coupled dynamic well-reservoir
simulation can also be found in da Silva and Jansen (2015). Most of the coupled well-reservoir
simulation model do not account for the reservoir-wellbore interface coupling properties
(Penmatcha and Azizi, 1998; Sung et al. 2000).

Rutgvist and Moridis (2017) explained that gas hydrate reservoirs exhibit geological variations
which may be influenced by the weight of well structure altering the pressure profile and the
hydrate compositions. Consequently, there can be a reduction in permeability due to formation
damage, invasion of undesirable flow into the well, and susceptible interaction at the
reservoir/wellbore interface when rate of gas inflow increases or decreases due to mass,
momentum and energy exchange between the wellbore and the reservoir (Minghao et al, 2016,
Pourafshary, 2009). Conversely, to more accurately evaluate the reservoir deliverability and
the gas throughput, the reservoir and wellbore hydraulics models are coupled as one integrated
system. More so, for heterogeneous reservoir like gas hydrate sediments, limitation of some of
applications to horizontal wells is also disadvantageous because of challenges of hydrate
reformation. Uneven distribution of inflow profile can easily occur along the wellbore with
horizontal well due to pressure drop (Li et al., 2018; Naderi et al., 2015; Song et al., 2015;
Tatar et al., 2014). In this thesis, a fully coupled reservoir-wellbore model with vertical
conformance has been proposed for the gas hydrate application to more accurately simulate the

fluid flow behaviour in the reservoir and well for production optimization.

2.12 Gas Hydrate Reservoir Performance Prediction Models

Amid the growing interest in gas hydrate production performance, extensive research efforts
encompassing kinetics of hydrates dissociation, thermodynamic and fluid flow analyses as well
as reservoir performance prediction have been conducted by means of mathematical models of
different predictive powers. Lawrence Berkeley National Laboratory created the first publicly

available simulation model, TOUGH+HYDRATE, exclusively for simulation of gas hydrate
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reservoir production evaluation (Moridis, 2014; Reagan et al, 2014). National Energy
Laboratory USA designed the precursor code called HydrateResSim which is still in use
(Moridis et al., 1998). Zheng, (2018) used the simulator, HydrateResSim to appraise the
sensitivities of dissociation front velocity of natural gas hydrate under given pressure and
temperature conditions. Parameters evaluated included initial hydrate saturation, intrinsic
reaction rate of hydrate, overall heat conductivity, thermal boundary conditions, intrinsic
permeability, wellbore heating temperature and bottom-hole pressure. Other relatively mature
Hydrate Reservoir Simulators include MH21-HYDRES by the National Institute of Advanced
Industrial Science and Technology, Japan Oil Engineering Co. Ltd & University of Tokyo
(Kurihara et al., 2011); STOMP-HYD by the Pacific Northwest National Laboratory and the
Petroleum Engineering Department at the University of Alaska (Phale et al., 2006, White and
Ostrom, 2006; White, 2012); the commercially available simulator, CMG-STARS by
Computer Modelling Group Calgary Canada (Uddin et al., 2006; Myshakin et al., 2016;
Nandanwar et al., 2016). There is also TOUGH + HYDRATE + FLAC3D, a geo-mechanic
model for coupling geomechanics in hydrate bearing sediment and the flow model. Various
simulation models have been developed and used in an attempt to meet the various challenges
of simulating more correctly the gas hydration system (Rutqvist and Moridis, 2008; Kim et al.,

2012; Liu and Flemings, 2007). Some of these models are as follows:

Table2. 5 Holder et al Formulation (1982)

Pressure distribution d 0]
v K(VP) _%\p
uB Q= dt
Temperature distribution
VT = 107
T aot
Hydrates dissociation
q __, 0T _ VH_D

Table2. 6 Burshears et al Formulation (1986)

T Kk d(ggm
Pressure distribution V( ;w VP, — ngz)> +0Q, = dBW
HwbBw t
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Saturation relationship

Capillary pressure Relationship

Temperature Distribution

Dissociation pressure

Dissociation enthalpy

P,_exp [a + g] (pure gas)

i (2) = % (4% + Bix?)

- (mixed gas)

Hp, = c +dT (pure gas)

In (HHe ) = %(A;x; + Bx?)

Do

(mixed gas)
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Table2. 7 Yousif et al Formulation (1991)

Pressure distribution 9 (PwKkrw 0Pw — 9 (pPw
ax( Uw dx ) tmy, = at (Q S ) (Water)
0 (Pekkrg OPg 9 (pPs) _m. = 2(pku
ax( Hg 6x)+ Mg = at(®5g> My = at(wsﬂ)
(gas)
Saturation relationship SwtSe+Su=1
Capillary pressure By(Sw)+=F, =Ry
Relationship
. 10T
. VT = ——
Temperature Distribution a dt
b
P,_exp [a + ;] (pure gas)
Dissociation pressure
Pe .
In (E) = Y(4;x; + B;x{) (mixed gas)
Dissociation enthalpy Hp, = c +dT (pure gas)
He .
In (HDO) = Y(4;x; + B;x{) (mixed gas)
Table2. 8 Chuang et al Formulation (2001)
Pressure distribution 20,udp, 9°P;
k, ot 0x?
Hydrate phase equilibrium log,,Pp = a(Tp — Ty) + a(Tp — T,)’ + ¢

Conductive-convective

Heat transfer o, T _0Tn  coky 0Ty (aTn ~ apn) . ®ucy 0By
"ox? 9t  c,u Ox \ox 0x c, Ot
Production rate equation 0= k, P, 0,t) _ ﬁpg -pP2 1 ]

u Ox u P;  erf(a;)2\mx;t
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Table2. 9 EOSHYDR2 Formulation (Moridis, 2002)

Flow equations

Hydrate Dissociation

Dissociation Pressure
Dissociation Rate
(Optional)

Heat of Dissociation

Heat Flux

d
— Pde=f Fk.ndr+f qkdv
dt Vn Tn Vn

M* = Yponci($Sppg Xg) + My ;
MTY =N ($Sppp X + My

B=AG,I

A k
q* = X Wy Apkgexp (%) fex(T) = fi); k= muv
k

K AE
q° = XpWiAikgexp RT (fer(T) = fi);

P,(kP,) = exp (81 - %)

mg = KdMgAdec(fc - f)

, d(InP)

0 frm
AH ZRT T

F = —[(1 — @)K + ¢(SyKy + S4K, + ScKg + S;K)IVT

+ fO-O'0VT4+ z hBFB
L=A,G
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Table2. 10  Sun et al Formulation (2002)

Flow equations

Dissociation Rate

Dissociation Pressure

Relative Permeability

Capillary Pressure

Gas Viscosity

Energy Balance

) 0
7t (8P,Sg) + % (Pyvg) = m,

0 d
E (Q)PWSW) + a (Pwvw) =

w

0
a ((DPhSh) = m

m, = des(Pe - P)

9459
P, = 1.15exp (49.3]85 - T)
Sw w
S AN
) (SW + Sg) wirr
i 1 - Swirr - Sgr
S g
g
—-S .
) (Sw + Sg) wirr
e 1—- Swirr - Sgr
_Sw g\
AP R M
Pce o 11— Swirr

Wy = 24504x1077 + 2.8764x107°T + 3.279x10~°T?
—3.7838x10"°T? + 2.0891x107° P, + 2.5127x107 "B}
—5.822x107""P} + 1.838x107° P}

]
5 [0(P,SgHg + PuSwHyw + PoShHy) + (1 — ©) PHg]

oT
(PVH + PV Hy) = ( ax>+q
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Table2. 11  Sun and Mohanty Formulation (2005)

Mass Transfer Flux

Heat Flux

Mass balance

Energy Balance

Capillary Pressure

Local Absolute
Permeability

Relative Permeability

F' = P;Vewg + PaVawy +J5 +

FE = PGVGHG + PAVAHA - AVT

d _

3t ] Z PSW™ |+ V-F™ =q™ (methane)
j=H,G,AI

d _

3t @ Z PSW™ | +V-F¥ =q" (water
j=H,G,AI

4 FE E

j=H,G,AI

ex\—n (Deko

P = Pce(SA ) ¢ where P, = P W
0

k @° ((De(l — Q)

2B
ko W) where ¢ = (S, + S,)

ko 9,

krg = klg(SEI™

kra = kly(S5)™A
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Table2. 12

Gerami and Pooladi-Darvish Formulation (2006)

Material P(t) P ; Gy () — Gy(1)
balance z2) 7 Gy
T H-Py \dG, (P-c,-Vy\dT.
balance dz ker - A-Ey/ dt ke -A / dt
B
P, =exp (/1 - —)
Dissociation ) Tse
dT | t
Temperature | —— lz=9 = 2-b(t)
: Z Ta,
gradient
At hydrate
interface
Gas EHAHPCP 4Prcpr\/a_
AU (t) = ———b(t) <—T\/t+1
dissociation | 9e Py AH 3Pc,HVm
rate
Va,
Ri(t) = b()( Lo )
Hydrate (DSHPHAH 3Pc,H\m
recovery
] (pOGZ)
(pl oe)
b(©) =gy | i~ Toe |
Temperature EyAHP®r ( 8 . o ]>
+ c t+
parameter PyAH \3Pc,HymN 7" /
q EyA 8/ tavg
(Ti - Tl) [bm:;(;h PHAH< \/kCTP CpT‘ + HPC
Initial free G- I (Peri)
gas-in-place (PiZoe)
(PoeZi)
Hydrate cap o= 1 qw _] (pl oe)G EyA 8V ave \/k P.c +HPC
thickness PC, |\ Brnaten T,—T,, ' |PyAH crirCpr
Table2.13  STOMP-HYD Formulation (Phale and Zhu, 2006)
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0
Energy conservation at Z [(#BSyuy) + (I — PIPus] =

y=Lgnhip 14

> v (B

Diffusive mass flux

=Lgn
. z [V (hJS) = VeV + > ()]
J{=w,a,0 Y=Lgn
+q
Mass conservation
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Table2. 15  CMG STARS Formulation (Uddin et al, 2006)

Mass Balance for
Methane(CHa)

Mass Balance for
Water(H20)

Mass Balance for Methane
Hydrate(CH4-Hyd)

Energy Balance
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Table2. 16  HydrateResSim Formulation (Uddin et al, 2006)

Mass conservation Mk = F¥ + q"
Accumulation Term M* = T ¢Sppp Kg |5 kiw,m,i
=A,G,I
Flux Term: Fk = z Fé‘ ; k:w,m,i
B=AG,I

krapa

Fk=F, = -k VP, —
For aqueous phase 4 Ka (VP4 = Pag)
For gas phase k_ gk _ b\KrcPs ., K. 1.
F*=F; = —ko|1+— Xe(VPe — pgg) +]i; krw,m
Pe/ Ug
Production rate q* = Z X[’;‘qﬁ  krw,m
k=AG
Gas rate from 89 = KaMyAgec(fe — f)

dissociation

i _ (1= @)prCrT + Xp=ncu1 $SprpUp + Quiss = —V[(1 — p)Kp +

The various gas hydrate simulation models above were created by the researchers using
differing approaches and assumptions according to their objectives (Liu, X., and Flemings,
2007; Liu et al, 2015; Wilder et al., 2008; National Energy Technology Laboratory, 2017; Yin
et al., 2016). Holder and Angert (1982) investigated gas production from a hydrate bearing
sediment with respect to well placement. The study established that hydrate dissociation
produced an advancing split of two parts - a dissociated zone and a dissociating/hydrate zone
—and with stronger dissociation front near the wellbore. The study opined that the dissociation
generated hydrate-aqueous interface at a uniform depth over the reservoir radial extent (Cui, et
al. 2018). Burshears et al. (1986) used a 3D-simulator to investigate hydrate production using
depressurization method. Water produced in the hydrate dissociation was said not to impair gas
flow and there was no undesirable increased water-gas ratio. It was also assumed that the

dissociation generated hydrate-gas interface at equilibrium temperature and pressure without
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external heat source. In contrast, later studies opined that dissociation fronts occur where
temperature and pressure become greater than and less than equilibrium values respectively
(Sun, et al., 2005; Ji, et al., 2003; Sakamoto, et al; 2007). Yousif et al., (1991) developed a 1D
numerical simulation model that incorporated hydrate phase rate into hydrate reservoir flow
equation to simulate gas production from hydrate by depressurization. Chuang, et al., (2001)
evaluated that dissociation of hydrate reservoir does not occur in the entire volume, and is
rather is constrained to a narrow region where pressure and temperature favour formation of
dissociation fronts — a near-well zone with natural gas and water only and adjacent zone further
from well having hydrate and free natural gas. However, effects of temperature could not have
been properly accounted with the model assumption of no heat conduction in the entire
reservoir (Moridis, 2002). EOSHYDR?2 was presented as gas hydrate simulator developed by
modifying the general-purpose simulator for multicomponent, TOUGHZ2. This was applied to
simulate non-isothermal gas flow and phase behaviour under equilibrium conditions of gas
hydrate deposits (Catak, 2006). Sun et al. (2004, 2005) incorporated a function called
dissociation-flow/time-scale ratio, developed 1-D model and identified two non-equilibrium

flow regimes: dissociation-controlled regime and flow-controlled regime.

While the numerous numerical simulation packages can model reservoir performance
accurately, wellbore hydraulic effects are not fully incorporated. Besides, they are not
necessarily equipped for critical modification to fully couple the reservoir-wellbore interaction
and near-well convective mixing effects, thus new formulations are advised (Pan, 2015; Yin,
2016; Adesina et al., 2016; Mazumba, 2016). More so, further studies on measurement of
temperature and pressure on flow for efficient gas recovery and economic development of

hydrate reservoirs have been suggested (Ahmadi et al. 2010).
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2.13 Inherent Defying Features in Gas Hydrate Reservoir Production

Historically, non-Darcy flow in petroleum engineering was basically attributed to and had been
treated as consequence of skin factor acting in the vicinity of the near wellbore. Non-Darcy
flow implies deviations from the linearity of flow and the Darcy’s empirical model. Darcy flow
is represented by a simple linear relationship between flow rate and pressure drop. At high gas
velocity or increased flow rate, gas flow through the porous media tends to deviate from
Darcy’s law. Use of Darcy’s law for flow in gas hydrate reservoir would lead to misleading
results and over predicting of the productivity (Nguyen, 1986). More so, advance in research
on unconventional reservoirs has shown that non-Darcy effects are eminent in heterogeneous
reservoirs with increasing velocity/flowrate, and can be functions of complex reservoir
geometry, anisotropy and convective mixing flow processes (Miskimins, 2005). It has been
evaluated that as the depth of hydrate sediment increases, the gas concentration also increases,
and change in the reservoir thickness can result to the gas concentration decrease. The non-
Darcy flow mechanism has been predicated on the time dependent permeability and Knudsen
diffusion. Non-Darcy flow occurs when the intrinsic parameters that incorporate the geometry
relation and timescale flow including inertia forces and viscous forces are at play (Hagoort,
2004; Javadpour, 2009; Sun et al., 2018). Figure 2.18 demonstrates the porous medium flow

process and the system geometry pathway.

Short migration of dissolved
microbial methane

1 km

A
Y

5 km

Figure 2.18 Schematic of the Natural Gas Pathways and Migrations
(Beaudoin, 2014).
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The in the gas hydrate reservoirs would be related to the unconventional reservoir fluid
dynamics and diffussion flow effects such as the Knudsen diffussion. Pores diameters of
unconventional gas reservoirs are usually between 0.1 and 100 nm and the flow in the pore
network might be characterised Knudsen diffussion in addition to the real gas effect, viscous—
slip flow (Song, et al. 2017; Cussler, 2009). The various mechanisms for the molecular
transport and the typical gas movement in nanopore can be depicted as shown in figures 2.19
and 2.20 respectively. The pore-networks are flow conduits akin to molecular gas mean free
paths where the collision between the gas molecules and the wall surfaces (molecules-walls
attractions) become more prominent to the intermolecular collisions (Karniadakis, et al. 2005).
Knudsen diffusion underscored the transient flow in the low permeability reservoir of small
pore diameter with the mean free path of the gas close to the pore diameter (Mao and Zeidouni,
2017c). The ratio of the mean free path to the pore diameter is defined as Knudsen number
(Lee and Kim, 2016; Sakhaee-Pour and Bryant, 2012; Kast and Hohenthanner, 2000).

» Jga Lo® e

Viscous flow
2

Knudsen diffusion
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<
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Capillary condensation

Bulk diffusion
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Surface diffusion

o ©

Activated diffusion (Molecular sieving)

Figure 2.19 Various mechanisms for molecular transport in nanopore

(Ratnakar and Dindoruk, 2022).
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Figure 2.20 Schematic of the movement of gas molecules in nanopore
(Zhang, 2020).

Knudsen number (Kn) can be indicative of the different flow regimes such as viscous flow,
slip flow, transient flow and free-molecular flow in multiphase flow model (Javadpour et al.
2007; Florence et al. 2007; Javadpour 2009; Freeman et al. 2011; Deng et al. 2014; Song et al.
2015). When the Knudsen number is less than one, flow is normally described as viscous flow
that is that the mean free path of the gas is smaller compared to the pore diameter. The viscous
flow caused by pressure gradient can be described by Darcy’s law. Knudsen diffusion is more
likely to occur when the pore diameter is small enough so that the mean free path of the gas is
close to the pore diameter, that is, that the Knudsen number will be greater than 1. In such
circumstances, the collision between the gas molecules and the wall surfaces dominates (Kast
and Hohenthanner, 2000). Table 5.2 describes the different flow regimes categorized as

functions of Knudsen numbers.

The formulation of the Knudsen number (Kn) is given as follows (Foroozesh et al., 2018).

A
K, =—
dp

Where 4 = mean free path of the gas; d,, = pore diameter. The mean free path can be estimated

from equations of Heidemann et al. (1984) in Foroozesh, et al. (2018). For real gas

1= _KeT
- \/Emszdp
TZRT W

P L
2M P

where Kz = Boltzmann constant (1.3805 E-23 J/K), T = temperature, P = pressure, u= viscosity,

6 = collision diameter of the gas molecule,
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Table2. 17  Flow regimes as a function of Knudsen number (Foroozesh et al. 2018).

Knudsen Number (Kn) | Flow regime
0 -103 Continuum flow (No slip/Darcy flow)
103 -10% Slip Flow
101 -10 Transition flow
10 — o Free — molecular flow

With increasing interest in gas hydrate reservoirs development, it has become pertinent to
extend research into the comprehensive gas hydrate reservoir simulation modelling that
implicitly coupled the non-Darcy effects, and transport mechanism including permeability
anisotropy, viscous and Knudsen diffusion factors that affect unconventional tight gas
reservoirs. The Knudsen equation or Klingenberg permeability effect can be incorporated in
the diffusivity equation to account for the slip flow process in low permeability formations and
under low-pressure conditions (Gao et al, 2021; Sakhaee-Pour and Bryant, 2012). This thesis,
therefore, would take into consideration the pressure and temperature factors that might
affecting the diffussive flux and convective flux processes.

2.13.1 Pressure Solutions

Pressure solutions for flow in porous media are usually derived from the diffusivity equation
and the energy balance equations and there exist convectional formulations to derive transient
pressure solutions. However, considering the nonlinearity and the pressure dependence of flow
in reservoir of highly compressible fluid, the derivation of the pressure solution of the
diffusivity equation for gas becomes critical and application of analytical solution may become
limited. With non-Darcy flow effects, the usual definition of skin factor would be expanded to
include slippage and inertia effects (Raghavan, 1989). Some of the existing analytical solution

methods for pressure solutions derivation are as follows:

i. Pressure approximation method:
It assumed that gravitational effects and capillary pressure are negligible, and variations in
saturation and pressure graduate can be ignored; the pressure solutions were based on total
mobility value (Chaudhry, 2003; Belyadi, et al, 2019). Thus, it can be termed the total
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mobility method. This is applicable where relative permeability data cannot be gotten. The

pressure equation is written as:

19 (_ 9P\ _ ¢C P
(e = FWrT: (2.13)

ii. Pressure-squared method:

In pressure-squared method, ideal gas behaviour is assumed and gas viscosity and pressure
gradient are assumed to be independent of pressure and very small respectively. The flow
equation for multiphase flow is expressed as

10 (.9P%) _ 9CioP

rar(r5) = PrT: (2.14)
As

ap\2 ] _

(5) - 0, Equation 12.14 can written

2p2 _ $COP?

R (2.15)

To account for fluid compressibility, the differential equation would be substituted into the gas-
law equation. This gives an approximation of the differential equations that approaches the
linear form of the classical solutions of the diffusion equation used for gas-well drawdown and
buildup tests (Eq.2.16).

At
dCery

For pressure draw down, the skin factor, S, can be gotten according to Equation (2.17):

P(At) — P2,(t) =m [1gt +1g(525) +0.9077 + 0.86865] (2.16)

2_ =
S =1.1513 x [Pi PRAt=1) _ (2

pCeriy

)- 0.9077] (2.17)

[m|

For pressure build up, the following formula can be derived for the skin factor:

Ph— Pvzl,f(At=0) ( A

S =1.1513x SCerd

[m|

) - 0.9077] (2.18)
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The solutions for the equation are obtained by plotting the pressure square against the log of

the derivative of the time function.

A
PZ(At) = PE(t) +mig—— (2.19)

The slope, m, is substituted in the gas phase relative permeability equation to obtain the gas
permeability

QgligoZoTPsc

kg = 4.242x 1073 x
MmhTscqsc

(2.20)

Then the water phase permeability can be derived according to the surface water gas ratio:

HwBw o (2.21)

kw = Ryg X ugB, e
iii. Pseudo-pressure method: Pseudo-pressure is typically the normalizing pressure for
gas viscosity and compressibility as they vary at different pressures. It is a mathematical
function established by Al-Hussainy et al. (1966) to account for the properties variations and

is defined as follows (Ahmed, 2010):
W(P)=2[r

1

P

_dp (2.22)

For liquid flow in reservoirs, constant properties assumptions are made (compressibility,
density, viscosity, total porosity, fluid saturation are assumed constant), and the liquid flow
equations can be solved by the analytical method used for liquid well test analysis which is
based on pressure approximation to the constant and log of time.
Pressure ~ Constant * log(time)

For unconventional reservoirs such as gas reservoirs and gas hydrate reservoirs, the constant
properties assumptions would be invalid. This is because the variation of gas compressibility,
density and viscosity with pressure can be significantly; and this become very apparent in
reservoirs like natural gas hydrate where sediment permeability changes with pressure. The
real gas pseudo-pressure is applied to linearise the gas diffusion equation and aggregate the
analysis of the ranges of the variable pressure. The variation of permeability with pressure is

incorporated into the pseudo-pressure term to modify the gas flow equation as follows:

Ww(P) = 2 fop%;p)dp (2.23)

Where k,,, (p) is the permeability multiplier and can be expressed as effective permeability, the

changing permeability, over the initial pressure as follows:

kefr(D)
e (p) = L5 (2.24)
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Thus, the pseudo-pressure method linearized the diffusivity equation by equating the pressure
dependent terms (viscosity and gas compressibility) to a pseudo-pressure term. As such, when
assumptions are made that the parameters changes are small, the gas flow equation can be
written in the form of the liquid flow equation used for gas well test analysis.

Though the pseudo-pressure method has been adjudged the best of the established gas well testing
methods, it has some limitations. For instance, the pseudo-pressure approach cannot provide for all the
complex flow factors and the nonlinearity effects associated with gas wells where the non-isothermal
and relative permeability data are difficult to get (Firoozabadi, 1979). Without the accurate data, the
methods would be based on the total mobility value interpretation with truncation error. The effects and
the impact on gas hydrate production are very important because of the difficulty in getting accurate
relative permeability data and using the well testing formulations would culminate to neglecting a
considerable amount of additional pressure drop in the gas well. While there are controversies over the
formulation used to estimate the magnitude of the associated pressure drop, there are many empirical
relations that have been developed to describe the phenomenon, including Forchheimer’s equation
(Wang and Economides, 2009). The Forchheimer equation modeled the non-Darcy behaviour
experienced in high rate in a way similar the Darcy’s equation but with an extra pressure drop parameter
which is the quadratic velocity function. This equation and the correlations for estimating the
Forchheimer parameter is given by
~VP == v + Bpv? (2.25)

For gas hydrate reservoir fluid flow, incorporating various parameters related to dual flow
nature, viscous flow and diffusion fluxes, and mixing processes, including threshold pressure,
inertia and slippage effects, are necessary in developing comprehensive fully implicit coupled
model that would provide a more accurate reservoir performance. Exploring some of these
challenges was the motivation of this thesis, with the objective function to improve the well
performance analyses.

The threshold pressure gradient (TPG) is defined as the minimum pressure gradient that enables
the gas to start flowing against viscous forces between solid and gas. The threshold pressure
phenomena in porous media were firstly studied in the early 1970s. TPG are found to affect
development of tight gas reservoirs and fluid flow at low velocity. Huang (2018) found that
TPG has a significant impact on production and as it increases, permeability decreases, and
production continues to drop. Song et al. (2015) believed that inaccurate assessment of well
productivity may result if the impact of the TPG in tight gas reservoirs is not considered, and
that the stable production time would be shortens in spite that the initial production rate goes

up with increased permeability TPG increases as the permeability decreases or water saturation
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increases. Both production rate and cumulative production are always less when the TPG is
considered because of the sharp decrease of pressure. The study showed that in presence of
larger TPG, more pressure drop is needed to maintain a constant-rate production. Generally,
TPG is experimentally obtained, and derived from plot of flow rate against pressure gradient
as shown in the typical flow curve, Figure 2.19. The intercept of the of the extension line of
linear part of the curve to horizontal axis gives the pseudo threshold pressure gradient (PTPG).
Pseudo-threshold pressure gradient is used to describe the initial nonlinear stage (Zhang et al.,
2015; Zeng and Zhao, 2008; Wang et al., 2020).

Flow rate

TPG TRPG ;
Pressure gradient

Figure 2.21 Typical Pressure-Rate Relationship Curves with TPG
(Luo et al., 2019).

It has been argued that the effect of TPG in reservoir performance prediction is negligible and
hence should not be ignored. However, researchers have established the existence of effective
threshold pressure gradient in tight gas reservoirs, like natural gas hydrate reservoirs where
boundary layer is formed (Wang and Dou, 2002; Thomas, et al., 1968; Wu, et al., 2001). In gas
hydrates reservoirs, the interaction between the solid sediments and the fluid results in
boundary effect. Fluid flow is consequent upon viscous flow and Knudsen diffusion with
occurring dissociation front and boundary layer. Moreover, as the movable fluid saturation
flow to the near-wellbore, flow rate is lowered and boundary layer is formed. TPG increases
as the mainstream throats get smaller and the movable fluid saturation gets greater towards the

wellbore. This thesis looked at the non-linear variation derived from TPG in production of the
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nano-porous gas hydrate reservoirs with further fluid flow friction and mixing processes around

the wellbore.

Mathematical models that characterised the nonlinear flow and TPG effect abound. (Pascal,
2001) used the permeability tensor and yield relationship equation (Eq. 2.14a) to investigate
the TPG effect in non-steady flow of oil. The integral numerical method is used obtain
analytical solutions of the effects of the threshold pressure gradient on gas well of hydraulically
fractured tight gas formation. Zeng (2013) investigated TPG using the non-linear flow model,
power law, to predict the influence of TPG on the permeability of different fluids and
deformation in low permeability reservoir was analysed and related. Civan, (2017) and Wang,
(2012) published rigorous TPG correlations of flow through tight sandstones and shale-gas
reservoirs with TPG effect. Yang et al (2017) leveraged on gas bubble and differential pressure
flow methods to investigate TPG and seepage characteristics of tight sandstone gas under the
influence of water saturation and develop the equations of threshold pressure gradient for

multiphase flow of gas and water phase (Eq.2.141e).

A, = ’j_% (2.263)
Ay = ak;” (2.26b)

Where k, = ky; (j—:)_s”

i

b
A, =a ("7) ’ (2.26¢)
A, = a,S2 (ko) S (2.264)

where 1 is the TPG; g is the dimensionless constant determined by experiment; z is the yield
stress; o is the stress sensitivity value; a, b, j and | are fitting coefficients; ka is the absolute

permeability; u is the viscosity; Sw is the water saturation.

On the other hand, Gas slippage is a phenomenon associated with Knudsen diffusion and gas
flow effects in very low permeability porous media. Knudsen diffusion underscored the flow
in the low permeability formations and the collision between the gas molecules and the wall
surfaces (Kast and Hohenthanner, 2000). It explained that gas slippage is obtained where pore

diameter is so small that the mean free path of the gas is close to the pore diameter (Mao and
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Zeidouni, 2017c). The ratio of the mean free path to pore diameter is denoted by Knudsen
number, Kn and it is indicative of prevailing flow regimes in the porous (Lee and Kim, 2016;
Mousavi & Bryant, 2012). The non-laminar flow and the non-linearity effect have been
represented by Knudsen equation or by introducing Klingenberg permeability effect in

diffusivity equation.

The effective permeability proposed by Klinkenberg (1941) is expressed as

kepr =k (14 3) (2.27)
krg(SW: Pm) = krgoo (Sw) (1 + %) (2.29)
where

b=5 () +(5EG-1) @29

Where b,, is the gas slippage factor.

The gas slippage factor in low permeability reservoirs has also been evaluated and expressed
as a function of the gas permeability by various researchers (Ertekin, et al., 1986; Estes and
Fulton, 1956; Jones, 1987; Sampath and William, 1982; Rushing, et al., 2004).

Table2. 18  Basic gas slippage factors

Basic gas slippage factor | b = 0.86k;033

Sampath and William, 1982 oo\ 003
b = 0.0955 (—g>
(0]
Rushing et al., 2004 Ky —0.45
b= 35 <_>
Pg
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2.13.2 Temperature Solutions

In pressure solution scheme for reservoir fluid flow, it is assumed that the reservoir is
isothermal, or that the change in temperature is quite small and the effects on the fluid
properties and pressure responses are negligible. Though accurate results of high practical
value are often obtained with this conventional assumption, it is however not true because
temperature changes considerably during production in most unconventional reservoir,
especially in near the wellbore (Duru & Horne 2008). Thus, various temperature dependent
models have been developed and used in the analyses of fluid flow behavior in the porous
media (Sui and Zhu, 2008; Muradov et al. 2017). It is important to note that pressure solutions
would be gotten first before temperature solutions since the changes in temperature are directly
dependent on the pressure changes and the fluid flow. As discussed earlier on hydrate reservoir
models, gas hydrate production involves an endothermic process, and it is a strong candidate
of thermal stimulation scheme, and would require a robust transient temperature analysis
model. Generally, many hydrate models are non-isothermal models which considered the
temperature change in the porous media and less focus on wellbore heat effect. More so, most
of the models are based on liquid flow equations normally solved to obtain a sequential varying
temperature solution in the reservoir (usually at the sandface), and most of the well test
solutions are based on transient pressure analysis (PTA). The PTA is typically used to quantify
near wellbore damage (Skin) and it gives the skin as a lump indicating amount of production
decline due to damage or additional pressure drop; PTA does not give information on the depth
and probability of the damage region, which is necessary to design a proper well stimulation
program (Sui and Zhu, 2008; Muradov et al. 2017, Chekalyuk 1965). Transient temperature
analyses have been prescribed to further characterise formations, investigate near wellbore
conditions, depth of damage zone, fluid breakthrough and well performance (Sui et al., 2008;
Malakooti, 2015; Muradov et al., 2017; Ramazanov et al., 2010; Onur, 2016; Yoshioka et al.,
2006) in unconventional reservoirs. This model has been employed to evaluate the properties
of a reservoir or the produced fluids through of a wellbore of known sandface temperature
(Muradov, et al., 2017; Ramazanov, et al., 2010; Davie and Buffett, 2003; Sui, et al. 2008).

The model can be expressed as:

d
¢ Ef_() edx + ¢ fan Qadv- nds + ¢ fag Qcond- nds = f_{) Qde (230)
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Solving the surface integral and rearranging over the whole reservoir, the above equation is

usually expressed as

d
=+ V.e+ V. qeona + V- Gaay = V-Qy (231)

where

e = the internal energy density; = p,c,AT
dcona = —krVT

Qaav = €U

u = total volume flux and is related to intrinsic velocity, v as follows
u=vep
nds = unit flux vector over cross-sectional area, s, that

V.Qy = energy production term

K; = thermal conductivity

¢, = specific heat capacity of a phase, p
pp = density of a phase, p

By substituting for e, v, Q, and neglecting the internal energy conservation, the final heat

transfer equation is given as:

aT
Ppp 3¢ +V.(=KrVT) + PpCpVp-VT = Qsource/sink £ Qioss/gain = 0 (2.32)

(Onur and Cinar, 2016; Wang, 2016) explained that the conductive term can be neglected
without significantly affecting the accuracy of the solution since heat conduction had been
investigated to has little effect on transient temperature especially at early times. However, gas
hydrate production is an endothermic process. The reservoir temperature would increase at
early stage of production since pressure changes in the formation are coupled to the temperature
derivatives from begging of production, and fluid flow solutions are functions of diffusion and
viscous flow. App and Yoshioka (2011) showed that when the Peclet number (a dimensionless
number that represents the ratio of the convection/advective rate to the diffusion/conduction
rate driven by a transport gradient — like heat transfer — in a continuum) is low, approaching

zero, it signified that conduction flow is significant; and this evidence in tight formations with
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very low permeability like gas hydrate reservoirs. For production from gas hydrate reservoirs

thermal conduction effects will be considered.

This thesis will dovetail into developing a transient temperature analysis (TTA) model for gas
hydrate application. The development of accurate TTA system for gas hydrate production
would imply having a forward model that incorporates unique properties of gas and most of
the thermal flow effects — convection, conduction, Joule-Thomson effect and expansion — in
both the reservoir and wellbore. The unique features of the temperature dependent model as
relates to gas hydrate reservoir in this thesis are the Joule-Thomson effects and thermal
wellbore effects (wellbore heat loss) whose contribution to the temperature changes still remain
a research challenge. Joule-Thomson effect can be expressed as the change in temperature that
accompanies expansion of a gas without production of work or transfer of heat (Perry and
Green, 1984; Edmister and Lee, 1984; De Waele, 2017). At standard temperatures and
pressures, all real gases except hydrogen and helium cool upon such Joule-Thomson or
adiabatic expansion. It is a measure of the rate of change of temperature with pressure at
constant enthalpy. The Joule-Thomson effect and thermal expansion processes are expressed
in terms of the heat capacity at constant pressure, as function of Joule-Thomson (Kelvin)

coefficient and thermal expansion coefficient respectively as follows (Nield and Bejan, 2013):

_(9T\ _ V(BrvT-1) _ (BrT-1)

Hr = (aP)H T pgCp (2:33)
_1(ovN _ (BrvT)V _ BrT

= V(aT)p TG gl (2:33)

Thermal wellbore effects describe the wellbore heat loss which affects the fluid properties
around the wellbore and inside the tubing and they present transient temperature phenomena.
Wellbore temperature solution based on sand-face temperature values, normally measured by
installed gauge at or near the mid-perforation point, cannot be relied on for accurate transient
temperature analysis because transient sand-face temperature effects should be measured at
some distance away from these subsurface locations but it is rarely done due to practical
limitations. Furthermore, the conventional thermal wellbore modelling is based on pressure
signal created from the average reservoir properties and the temperature change through of the
wellbore is based on the average value of the whole production or injection interval, making it
difficult to discriminate zones. Thermal wellbore effects that provide for reservoir — wellbore
temperature dynamics is required in order to model the accurate transient temperature analysis

for comprehensive well performance prediction. Modelling of heat transfer challenges
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associated with gas hydrate reservoir - wellbore fluid flow with respect to transient temperature
analyses has been of little research focus, leaving a knowledge gap which this thesis would

address.

According to Weibo, et al. (2008), the analytical formulation for wellhead temperature
calculation was first considered Ramey, 1982. That is the first detailed wellbore heat
transmission and transient temperature solution. The Ramey model was based on back-
calculating sand face temperature using the temperature value measured by the subsurface
gauge and a given wellhead temperature. Following Ramey model, various other models have
been developed (Hagoort 2004; Hasan et al., 2005; Duru and Horne, 2010). The especially
pertinent among the studies with emphasis on transient temperature analysis are Duru and
Horne (2010) and Hagoort (2004) as they investigated the effect of changing bottom-hole
flowing temperature in their models, while the others are based on a constant bottom-hole
temperature. Though, the available literatures are not rich in the terms of gas hydrate reservoir-
wellbore heat loss modelling, schemes for thermal gas well modelling and methods that capture
the impact of thermal wellbore-reservoir interactions are available (Muradov, 2017; Sui and
Zhu, 2008)) and would be leverage on to present a more accurate transient temperature solution

for gas hydrate application.

2.14 Transient Pressure and Temperature Analysis

There are several methods in the petroleum industry to acquire information about the reservoir
and the near-wellbore. Methods that have been used for the data acquisition include well
logging, side coring, mud logging, and well testing. The well logging is a local measurement
carried out along or in the wellbore, in space and/or time, to determine some physical
parameters. Sidewall coring involves taking larger pieces of rocks from the side(s) of the
wellbore down the depth and evaluating for information about the rock and wellbore. In mud
logging, information is obtained from drilled cuttings gathered at the well surface. Sidewall
coring and mud logging data may not be of high accuracy as because of drilling mud or local
fluids contamination, and changes due to variations in pressure and temperature of the samples
at the surface in relation to the subsurface. Well testing, unlike the other method described
above, can give global information about the reservoir and the near-wellbore. Thus, well testing
provides more reliable input data for the reservoir simulators. In a typical well testing job, a

well testing tool is run inside the wellbore and kept near and across the perforations. The
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formation section is isolated by packers from the wellbore, as shown in figure 2.19, and the
reservoir is then made to produce at controlled rates for certain amount of time while changes
of pressure with time are recorded. After that, the formation is shut-in and the transient pressure
is measured until the pressure stabilises. The transient pressures data are then analysed with a
mathematical model or well testing software to obtain the desired information.

Perforations Reservoir

Figure 2.22 Schematic representation of a typical well testing operation

The cost of well testing is high and particularly extremely for unconventional and gas reservoirs. The
conservative estimates for the annual cost of conventional well testing across the world are over two
billion dollars (Hawkes et al. 2001). In addition to the costs, running the well testing tools in such
reservoirs like gas hydrates is very difficult and failure of the tools is common. In this case, instead of
running the well testing tool down the wellbore, a permanent pressure gauge is installed at the bottom-
hole and the well is shut-in at the wellhead. Then the recorded transient pressure is analysed. Most well
testing models are based on analytical schemes with simplifying assumptions such as isothermal
behaviour, and not accounting for wellbore-reservoir dynamic interaction. The analytical methods
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tend to give asymptotic or approximate solutions and the interpretation and results obtained can be
sometimes misleading in comparison with practical values of the well production performance (Fan
1998; Ramazanov, et al., 2010; Davie and Buffett, 2003; Dada, et al., 2017; Onur and Cinar,
2016; Mao and Zeidouni 2017b).

Well testing is typically called pressure transient analysis (PTA) because involves a measure
of temporary change in production rate as a function of pressure responses (Bourdet, 2002). It
has been used for decades for reservoir and fluid flow characterization, and near-wellbore
analysis. It provides key information on the reservoir and the well, including effective
permeability, reservoir heterogeneities, reservoir boundaries, wellbore storage, skin, pressure,
well production potential and well geometry. The depth of investigation of well testing tool
depends on the duration of the test period and can range up to a diameter of few tens of meters
around the well. During a well test, a transient pressure response is created by a temporary
change in production rate (Bourdet, 2002). Reservoir parameters, such as effective
permeability can be estimated from the pressure derivatives plots typical of figure 2.20 and
other specialized plots obtained through the well testing methods which include pressure

drawdown and build-up schemes.

Log AP

Log AP
% AP' = Constant

Log At

Figure 2.23 Typical Log-Log Plot of Pressure- and Pressure derivative- Rates Behaviour
(Bourdet, 2002).
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Although reservoirs are different from each other in terms of physical and thermodynamics
description, their dynamic behaviours during well testing are circumscribed (Gringarten,
2008). The dynamic behaviours are divided into three main stages that dominate at different
times of the well test (Gringarten, 2008). They include Early Time Region (ETR), Middle Time
Region (MTR), and Late Time Region (LTR). The ETR represents the near-wellbore effects at
early times resulting from the well completion or high contrast in permeability distribution due
to the near-wellbore geology. The MTR is representative of the dynamic behaviour of the
reservoir in the middle times of the well test and is usually the same for all the wells in a given
reservoir. The LTR is representative of the boundary effects at late times and may differ from
well to well in a given reservoir depending on the nature of the reservoir boundaries and the
distance of the well from the boundaries. Extensive description of well test principles,
interpretation techniques, analysis and applications have existed for long and can be found in
various literatures (Agarwal 1980; Ramey, 1992; Bourdet, 2002; Gringarten, 2008).

In gas hydrate reservoir production, the hydrate undergoes dissociation, an endothermic
reaction process, for the water and gas generation under thermodynamic influence of pressure
and temperature changes even without external heat source (Slaon, 1998). To evaluate the
accurately the gas hydrate reservoir performance, there is need for temperature transient
analysis (TTA), of which have neglected and analyses which effects hydrate dissociation and
fluid flow through the wellbore with minimised tendency for hydrate reformation. While
pressure transient analyses (PTA) are often used to predict the pressure solutions, temperature
transient analyses (TTA) are still developing. Temperature values are normally obtained by
downhole temperature measurements using applicable subsurface sensors such as Distributed
Temperature Sensing cable (DTS), and Resistance Temperature Detector (RTD) — a
point/location temperature sensor (Kanno et al., 2014). TTA is simply an analysis technique
that makes use of the measured temperature data from the well monitoring and testing just
similarly like PTA though the applications are different. Monitoring involves continuous
assessment (measuring, transmitting and analysing) of the conditions of the wellbore or the
formation, while testing is a snapshots analysis at a given interval of time and space. Research
has shown that temperature transient analysis could provide information that pressure transient
analysis may be unable to provide, thus complementing it. Temperature signal can travel quite
slower and deeper than pressure signal making it advantageous to be used for more detailed
analysis of the reservoir/wellbore, zonal monitoring, multiphase metering transient.
Application of TTA can minimise frequent production logging. It can be applied to any well
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with installed subsurface temperature sensor (temporary or permanent). It is however more
relevant to wells with installed permanent down-hole gauges (advanced wells. While ddifferent
types of sensors or transducers exist, the underlying physics are the same. They typically
provide measurement of the applicable physical parameters, convert and transmit them (usually
in form electrical, acoustic or optical signal) to a logging device where they are stored or
analysed directly. When the monitoring and control capabilities are integrated into the well, it
is called a smart or intelligent well (Bellarby, 2009). The control part involves capability of
changing the behaviour of a well in response to the actionable information obtained from the
monitoring process and it allows for remote action to control the reservoir, well and/or
production processes. This research focuses on the development of analysis methods for gas
hydrate production that incorporate the features that impact transient pressure and temperature
behaviours such as threshold pressure gradient, slippage and inertial effects, Joule-Thomson

effect and thermal wellbore effects.

2.15 Near-Wellbore Modelling and Permeability Upscaling

Considering the complex nature of the hydrate-bearing sediments and the complex flow
processes, better prediction of gas and water production rates would require proper
determination of the parameters which values changes with changing flow path near the
wellbore. Relative Permeability and capillary pressure are considered the most important parameters
that controls the pressure-rate behaviour in the reservoir as flow transient to the wellbore and thus
governs the reservoir production (Johnson et al., 2011; Gupta, 2008; Mingawaga et al., 2005; Kleinberg
et al., 2005). Many relative permeability and the capillary pressure models used to predict the
gas production performance of hydrate-bearing sediments are based on soil-water characteristic
curve such as Corey 1954, Brooks and Corey1964, Stone, 1970 and van Genuchten, 1980; and
are analytical expressions that captured relative permeability and the capillary pressure as
functions of average water saturations (Myshakin et al., 2012, Anderson et al., 2014; Myshakin
etal., 2011; Moridis et al., 2009; Kurihara et al., 2011; Moridis and Regan, 2007a; Moridis and
Regan, 2007b; Moridis et al., 2005). The parameters for the relative permeability equations and
capillary pressure functions are normally determined by laboratory experiments. However,
modelling and simulating fluid flow in hydrate reservoirs is much more complicated than in
conventional reservoirs due to the solid hydrate phase which can effect the intrinsic
permeability and the capillary pressure functions. Some investigations have argued that the

relative permeability should be a function of initial hydrate saturation but there have been no
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experimental or numerical data to guide the simulations (Lucia 1999; Nordahl 2004; Akbar et
al. 2001). Ringrose et al. (2008) explained that capillary pressure and permeability are difficult
to constrain in heterogeneous reservoirs like gas hydrate because some subsurface processes
such as drainage and imbibition that are controlled by the geological phenomena. When gas
hydrate dissociates, gas is generated inside the sediment from many of the reservoirs pores
instead of being compel from outside, and may result and in errors in the calculation of the
relative permeabilities due to uncertainty of the wetting phase. In this research, near wellbore
modelling and upscaling scheme would be explored to evaluate the representativeness of the
relative permeability and capillary pressure functions in the reservoir model. Selection of the
reliable fitting parameters by averaging and re-scaling of the geological data has been
employed to answer questions about the multi-scale geological-petrophysical heterogeneities
in reservoirs where direct measurement of permeability in the subsurface might not be reliably
deterministic and the precision of the measurements cannot capture the pore scale complexity
and flow pattern (Nordahl, 2004, Brandszeter et al. 2001; Corre et al. 2000). Routine averaging
methods such as analytical/simple averaging and geostatistical methods would be ineffective
in gas hydrate cases because permeability is highly scale-dependent and hydrate reservoirs are
more or less anisotropic with high multi-scale heterogeneities (Bea,r 1972; Elfenbein et al.,
2005; Nordahl et al., 2005). These conventional methods are based on the idea of pressure
averaging and that average petrophysical properties of a reservoir can be defined for
representative elementary volume (Deutsch, 2010).

However, averaging the properties within the geological models can still be with complications
and are might not be feasible for best simulations runs. There can be high computation time,
cost and possible rise of convergence problems, especially when it is required to run multiple
fine-scale simulations in order to assess various geological and development scenarios.
Therefore, building more coarse and practical models (usually referred to as upscaled models)
becomes important. In the simulation model, the number of fine grid cells is reduced by
merging the fine cells into larger. Afterwards, the reservoir properties are averaged within the
coarse domain. The process of coarsening the fine grid is usually referred to as up-gridding,
while averaging reservoir properties within the coarse cells is referred to as upscaling. Near-
wellbore upscaling method can be employed to address the parameters characterisation and
optimisation needed to provide more accurate estimates of the reservoir performance. Of
importance are the changes in the relative permeability and capillary pressure functions in the

near-wellbore that affect integrate the coupled reservoir —wellbore interface convective mixing
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processes as applicable to hydrate dissociation and gas production (Wen et al., 1998; Nordahl,
2004; Ringrose, 2005; Ringrose et al. 2008). The procedure does not aim to speed up reservoir
simulations at the cost of simulation results. The target of upscaling is to replace the very fine
and detailed models with coarse models that preserve the most important flow characteristics
of fine models and capture the sub-grid heterogeneity with less data. The novel aspect of using
the near wellbore upscaling in this thesis is that the workflow enables the implicit
representation of the relative permeability and capillary pressure function based on hydrate
saturation. This thesis will attempt to explore the various equations and account for the effects

of the relative permeability and capillary pressure factors.
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CHAPTER 3

NUMERICAL SIMULATION OF THE INHERENT DEFYING FEATURES IN GAS
HYDRATE RESERVOIR FLUID FLOW MODELLING

3.1 Synopsis

Gas productions from low permeability hydrate reservoirs are subjects to unconventional and
coupled flow processes, including strong rock/fluid interaction, heterogeneity, dissociation
kinectics, complex flow geometry, strong interactions between fluid (gas and water) molecules,
solid constituents transport in the pores network, pressure and time dependent permeability (Li
and Horne, 2004). To describe the flow of gas in the unconventional reservoir, pore network
flow dynamics are evaluated for a gas hydrate reservoir with small pore throat and mean free
path for gas close to the pore diameter. Dual-mechanism transport characterised inertia and
viscous forces with slippage and non-Darcy effects is envisaged for the non-linear multiphase
flow in the reservoir. Molecular diffusion is experienced in the gas hydrate pore network and
with gas flow to and across the hydrate dissociation front and towards the wellbore (Guo et al.,
2015; Kast and Hohenthanner, 2000). It is integral to consider the free gas flow in the pore
space in addition to the gas from the hydrate dissociation under the convective and Knudsen
diffusion mechanisms, and to account for the threshold pressure (the minimum pressure which
the gas phase needed to overcome to displace the water and flow out of the disssociation front).
Wu et al. (2014) expressed that effective permeability and capillary pressure of unconventional
reservoirs correlate and change with changing mean pressure of the reservoir which relates to
the sediment overburden, changing net pressure stress on the rock and the effective porosity.
Understanding of how dual permeability evolves with emerging wettability variation of the
pore network and changes in flow regimes over pressure depletion are among the major
challenges to applicability of the available numerical simulators for adequate prediction of gas
hydrate production performance. Accounting for the slippage and inertia effects would be
necessary for accurate calculation of the relative permeability which vary with the test
pressures; otherwise the permeability may be calcuated to be less than the actual permeability
or greater than one at some water saturations (Mao and Zeidouni, 2017). More so, hydrate
dissociation and dissociation rate are highly temperature depedent. This chapter will however
consider the temperature effects under the natural thermal convection wherein the sediment’s
surroundings is the heat source. Therefore, in building up the advanced mathematical model

for fluid flow in the hydrate production, considerations are given to the coupling of the hydrate
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dissociation kinetics and other tangible influencing factors in the low permeability reservoirs,
such as non-Darcy flow factors, gas slippage, threshold pressure, thermal gradient effects.
Although, some of these features have been investigated, there is limited understanding of how
the combined processes influence gas hydrate flow assurance and there is no model that have
coupled the simultaneous effects on the ultimate gas recovery. This thesis presents an
integrated mathematical model that incorporate the known flow mechanisms and the defying
features of two-phase gas - water flow in gas hydrate sediment and processes that relate to the
strong rock/fluid interaction, the convective mixing processes, flow regimes and dynamic (time
dependent) permeability that affect the gas hydrate production. Specifically, non-Darcy flow
effects, Knudsen diffusion factors, inertial, and gas-slippage effects, threshold pressure effects,
gas expansion and Joule—Thomson thermal effects are incorporated in the formulation of a new

flow model in this thesis.

3.2 Mathematical Formulation

Generally mathematical formulations fluid flow in porous media are derived from conservation
laws of mass, momentum and energy. The rate of flow of mass of each fluid component/phase
in the fluid per unit cross-sectional area is known as flux. Assumptions of non-Darcy flow for
a gas hydrate reservoir with no flow boundaries conditions have been made in this thesis. A
three-phase flow model that considered solid (hydrate) phase, water phase and gas phase is
considered in this study. The solid phase (hydrate) is conserved as it undergoes dissociation
phenomenon. It is assumed that the hydrate would either be completely dissociated or partially
dissociated and the dissociating zone remained within the solid rock or behind a dissociation
front and no solid hydrate or ice flow to the wellbore. More so, since hydrate dissociation is an
endothermic reaction, the energy conservation equation would be solved to evaluate the
temperature dependent model.

3.2.1 Governing Equations

Therefore, the multiphase-flow model presented and treated as two-phase gas — water flow
model on the precinct of black-oil model (i.e. each component is assumed to be existing only
in the associated phase). The continuity equations for the hydrate, gas and water flow through

the porous medium can be written as
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Py, Pw and p, are densities of the gas, water and hydrate respectively; Sy, S,, and Sy, are the
saturations of gas, water, and hydrate, respectively; m,, m,,, and 1, are the mass rates of gas,

water, and hydrate generated from dissociation; g, and q,, are the flow rates of gas and water

respectively across the boundary.

Dissociation Formulation

AE
. —(2£2) [p3(1-Sp)3 Np(My+My) .
my = Ky oe ( RT) TH(Peq — Rg) = _hM—ggmg (3.4)
my = KgAsMy(Pog — Py) (3.5)
NpM,, .
=—=m 3.6
w =g (36)
The constitutive equations:
Py = Py, + Pyw (3.7)
Sg+Sw+ Sy =1 (3.8)

3.2.2 The Reaction kinetics:
The stoichiometry of the dissociation of the natural gas hydrate for gas production is given

as:

1CH,.5.75H,0 < 1CH, + 5.75H,0 (3.9)

The gas generation rate, m,, follows Kim-Bishnoi model and is related to hydrate dissociation

rate, my, , and the local mass rate of water produced, m,, , as follows (Kim et al., 1987; Yousif
etal., 1991):

my = KaAs(fo — f;) = KaAs(P. — B)) (3.10)
. 10(Ncuumyp) _  NpMy+Mg .
My = - —— = — g 1 (3.11)
NpMy .
w = L—gmg (3.12)
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Where, the kinetic rate or reaction constant, Kq , and the parameters have been experimentally
evaluated as follows (Clarke and Bishnoi, 2001; Vlasov, 2013)

AEg

K, = Kypel™ =) (3.14)

Kdo = 3.6 x 10* mol.m?Pa.S.

E./R = 9752.73K.

Kdo = intrinsic decomposition/reaction rate constant, E = activation energy.

As is reaction surface area available for hydrate decomposition (i.e. the interface area between
hydrate and fluid phases), and is given as

A, = /W (3.15)

The methane-water-hydrate equilibrium pressure, P, , is calculated from Thermodynamic
equilibrium relationship given by Jia et al. (2018).
Pe =8X 10—13e 0.1052T (316)

The real gas equation of state is used to relate density and pressure at standard conditions

p=12 (3.17)

"~ ZRT

The absolute permeability and relative permeability of gas and water phase is calculated using
Corey expression (Naridoust and Ahmadi, 2007; Masuda et al., 1999)

k =ko(1—Sy—S)HV (3.18)
S, = % (3.19)
Kew = Sa (3.20)
kg = — Sp)? (3.21)

3.2.3 Boundary Conditions

Simulation of flow in the reservoir requires proper definition of the boundary conditions that
delineate the reservoir with operating conditions that allowed for discrete determination of the
solutions of the continuous system.

> Initial conditions
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The initial condition from which the solution of the pressure and saturation equations
propagates is as simple as specifying a single value of pressure and saturation throughout of

the grid blocks of the reservoir, such that
Py(x,y,0) = P)(x,y,0) (3.22)
Sy(x,y,0) = S3(x,v,0) (3.23)

> Inner Boundary condition

The internal boundary conditions are constraints considered at the wellbore. They can be a
pressure or rate constraint, depending on if the bottom —hole pressure is specified or the flow
rate is specified respectively. In the case of the hydrate reservoir in this thesis, the molar flux
of the gas across the symmetrically located well would equate the absolute value of the rate of

gas generation through the interface. We obtain the inner boundary condition:

JE=|mg|, t>0 (3.24)

More so considering the well as infinite conductivity, it can be assumed that the well-bore
pressure and the pressure along the open portion of the reservoir are uniform and the integral
of the flux over the perforated interval is equal to the constant specified rate. The flow rate can

be gas production rate, water production rate or total production rate. This can be written:

Psc 2mhkk ap
psc = — > 2 —| o (3.25)
Pref WpBp ar w
2
d (P—)war) Hg ZTPSC (ngC ZTPSC )
—| o, = T — —_— 3.26
dr r=ry = gsc 2nrhkg TgcP +'B'Dg 2mrh  Tg P ( )

» Outer Boundary condition

The reservoir is subjected to a no — flow boundary condition and constant outer boundary
pressure. This is equivalent to the reservoir system bounded on all sides by impermeable media
such that fluid flow rate into the boundary cells is zero. This is achieved mathematically by

specifying a value of zero for the phase transmissibility on the interfaces of the boundary grid

blocks.

Ay = O (3.27)
aP x=LW,H

2 =0 (3.28)
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3.2.4 Accounting for Non-Darcy Effects, Knudsen Diffusion Factors,
Tortuosity and Threshold Pressure

Understanding and incorporation of the complex fluxes associated with the phase changes,
non-Darcy and unsteady state transient flow in the hydrate production is critical to the reservoir
management. Modelling of the intricate phase distributions and the fluid flow processes from
the hydrate reservoir to wellbore has become the research interest of this thesis as there is no
comprehensive model that have uniquely modelled all the variables and processes that
characterizes the flow scenarios. The tangential influencing factors in the low permeability
hydrate reservoirs, such non-Darcy flow, gas slippage and threshold pressure gradient effects
would be incorporated into the diffusivity equation. Thus, in addition to the viscous flow and
the dissociation kinetics, the Knudsen and convective diffusion mechanism are modelled. The

non-Darcy behaviour is illustrated in figure 3.1 below

Turbulent flow
Laminar flow
Q/A
Y u
Ap/L
Figure 3.1  Illustration of Deviation from Linear Darcy

(Yao et al., 2020)

The non-Darcy permeability is accounted for by introducing Klinkenberg effect in the
diffusivity equation for gas (Kast and Hohenthanner, 2000). The formulation, Eq. 3.24,
modified the absolute permeability for the gas flow by introducing a beta factor in the pressure
function relationship. It modified the relationship between changes in the hydraulic properties,
permeability and mean pressure in the system as shown in figure 3.2 (Ozkan, et al. 2010;
Sakhaee-Pour and Bryant, 2012; Lee and Kim, 2016).
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Figure 3.2  Beta Factor Relationship with Permeability and Pore Pressure
(Wu et al. 2014).
b

Kepy = Ky 1+ 5) (3.24)
b= p (""T(Sg))_ﬁz (3.25)

1 ¢ .
b = 0.86k~%33 (for permeabilities ranges of 0.0001 to 10 md). (3.26)

Where b = Klinkenberg effect, beta factor or slip correction coefficient (when accounting for
slippage); B =inertia coefficient.
The vector term of the diffusivity equation for non-Darcy flow is then expressed as

7%= (—k(1+ Pi)i—; (7, — pygH]) (3.27)

g

The beta factor is estimated from the correlation, or it would be established by laboratory
experiment. Various models of the correlations exist (Evans and Civan, 1994; Sampath and
William, 1982; Ertekin et al, 1986; Rushing et al, 2004; Jones, 1987). The beta factor can also
be modelled as a dynamic slippage factor by considering it from the molecular and macroscopic
flows of the gas under concentration gradient and pressure field respectively (Ertekin et al.

1986; Jones and Bird, 1985). The expression is presented as follows
b=p (Cﬂ—g“) (3.28)

kg

Where, c,= gas compressibility; D = diffusivity coefficient of gas
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Fick’s law of diffusion can be employed to account for the gas concentration and velocity field
necessary for the fluid permeation and diffusion in the internal flow path of the gas hydrate
reservoirs (Civan, 2011; Brogioli and Vailati, 2001). Fick’s law states that the magnitude of
the diffusive flux, Jp, is proportional to the gas concentration gradient.

Jk=-p,%a (3.29)

@ ax
Thus, we incorporate the diffusive flux by equating the molar flux of the gas through the
hydrate surface to the rate of change in the gas concentration on the surface. Based on the

kinetic theory of gas, the Fick’s law can be expressed as:

7 = e RV (C) (3:30)
M=t (3.31)
Ca=—"225,

D, = Dt (3.32)

D. is the binary diffusion coefficient for gas (methane) — water system; Ca is the gas
conentration, expressed as a function of density and saturation; t is the tortuosity, defined as
ratio of actual flow path length to the straight-line distance between those points (it relates
fluid's diffusion coefficient when it is not confined by a porous medium to its effective diffusion
coefficient when confined in a porous medium). Various formulations exist for tortuosity
calculations (Lanfrey et al., 2010; Matyka et al., 2008; Tjaden et al., 2018; Ghanbarian et al.,
2013). It can be expressed diagrammatically as below:

Lo

Figure 3.3  Tortuosity definition diagram
=L =¢n (3.33)

where, 1 <n <3
For real gas, at standard condition, the gas density and formation volume facor can be expressed

as
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Pg = (3.34)
— 2T (Psc
By = P (TSC) (3.35)

Therefore, Eq. 3.10a can be written as

J ([;ivg) D (p,75,) (3.36)
v, =D,V (;—i) (3.37)

To develop the model that combined transports due to ordinary diffusion, Knudsen diffusion,
porous medium effects, the convective and advectives fluxes are summed up. The threshold
pressure effect would be incorporated by defining the threshold pressure gradient for gas and
water phases. Based on the unconventional reservoir studies of Tian et al (2018), the values

can be expressed as:

Apg = ( +az) (3.38)
Aipw = (%)a (3.39)

The total flux term for the gas and water are therefore a kinematic system of equations obtained

as the sum of the convective flow vector and the diffusive fluxes through the hydrate sediment

as follows:
_ kky
A <1 + )(VPg — ¥pVZ = Aiyg) — DeVS, (3.40a)
kkrw
vy === (VRy = Pz = Aepw) (3.40b)

Note that the water phase velocity is not impacted by Knudsen diffusion effect.

Combining the above with the conservation of mass of the individual phases, and applying the concept
of pressure dependence of density and formation volume facor for real gas at standard condition,

the governing equations obtained for flow in the natural gas hydtare system are:

o (¢S kky b Adgsc
£(3)- rz{es on v s na(i)ems e oo

UgBg Bg
0 (PpSw _ kkrw . Awsc
a(ﬁ) = — Vm (Vpg - ]/pVZ - )Ltpw) + my + E (3 42)

83



o($pnSn) _ _

PY: h (3.43)

The partial derivative, I, is generalised to obtain flux vector terms in two dimensions (two-

dimensional) or more.

3.2.5 Well Flow rate (sources/sinks)

The source/sink terms are considered and treated for individual phase. They are flow rates for
the gas and water phases related through their respective relative permeabilities that are
functions of the water saturation. Source terms (e.g., injector) take positive signs while sink
(e.g., producer) are negative. The source/sink terms can be expressed using the conventional

Peaceman’s wellbore model defined by

G,

Qpsci = i%krp(Pi - owi) (3-44)
2ntkAz

Gyi = W (3.45)

To accounts for the non-Darcy flow effect in the hydrate wellbore, interpretation of the well-
block pressure (B,) is extended to incorporate the anisotropic permeability (case of the principal
axes of the permeability tensor not being equal, i.e. Ax # Ay). To this end, Houpeurt pressure
square analytical deliverability equation for gas flow is applied (Kazeem, A.L., 2007, Craft et
al,1991). Accordingly, the flowing bottom-hole pressure of the fictitious well, P, , is related
to the pressure of the block containing the well, B,, as follows:
21Bckeqhz

= Bpup ln(:‘;wq+s)

P'(fP) =B, — P

Qpsci = krp ((P’)Z - (ow)2> (3-46)

Where k., is the equivalent permeability of an isotropic media derived from the anisotropic

permeabilities of the grid block; 7., is the equivalent wellblock radius, and they are given by:

keg = Kk, (3.47)

0.5
[(ey k) S @)%+ (/)™ (09)2]

0.25 0.25 3-48
[(ky/kx) + (ky/ky) ] (3.48)

Teq = 0.28

S is the skin factor, expressed as

S=1In (i) (3.49)

21w
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Combining the threshold pressure gradient and gas slippage effect accordingly, the gas and
water flow rate through a fictitious well of a cross-sectional area of the gas hydrate reservoir
can be expressed as:

_ 2mhBcke 2 2

Agsc = W [(Pg - Atp‘rgnl,nreq) - (ow - Atpz’nreq) ] (350)
_ 2mhfcke

Qwsc = W [(Pw - Atpw;,r;rw) - (ow - ﬂtpxl‘nreq)] (3.51)

3.3 Solution of the multiphase flow equations

The numerical solutions would be obtained by discretization of the continuity equations using
a scheme that is forward in time and space and solving the system of the non-linear equations
by fully implicit approach using Newton-Raphson method. The discretisation steps convert the
continuous non-linear equations into difference equations (partial differential equations with
defined discrete functions/values at each point in space and time). Linearisation scheme is then
used to convert the resultant solution equations into linear algebraic functions. The solutions
of the systems of the equations are then combined together at the level of the Jacobian matrix

and computationally implemented.

3.3.1 Discretisation and Linearisation

Our systems of equations are solved by use of the fully implicit finite difference scheme, with
time discretised by first order backward difference method (Eq. 3.52), and the spatial

discretization by first and second order central difference method (Egs. 3.53a and 3.53Db).

af _ frtiogn
oL =i (3.52)
f _ fira—fi-1 _ firrj=fij + fij=fivj (3.53a)
ox 24% ax_ ax '

i+5.j 1=5J
*f _ fira—2fi+fia
o _ St (3.530).
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3.3.1.1 Flow Vector Term

The flow vectors are discretisation in space of the flux component of the continuity equation.
For a two-dimensional system, the finite difference discretisation would generate a five-point

stencil as follows:
L+l

1] et si4

L]

y

-1

The two-dimensional geometry is considered to ensures that the spatial coupling between the
different block components are correctly resolved such that there would be no spurious spatial
effects in the flow process simulation, especially as dissociation kinetics are involved. The
The finite difference discretisation of the flux term of the governing diffusivity equation for

any phase, p, in two-dimensional, can be expressed as follows:

—v

E, =AMTy(P — B (3.54)
m m _ m m _ m

AlTp = (Tpi—é,iji—é-j Tpi+§,iji+é-j + Tpi,j—éAyi,j—é Tpi,j+éAyi.j+§) (3.55)

"= [G (ki)] is the transmissibility of phase p between grid blocks, | and n.
HpBp Ln

G is the geometric factor defined as G = % , Where h = x or y dimension of the reservoir.

Hence, using the finite difference discretisation scheme, the gas hydrate continuity equations

are discretised in next time step, n+1, into the following expression:

For gas:

v [ (eu=-s\"  (eu-so\' | _ o1 [fonel "

E[ ( By ) B ( By ) = Xiey, Tyt [(PJZ‘lgz - P}}gn)'l'ltpg]‘*'
n

_ -5, n+l -5, n+l 1 n+l

Yiew, Togin = ), %, + Yiee, Myae, + qiad (3.56)
n

For water:

Vo PSw ntl dSw\" _ Tl | (pntl pn+l pr+l pn+l yl

At (E) - (E) n = Zieyn Twi, [( o' — Plgt) — (P, — Plgh,) + tpw]+

Siee, s + Gl (3.57)

For hydrate:

14

A_I; [(PprSH)™ = (PprS)™] = 0 (3.58)
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Prw = Pry = Pgw (3.60)
Sg=1-5, (3.61)

3.3.1.2 Expansion of Accumulation Term

By considering the analytical expressions of pressure dependence of compressibility, porosity,

formation volume factors and viscosity as follows:

B

B = —2 3.62
p (1+ cp(P- Pref)) ( )
¢ = Grer |1+ co[P = Pref] (3. 63)
Hgref
— 3.64
Hg (1= cug(P= Prey)) ( )
¢’n = d)n,ref Co (3 65)

The accumulation terms (left hand sides) of the governing continuity equations, were expanded
into terms containing the primary unknowns by taking the partial differential with time using

the steps developed by Erteki et al (2001) as follows:

n+1 n
Vp ¢ (—Sw) ¢(—Sw) _ 1 1
to| (Bl (o) | — (B - B+ Com(SB - S5 (3660
n

Z_:[ ((%)n“ - ((%)n ]n = Cupn(Pfg, = Pfg,) + Cwsn(Shr' — S3,) (3.66b)
L1(ponS)™* = ($prS)"Tn = Crpn(P5! — PFy.) + Cron(SE! — S.) (3.66¢)
Where,

Copn = (1 SV’tn)[ ntl (;n) + ﬁén]: %(1 - Sn) ["’;’ g:" + ¢"“f C"’] (3.67)
Com = — ()" (3.68)
Corpm = Z_ltasn [¢n+1< >_|_ B"}, ] _ ( ) [d);bwcw ¢nrefc¢] (3.69)
Cooan = %(%):H (3.70)
Chpm = hytl) = - [%O(NCZ:HYD) ::1 _ (NhMA\//Ivg"'Mg) rh]((r;+1)" (3.71)
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v n+l
Chsn = Snélsn A_l;( 2 ) (3.72)
n

By

(41 _ pn  —(E2) dP, —(Ezy\ vy (Phteg | PurerSo
e =Kge “RUAg, (—] + ang) + (1 — e \F’T ) E( By + 5 0Ps, (3.74)

Eq. (3.67) through to Eq. (3.74) are substituted into eqns. (3.66a — ¢) accordingly to obtain the
final discretised systems of equations for the gas hydrate reservoir as follows:
For gas phase:

Cgpn(P}lgtll - Pfrfgn) + Cgsn(5$:1 - SV’},n)

1 _ S n+1 1 _ S n+1
— +1 +1 +1 L ~ =
B Z T;l,n [(P]ngl o Plpgn ) + Atpgl.n] + Z ngl'n < B ) _< B ) ]
leYy S g ! 7 "
+ Z mg;ct + qrql;-c:%n
leén

(3.75)
For water phase:

prn(P]ngtll - P/pgn) + Cwsn(S;L/:l—l - Sv%n)

— n+1 n+1 n+1 +1 +1 tn+1 +1
= Z Tott [ (PRt = PRt = (PI5wh — RIGEL) + A, | + z My + Gwse,

leyy, leén
(3.76)
For hydrate
Chpn (PR — PE ) + Crsn(Sit! — St ) =0 (3.77)

3.3.2 Solution algorithm
The discretized equations described the flow of the individual phases across each and all the

grid blocks in the reservoir system when driven by an applied potential. Examination of the
equations showed that the coefficients of the equations are functions of pressure, P4, and
saturation, S,,,, the unknown which are the desired solutions of the equations. In solving the
systems of equations, Newton Raphson method of simple iteration of all non-linear coefficients
is used. The coefficients of all the unknown would be made functions of the unknown. Thus,
to obtain the implicit solutions, the discretized continuity equations would be arranged in a
sequence of 6P, and &S, and then scaled up by updating transmissibility and flow rate terms
in the next time step (transmissibility is is a function of pressure and saturation through the

formation volume factor, B, and relative permeability, k,.,).
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3.3.3 Newton Raphson method

According to the Newton Raphson method, the desired solutions of the systems of equations
would expanse, simultaneously, to zeroes of the ‘k’ continuously differentiable functions (Aziz
and Settari,1979). This is equivalent to finding the zeroes of a vector-valued function for a
change in a variable (X) from (k) to (k+1) in an iterative process from time (t") to (t"*1). The

expression can be written as follows;

XK+l xn = xk 4 §¥ — X" = §X
6X7 = XV —xw=0

n+1v+1

(5)_()) — X’n+1"+1 _X’n+1”
Where v = 1,2,3...... is number of iterations, X is the unknown vector, and (6X) is the

incremental or correction vector of the unknown. For implicit scheme, calculation is made in
next time step (stepping from time level, n, to new time level, n+1), while it iterates from (v)
to (v+1). All coefficients for the first Newton iterations are calculated by the values at time

level, n+1, and is used as the initial values for next iteration.

To increase numerical stability, the implicit Newton method provided that multiplying the
differential vector-valued function with the Jacobian matrix of the function would result to the
residual, R — 0. That is, the iteration would converge when both § and R approaches zero. The

expression is given as:

JIF(X™18X = —R[f(X™)] (3.78)
Where

ULf (X™)]=the Jacobean matrix (matrix of the first-order partial derivatives of the coefficients
of the unknown variables of in the solutions of the systems of equations).

R = the residual of the equations or vector component.

Hence, based on the Newtons method, for a system of multidimensional function, [f]™, with
N unknowns, the solution of the nonlinear equations, [A¢]™, can be transformed into linear
matrix form,

Ax =b

Which, in turn, is a Taylor series written in matrix form as follows:
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_;%I(O) %I(O) -..%I(O)_ 011 [~f1(P1, Pn, - DN

of of of2 _

?El(o) 39,10 - 5,-1(0) .5¢2 _| f1(®1, bn, - n) @79
of N of N of N : :

96, 1D 56,10 35 1D 6] L£,(1, b b))

Hence the solutions of the equations (Egs. 3.75 - 3. 77) of our gas hydrate system are scaled up
by multiplication with their respective formation volume factors and then combined. The final
expression obtained is expressed as:

It = Siey, [ (B MTEi + B AT ) — (Bt o™ + Bl i) (8Prg +
85,) + Tiey, [(BER" MaTfj + Bui daTRsh) — (BIR"Cogl” + BURCai )] (8Prg +
85.) + Siep Bkl DTt (Poghas — Pt ) (PFy + Si) — (Byw" Cgd” + Butl"Cig’) =

(B cntl” + Bt cnt ™) (8Prg + 6S0) + Tuew, [(B;;I"T;;g’ Agd,,, +

Bt T aiA,, ) — (BEal Cod” + Bl Chal VPR, — (Bt Casil” +

Bt Cati )| (6Prg + 8S,) + Tiey, (B A Thgity ) Bot " Costd” + B! Casti™)] (P +
8Sw) = Tiep, [ (Bl Cid” + Busl Ciil”) — (Byal Col” + Byl Cusl')Pry —

By Casil” + B Cutl")Sul(6Prg + 85,) + Sieys, | (Bya”” + Bt (aim aividn -

,n+1Y ,n+1Y n+17\] _
Mgin —Mwin — Mpin || = 0 (3 80)

3.3.4 Treatment of non-linear terms:
The finite difference operator can be express in line with Newton method as follows:

A
! ! LY g

AT, = 6Tpi—§.iji—é.j - STpHé.ijHé.j + STpi,j—é.Ayi,j—é — 6T,

Where p = gas, water or hydrate phase
T, T,

[ (R + s3] = 55 6P +ﬁ55w
AT = ATk
+l 9 I;HI Tpn+]
1" _ ATk+] +1 . cnt\] = Tk
AT = AT¥H (PR + st = TE + op 0P+ 35, 5Sw

Kk+1 n+l _ mk(pyk K 9Ty 9Ty k
ATFHAP)™! = TE(P)k + Tk6P + (ap 5P + 3L 5SW)P

n+1 d

AT AP = Begu)"™ = TP + T0P + T2 PGP + S PGS, — T 52 65,
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ATES A (’ SW)kH — Tk (ﬂ)k—T ( )65 + Tk ( - SW) 5P
Bg A bg bg Bg
_ akrg
0T, = (c4Ty)0P + krg ESw

3Sw
Okyw
0T, = (krw) 3Sw OSw
 [kkrg b)]. [ kkeg
Iy = [l‘ng <1 + Pg)]’ Tw = [l‘ngAx]

1
¢nrefc¢] C _ _E(i mr
LA V-2
n

Copn = (1 S&l/n) [

Bbg

C = ( )[4’11 Cw ¢n.refc¢] C = Q(i)n-'—]
wpn wn Bown, Bl » Lwsn At \B

win
Bn+] Ck+] (1 Svlﬁn) [(ngn) ¢f:e[1;l¢+[] [(Pk+1 Bg“ Sk+1 Svlfzn)]
(1= su") (Bl = ) = g (s = 5] = St
Cn1+1" {Zlflﬂn n+1{" [(P}lg-'-llwl - ]Z}QTYILVH) (chmflzﬂ - Pcz;/]n )] + qa;;—c],n -

wwn

v+1
C%rrll (Pfgr{ - Pfrb,n)}

— n+1 n+1v
Pt)lpre B Tgln Alltpgl‘n

3.3.5 Final matrix equation for the gas hydrate reservoir

According to the control volume finite difference method, a grid block, n, in a two-dimensional
plane has four (4) block neighbours in the East, West, North and South directions as shown in
the figure 3.4 below.
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n+nx(N)

.)

n-1(W) *3 on *] n+1(E)

o/

n-nx(S)

Figure 3.4  Orthogonal Coordinates of the Two-Dimensional Reservoir Grid-blocks

Each set contains four (4) elements for interior grid blocks, three (3) elements for grids that fall
on one reservoir boundary or two (2) elements for grids that are on two reservoir boundaries.
Neumann boundary condition was applied to describe the summation terms of the continuity
equation.

Y, = set whose elements are the existing neighboring blocks to block ‘z” in the reservoir.

&, = set whose elements are the reservoir boundaries (bs,cy.eg, fy)- Thus, &, is either an
empty set for interior blocks or a set that contains one element for boundary blocks that fall on
one reservoir boundary and two elements for boundary blocks that fall on two reservoir
boundaries,

From the description of the sets ¥, and &, their sums must be equal to the four for the two-
dimensional system. i.e.

Yo +én =4

If &, is empty, it implies that the block does not fall on a reservoir boundary and as such, its
fictitious flow rate term for any of the phases is zero.

Zlesn q;‘s*clz,n = Zle{n qzlv:cll,n =0 (3.81)

For the source /sink inflow, a fluid flow rate is specified and the flow rate of the other phase is

calculated using

Ky .
Qpsci = ( £ ) qspp/( EP ) (3.82)
i i

Bpup Bpptpp

( Krpp ) ( ko )are the fluid properties of the fluid whose flow rate is specified and the fluid

Bpptpp Bpup

whose flow rate is to be determined respectively while g, is the liquid flow rate for the
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specified phase. In addition, where a total fluid production rate is specified, the rate is prorated

between the phases, and for any phase, its rate is given by;

_ ke dTs
Apsci = <Bp:p)i [( krg ) + (p Krw ) | (383)

Bgug/; \Bwhkw/;
(Bku ) = the property of the phase whose flow rate q,,.;, is being calculated; gr, = the total
pFp
specified production rate.

For the discretized gas and water equations, T, is defined as

Tpl,n

k . .
=Gy ( - T: ) , G, is a geometric factor between blocks n and |.
PEDp l)n

Thus, expanding the summation terms of the difference equations for the fluid flow, we obtain:
For gas phase:
n+] _ Pn )P +C (Sn+lv_ sn )65
gpn fgn fanl'f9 gsn\-~w Wn w

ok ar, aT, o, o, X
= ATFASPg + APfA (SE8Prg + 5565, ) + Puag (B 526y + 55285, ) + ATH,A(1 —

c 0} c
S‘;l/”) [<Bgi ) ¢n:i;"¢:']] (PnH ) - B"“ (SnH S\zn)gpfg - ATé‘gA5$,n +
n
1 v+ o v+ v+l o
cntl” Zlflﬂn Tvrtfl?-r{ [(Pfot;l - ]Zlg+n ) (Pc’fgtv]z - Pc@tv]n )] + qC‘VJgCIn — C,;l,;,',é (P}?g-‘-n _
wwn

1
P]Z‘lg,n) 55w - m,gr]l-;n + q‘g;-c]n

aT,

v a a a
= AT 6By + ATFS " (SE8Prg + 552 85w ) + Piag (A2 0Prg + 55265, ) +

n+/

Prefc v (pntic Pnrefc ¢
ATHF! A[( o )85W + <¢n+‘§;n"’+,) 5Pfg] + [Angf ( ;‘bg 4 "B;f “’) 8Py ~ 5S ]

apcgw

n+1" n+1 n+1"

v [OT, v
Cn+,leetpn n+1 [ g5Pfg_ T\Z/H-] 6Sw] Qwscn — Mg in + CIgscn

wwn

(3.84a)
For Water phase:
+1Y +7v
wpn an angn)6pfg + Cwsn(S\;l/n - S{;n)(st
v v (9T, T, v Py ar,
= ATJH 8Py + AT (22 6P,y + E55W) + T ASEESS,, + Pea (a526Pr, +
T, Pntlc,, PnrefC o) n+1” v
3508 ) Bbwc + an "’] 8Pry + (BW) 8S,, — Mkl + gl
(3.84b)
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Applying the equations to any grid block would give a penta-diagonal matrix as follows

B (8 4 85,),  + ¥ (0B +05,),_, + At (0Fyy +05,), +

v+1 v+1

errll+1

(6Psg +6S,) = W (3.84)

n+nx

(6Prg +6Sw) ,, + fa*!

The solution of the systems of equations for the gas and water (multiphase) flow can be

expressed in matrix form as follows-

s Pl | P& e |

] 2 1 2 1 2
leW bnw 6SWi’J'_1 an an SSWi—I,j dnw dnw (S‘Swi:j
; P ] 5 n+1v+1
N €n, €ng 6Pfgi+1.j + fny f"g 6Pfgi‘f+1 _ |'mrg (3.85)
el el Swierg ) iy SR 8Swier ] e |
oy Tow i+1,j ny Jny Lj+l nw

Where,

Superscripts 1 and 2 denote the coefficient of Prgand Sw respectively in the difference equations
of both gas and water phase flow. b,,, c,,, e,, and f,, are the coefficients of the diagonal elements
of the matrix in the East, West, North and South directions respectively. The diagonal element

of the summed matrix is d,, while h,, is the right-hand vector.

n+l"Y _ pn+lVonsl? n+1Vpn+1v n+!1¥ rpn+i® pn+1” n+1¥ rn+1v
bn - Bg,n T S + Bw,n Tw,s +Ptlgre+PtAWre+TDg,S Bg,n Cgpn +Bg,n Cgsn

9,
(3.86)
n+1"Y _ pn+lVontl? n+1"pn+1? n+1” rpn+1° Fn+1Y n+1 ~n+1v
Cn - Bg,n Tg,W + Bw,n Tw,W + Ptlgre + Ptlwre + TDg,W (Bg,n Cgpn + Bg,n Cgsn )
(3.87)
n+1"Y _ pn+lVon+l? n+1"pn+1Y n+1° rpn+1° Fn+1Y n+1” rn+1Y
en - Bg,n Tg,E + Bw,n Tw,E + Ptlgre + Ptlwre + TDg,E (Bg,n Cgpn + Bg,n Cgsn
(3.88)
n+ 1" _ pn+lVopn+l’ n+1’pn+1Y n+1° rpn+1¥ Fn+1? n+1¥ Fn+1Y
n - Bg,n Tg,N + Bw,n Tw,N + PtAgTe + PtAWTe + TDg,N (Bg,n Cgpn + Bg,n Cgsn )
(3.89)
n+ 1" _ pn+ P+l n+1°pn+1Y n+1"pn+1v n+1"pn+1? n+1"pn+1Y
dn _Bg.n Tg.S + BW,n TW,S + Bg,n Tg,W + Bw,n Tw,W + Bg,n Tg,E +

n+1"pn+1” n+1"pn+1? n+1"prn+1” n+1° rpn+1? Fn+1”
Bt T + BRTa” + B T 4+ 2(Pagre + Peay,e) + TR (Bl Cl” +

gpn

n+1Y ~n+1v n+1” rn+1Y n+1” rn+1Y n+1V ~n+1Y n+1¥ rn+1Y n+1” pn+1Y
Byn Cgsn )+ (Bg,n Cgpn +Bg,n Cgsn )+ (Bw,n prn + B Cwsn )+ (Bg,n Chpn +

n+1” pn+1”
Bw.n Ch,sn (3-90)

v+1 v+1 v+1 v+l v+l v+l v v+l

hy =By (B TR+ BT 4 Pogr, + T BT Ca™) -

n+1"* 17t n+ 1" a7 pna 1 a7 Y L I L e YU Lo
(Bgn Cgpn + Byn prn + Bgn Chpn —Mpn  — Mgin + Bgn gscn = 0

(3.91)
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11J+1
n+117+1 _ nt+ vt n+ v+ nt+ vt nt 1V vt n vt n+
hn.w - A1Twl,n chw,l - chw,n + Ptlwre + Bg,n Cgsn + Bw,n wsn +
RN Lag ety Ly n+1 n+1 ,n+1Y 41V n+1"t vt _
+ Bw,n Chsn (Pfg + SW ) — Myin — Mpin + Bw,n qwsc,n =0 (392)

The reservoir flowing pressure, phases saturations and inflow performance relationship are

computed as follows:

v+1 v v
Pt = PRl +opf (3.93)
SrHIT = gl g ggntl” (3.94)
Pl = prl” — Pt (3.95)
s o gnal” _ A s, (3.96)
_ 2mhkeg 2 2
Qgsc = W (Pfg — Pt/lgre) - (ow - PtﬂgTw) (3.97)
2hk,
qwsc = W [(Prw = Peaw) = (Pws = Puay,Teq)] (3.98)

The hydrate saturation profile is obtained from the expression of the dissociation equation -

2kZ g

ASp=1- 3
1°h ¢) AEeo\? )2
Kdyoe RT (Peq_Pfgn )

(3.99)

3.4 Implementation

The Newton iteration of the numerical solution of the discretised systems of equations were
implemented in MATLAB. First, a synthetic cartesian two-dimensional model of the hydrate
reservoir was built. A 1000m x 100m reservoir is considered and synthesised into a grid system
vertical and horizontal layers measuring of 20m x 20m and uniformly spaced. The reservoir
was initialized with pressure and temperature gradients that yield saturated conditions (hydrate
phase) in first 10 layers and unsaturated aqueous condition in other 10 layers. The matrix of
the numerical solution of the discretised reservoir systems of equations were executed in the
MATLAB using matrix block-diagonal minimization and Newton Raphson iterative methods.
The model computations were applied to each block by initiating a drive potential (reducing
the reservoir pressure from initial condition of 3.5MPa to 2.25MPa). The solution algorithm

proceeded as follows: Starting from the initial condition, at each time step, the equations were
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iterated until the solution obtained converges with a predefined tolerance level. During the
iteration step, the coefficients were updated with the pressure and saturation calculated for the
next time step. The program continued to compute for 6Ptg and 6Sw in v+1 iteration until the

values were small enough, with tolerance,

n+1v+1

v+1 v _
|5P?g+r} <P . —Pim|=/tol <&/< 107" (3.100)
|5 < Spt = it =/tol < ex/ < 107 (3.101)
wn = Jwn wn > ¢/ = .

To check the time dependency of the numerical scheme, the time-step size is successively
decrease for different test-runs. Iterative Gauss-Seidel scheme was used to apply and couple
the solutions for each section of the reservoir grid blocks; this formed the outer the outer loop.
Once convergence is achieved, the solutions obtained for the current and the next time steps
were used to update the coefficients of the systems of equations and then the algorithm
proceeds to end. The corresponding average reservoir pressure, phases saturations, flow rates
and production rates were collected as the simulation output. The simulation flow chart is

represented by figure 3.4 below.
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3.4.1 The properties of the synthetic reservoir model

A schematic of the physical test domain is shown in Figure 3. 4. The synthetic reservoir models
are presented in Fig. 3.2 and Fig 3.5. The initialisation data is in table 3.1. Data selection was

processes from multiple literature sources, benchmarked with Boswell et al. (2017).

~Hydrate Reservoir

Figure 3.6 Illustration of the Physical model of the hydrate reservoir test domain

Table 3.1 Mesh and initialisation properties

Reservoir properties Fluid properties
Lx (ft) 5500 Bgo (RB/STB) 13
Ly (ft) 4500 Bw, (RB/STB) 1.0142
nx 11 Cuw (psi-1) 3.00x10%
ny 9 Cq (psi-1) 5.00Ex10%
nz 1 Cu,g (psi-1) 4.00x1070¢
Reservoir
Thickness(ft) 100
Permeability (md) | 20 Pret (psi) 14.7
Porosity 0.3 Pyrer (psi) 14.7
Pressure (psi) 3200 BHP(psi) 1000
Temperature (°C) -8.25°C

Well conditions
Producer Wellbore Radius (ft)
Gas rate = 1000SCF/day 0.25
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Table 3.2 Phases and Saturation Properties
Properties Values | Properties Values
Gas saturation (Layer 1-10) 0.3 Molecular weight of | 18.015x10° kg
Water (H20) /gmole
Water Saturation (Layer 1-10) 0.4 Molecular weight of | 16.043x10°kg
Methane (CHa) /gmole
Hydrate saturation (Layer 1-10) 0.3 Molecular weight of | 119.543 x 103kg
Hydrate (CHa. /gmole
nH20)
Gas Saturation (Layer 11-20) 0.8 Molar Density 5501.5gmole/m?
(Water)
Water Saturation (Layer 11-20) 0.2 Molar Density 919.7kg/m?
(Hydrate)
Hydrate saturation (Layer 11-20) | 0 Gas phase viscosity | 3.8 x 103cp
K (Layer 1-10) (md) 25
k (Layer 11-20) (md) 100
Table 3.3 Phases and Saturation Properties
Parameter Value
Reservoir Reference depth 1100m
Reference Pressure 101kPa
Reference Temperature 25°C
Geothermal gradient 1°F/(100ft)
Porosity 0.3
Permeability 20
Molecular weight of Water (H20) 18.015 x 103kg/gmole
Molecular weight of Methane (CHa) 16.043 x 10 kg/gmole
Molecular weight of Hydrate (CH4. nH20) 119.543 x 10kg/gmole
Molar Density (Water) 5501.5gmole/m?
Molar Density (Hydrate) 919.7kg/m?®
Gas phase viscosity 3.8x103cp

Thermal Conductivity (Reservoir)

1.5 x 10°J/(m.day.C)

Thermal Conductivity (Water)

6 x 10%/(m.day.C)

Thermal Conductivity (Gas)

2.93 x 10%J/(m.day.C)

Fluid Enthalpy

1.925 x 10)/gmole

Pore Compressibility

5.0 x 10-10 Pa-1

Capillary Pressure o parameter 0.132 m-1
Capillary Pressure n parameter 2.823
Relative Permeability 0.6458
Hydraulic Conductivity 0.1 Darcy
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Figure 3.7  Two-Dimensional Reservoir Model (CMG-STARS”)
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Figure 3.8  Two-Dimensional Reservoir Model in Space (Thesis’)

3.4.2 Verification and Validation of Model

Model verification and validation are used to establish the credibility in numerical models.
While verification is used to establish that the model implementation meets the design
requirements and base case solution description, validation is used to determine the
performance and accuracy the model compared with respect to the physical system and in
comparison, with previous work (ASME, 2006). Model verification procedure involves steps
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described by Hillston (2003) and includes debugging, structured walk-through, continuity

testing, degeneracy testing and consistency testing.

First a synthetic base case model (without accounting for diffusive flux and threshold pressure)
was built and verified by comparing with CMG STARS simulation using default values from
the CMG STARS manual for hydrate simulation and range of values of hydrate reservoir
properties listed in table 3.1 and 3.2. The spatial distributions of Pressure and saturations of
gas, water and hydrate over time for gas production at the constant production rate are evaluated
in the base case with the CMG STARS and Thesis model. Figures 3.9 to 3.16 showed the
results obtained for the distributions of pressure, gas saturation, water saturation and hydrate
saturation both in space and time during production.

Results obtained with both models are in good agreement in all cases of the spatial profiles and
time evolutions of the pressure, gas, water and hydrate saturations. Figures 3.9 and 3.10 showed
that the pressure gradient and the minimum pressure of drive force around the wellbore
increased over time and tend to remain steady to the end of the production. It can be inferred
that equilibrium conditions started at 1,000 days as the pressure distribution in both cases
reached the equilibrium at about 1000 days. It can be observed from figure 3.11 to 16 that the
saturations of both gas and aqueous phases reached plateau at around 1,000 days also. The

results from both models showed similar trajectories for all the parametric responses measured.
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Figure 3.9  Pressure Profile of Gas Hydrate Production
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Figure 3. 12 Evolution of the Gas Saturation with time
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3.5 Temperature dependent model

To develop a forward model for profiling the temperature dynamics in the reservoir, the
internal energy conservation is considered. The energy balance equation would entail
combining the mass, momentum, and heat balance equations. The conservation of energy is
based on first law of thermodynamics with respect to changes in the internal energy of a closed
system. Applying material balance law and appropriate boundary conditions, the energy

conservation equation for any phase, p, in the porous medium can be written as

a a N N
2 pp (Up + 302) + B pyv (hy + 5v%) = Qu + Qs (3.101)

Change in internal energy and enthalpy are defined respectively as follows:

P

U,=h, — ; (3.102)
hy, = ppcpAT (3.103)
Where,

Q =Qr+qu

Q[ = Qin + Qloss/gain(Thermal wellbore)
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Q. = (kr5) = V. (=K, VT)

U, = specific internal energy of phase, p; h,, -= enthalpy of the phase;

Qy = heat exchange in the hydrate zone and interface between the reservoir and wellbore; Q=
conductive heat transfer;

du = qn + 4w + 4, = internal source/sink term of phase conserved per unit volume of
formation;

Qs = External heat source/sink term; Q;, is reservoir thermal stimulation source term;
Qloss /gain(Thermal wellbore) = Neat l0ss or gain in the wellbore and completion.

Q- = Qjpss /gain(Thermal wellbore) WheN there is no heat added to the reservoir in terms of
thermal stimulation

Q. — 0 for isothermal model consideration

For our hydrate system with three phases (hydrate, water and gas), the energy balance equation
is the sum of the energy conservation of individual phases. The energy balance equation can

be express as:

d
a [¢pgsghg + ¢pwswhw + ¢ph5hhh + (] - ¢)prhr]

a aT a : . :
+ 2 (kr ) = = (pgUghy + pwhw) = du + Or + Qs (3.104)
The effective thermal conductivity is

kr = ¢Sgkg + ¢Swky + ¢Spk, + (1 — Pk,

In this chapter of the thesis, isothermal model is considered. It has been noted that hydrate
dissociation is an endothermic process. Thus, a temperature model could be required for the
depressurisation controlled production. Decomposition in the depressurization method is
enabled by sensible heat of the hydrate sediment surroundings in relation to the hydrate itself;
no external heat source. The heat transfer phenomenon would be treated in the next section of
this chapter. The implications of the heat conservations on the application of boundary
dominated flow regime would be assessed. The transient dominating flow regime model will

be treated in the next chapter of this thesis.
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3.5.1 Heat Transfer in Porous Media (Hydrate Zone)

By the first law of thermodynamics, the total energy of a system is conserved,; that is, the energy
stored in a volume is equal to the energy that enters the volume, minus the amount of energy
that leaves the volume. The internal energy of a system is therefore conserved and is equal to
the sensible component of the thermal energy which incorporate temperature. The conservation
law is described by the heat equation which presents the transport of energy or heat flow as

summation changes of energy by conduction and convection as follows:
aT . .
PoCp o + PpCpVp-VT + V. (—KrpVT) = gy (3.105)

Where g, can be represented by
q, = —m,4Hy, (3.107)
AHp is the heat change due to the hydrate decomposition (rate of heat supplied from the
surroundings per unit time for hydrate dissociation) and can be obtained by regression (Selim
and Sloan, 1989).

AH,, = 446.12x103 - 132.638T (3.108)
The solid rock energy balance equation is simplified by the assumptions that the thermal
expansion for the solid phase is negligible and that solid phase has zero velocity. For most
solids, thermal expansion is proportional to the temperature gradient, VT . Thus, for the solid

phase energy balance equation is expressed as
(1= $)pncn ;= V. (1 = $)krnVT = 0 (3.106)

Combining the energy equations of the individual phases, the general energy equation for the
hydrate dissociation kinetics in the reservoir can giving as

[ppcp +(1- qb)prcr] Z—: + VT[pgcgvg + pwcwvw] - V[(KTpVT +(1- qb)KTrVT)] =

The energy equation above comprises of convective and conduction transport. To account for
energy change by molecular mechanisms (e.g. thermal diffusion and expansion) and energy
change due to body forces, as had been identified in the literature for our hydrate system, the
mechanisms for thermal signals should, Joule-Thomson (JT) effect and adiabatic
expansion/compression, are incorporated. Thus, the energy equation for fluid phase (p = gas,

water) is expressed as
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PoCp o+ pypCpVy. VT + KyV2T — BT S0+ BTUVP — 17w = 0 (3.109)
Where 1 = thermal tortuosity; g = thermal expansion coefficient.

Considering the whole system, the pore space occupied by each phase would be defined by
average porosity, ¢ , and the solid rock would occupy the remaining space, 1 — ¢ . Thus,
multiply equations 2.33 and 2.34 by the pore space occupied and combining them will result

to the volumetric average of the heat equation equations as follows:

aT oP
[‘pppcp +(1- ¢)Phch] Er ({bﬁpTE = —pppcpVp. VT + [d)KT,p +(1- ({b)KT,h] V2T +
¢BpTv,VP — d)erva + gy (3.110)

Considering the expression of thermal diffusivity (Eq.3.84), thermal tortuosity, T (Cooper, et
al., 2013; Cooper, et al., 2013) and thermal expansion coefficients, 5 (Tipler and Gene,
2008),

_ Krp+(U-@)Krr

T ppeptU=d)prer (3.1112)
_ L (9
B = V(aT)P (3.111b)
Ty =V XLbulk (3.111c)

Kreff

and equating the actual velocity in the porous medium, v, to the average linear (intrinsic)
velocity, u, (i.e. flow rate per unit cross sectional area), and defining the viscous dispersion

term as Darcy flow, ¢v = u,

The final energy balance equation becomes

aT ap :
[pppcsp + (1 — P)prcy] =~ PBpT 5. = —PpCpptp VT + V2T + wyrpPpCpup VP + Gy

(3.112)

By dividing Eq. 2.35 through by ¢, (where ¢, = ¢pc, + (1 — ¢p)p,c;), EQ. 2.35 can be

reduced to
aT oP ]
= BpHep >+ HUVT — aV?T — pyrHeuvP = 1/, (3.113)
Where:
Wt = (BpT-1) Joule-Thomson effect
PpCp
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a== Thermal diffusivity

Ay = ¢KT,p +(1- ¢)KT,h

¢t = Pppcp + (1 — P)ppey

Since we have resolved the pressure solutions, the energy conservation is resolved and coupled
to the pressure model. First the governing energy equation is expressed in terms of phases
saturation to match the pressure model. Implicit finite difference discretisation scheme and
Newtons method are also used to obtain the numerical solutions of the conservations of energy.
The resulting temperature solution is then combined with the pressure model at level of

Jacobian matrix implemented in MATLAB.

3.5.2 Governing equation
Applying the concept of control volume, we expand the energy balance equation (Eq. 2.38) for
each phase — hydrate, water, and gas phase, and multiply the pore volume with the saturation

of each phase to account for volume in place. The combine energy balance equation is:

oT aP
. = aLH

at Pt —He, VT + aV?T — tyrHepVP + QH/Ct (3.114)

Constitutive equations:

a, = ZpfpT The thermal linear expansion
PpC.
pCp
_ kk o b\ kkrg
Vo = — . VPp ,Uﬂ——(1+P—7)?VRq
_So ok . _
Hop = P y &= S0 = ¢Zp=h,w,g(pp5pcp)

Ae=¢ 2 (Skap) + (1 — §)Kyy

p=hw,g

ct=¢ Z (ppSpCp) + (1 - ¢)prcr

p=hw,g

The reservoir is subjected to no-flow boundary conditions so such that heat flow in and out of
the boundary cells is zero.
Gin =0
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Te=0) = Tir=0x)
Te>0) = Titro0)

T = Tyugs0) = Tiyroo)

IT|1X=%¥,0

Oxlx=0

3.5.3 Numerical Solution

The energy conservation equations were discretised in two-dimensional using the finite
difference method. The backward difference scheme was used for the space discretisation with
spatial upwind for the first order derivative and centred difference for the second order

derivative. Time discretisation was by first order forward difference scheme.

The discretise form of the heat equation is as follows:

Thtli_n

aT
or _u i (3.115)
at At
Tn-l]-] _ n-l]-l Tn+11 _ n+1]
i+ /5] Ti-1/5 Ljt'/, TiLj-/
VT = 2 2+ 2 - (3.116a)
Ax Ay
YRy U R VR PR AR
viT = 2L A‘;jz 4 oJE AL‘;Z Y (3.116h)
Thus, Eq. 2.38, is can be written as:
+1 +1 +1 +1 +l,om+l  TRYL Al pntl o pntl
TR — 4 Tiv=2Tey +Tisyy | Tojwi=2Th +Toiy il iml)hg | g, =,
P =T = At - + - + + (a
’ ’ Ax Ay Ax Ay
n+1

Hep) """+ (= )" HL (P + 57 + (M)

(3.117)
Apply Newton Raphson method, the above equation can be written in Jacobian matrix form
as follows:
JIF(T™I8T = —RIf(T™)] (3.118)
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n+1ly —
fTe = ( Ax? + Ay? + Ax

n+1 n+/ n+1 n+1
n+1 n+1 n+1 n+/ n+1 n+l1 T ,
TL+1]_2T +T;- 1,j Tl]+1_2T Tl] 1 H']/Q] ]/2»] + l]+]/2 lJ 1/2) [(a

+1 e+l pn
e G B 0 I B CR LD

Thus, for the 2 -D system, the solution of the discretised continuity equation for temperature

is modified to penta-diagonal system of matrix equations, as residual R — 0, as follows:

DI (6T nsx + e (BTnony + A2 (8T)p + e (6T piax +

1v+1

W (6T nsay = RiF (3.120)

bs, cy, eg and fy are the coefficients whose Jacobian are f(T™*1)”*1 in the south, west, east

and north directions respectively and d,, is the total diagonal element of the matrix.

Going forward, the solution of the discretised energy conservation equation is coupled to the
pressure model at the level of the Jacobian matrix for the newton iteration. The process flow

chart is as follows:
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Figure 3. 17  Flow Chart of algorithm for mass and heat flow in the Reservoir

3.6 Validation with Experimental Data

The thesis model was further validated using the experimental data of Li et al, 2010a, to
benchmark the simulation of the gas hydrate production. The experimental properties are based
on the field data of the hydrate deposit at Site SH7 in Shenhu Area, South China Sea and is presented
at table 3.4. An excellent match with Li et al experimental results is seen with both production
rates and cumulative productions with gas and water simulation trends matching closely as can
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be seen from figures 3.18 to 3.21 respectively. Although, the thesis model did not initially
include injection scenario, we introduced a source term to account for the injection cases in the
Li et al problem. We specify two injection and production rates respectively from the Li et al.,
2010a reference values. The rates are processed from the reference values as follows

Table 3. 4 Experimental Data and Parameters used for Simulation
(Li etal., 2010a, 2010b)

Parameters Values Parameters Values
Depth to Seafloor 1108m Intrinsic

Permeability 0.075mD
Reservoir Top 1263m

Porosity ¢ 0.4
Reservoir Bottom 1285

Relative kra = (Sa)™;
Overburden thickness 30m Permeability kea = (SA")N®
Hydrate layer thickness 20m Capillary pressure Pco~ Genchten

model etal., (1980)
Under-burden thickness 30m

Irreducible water
Initial Pressure 13.8MPa saturation, Sira 0.30
Initial temperature 287.31(14.15°C) | Irreducible gas

saturation, Sirc 0.05
Initial hydrate saturation, Sp | 0.44

A 0.45
Initial aqueous saturation, Sa | 0.56
Gas composition 100% CH4
Nh (Hydration number) 3.572
Geothermal gradient 0.0433 K/m
Formation density 2600 kg/m3
Formation Thermal Fluid Thermal 43.35 W-m-
conductivity, dry 1.0 W-m-1-K1 | conductivity 1-K-1
Formation Thermal Wellbore diameter 0.3m
conductivity, wet 3.1wW-m-t.K?

Case 1: Qinj = (4.32 + 0.13) t/d/cyclex 1cycle = 4.45 t/d;
Qpro = (5.18 + 0.17) t/d/cycle x 1 cycle = 5.35 t/d.
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Case 2: Qinj = (4.32 + 0.22) t/d/cyclex 1cycle = 4.54 t/d;
Qpro = (5.18 + 0.35) t/d/cycle x 1 cycle = 5.53 t/d.

Figures 3.12 to 3.15 presents the thesis model results and the respective inset results from Li et
al, 2010a. The results in each case are in close agreement and showed that the flow processes
captured in the thesis model are necessary the flow mechanisms. The gas production
behaviours are typical of the unconventional gas hydrate system.
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Figure 3. 18 Production Profile — Cumulative volume of gas produced with time
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3.7 Results and Discussion

Sensitivity analysis is used to investigate the influence of the incorporated variables on the gas
recovery from the gas hydrate reservoir.

3.7.1 Effect of Diffusive Flux

Simulation studies to illustrate the effect of gas diffusivity flux was conducted by setting the
diffusion coefficient to zero when initialising the model and results compared with original
model that incorporated diffusion flux term. Effect on production rate and cumulative
production was then studied. Figures 3.22 to 3.25 show the results of simulations with and
without diffusion flux consideration. Simulations were run for 350 days and 1200 days to see
the effects at later stage. It can be observed that with the inclusion of gas diffusion flux term,
there is significant increase in production rate. Thus, not including diffusion flux term in gas

hydrate production prediction model means production could be underestimated. From Figures
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3.24 and 3.25 showed the effects of diffusion coefficient and tortuosity. Results is indicated
that the increase of tortuosity results in decrease in the amount of cumulative gas production
rate and at a short breakthrough time. In such instance, the influence of diffusion coefficient
would not be felt at later stages of production as can inferred from figures 3.23. It can be
observed that the effect is more at the early stage of production. Thus, the sharp decrease of

the production rate can be attributed to high diffusion flux affected by low tortuosity.
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Figure 3. 22 Gas production rates with and without Diffusive Flux at 350 days
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Figure 3. 23 Gas production rates with and without Diffusive Flux at 1200 days
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Figure 3. 25 Effect of Diffusion Coefficient on Diffusive Flux

3.7.2 Effect of Hydrate Reservoir Heterogeneity and the dynamic
Permeability

In gas hydrate production, Heterogeneity has a great influence on permeability which is very

important in determining the reservoir fluid flow and gas production performance. When

hydrate dissociates during production, it creates dual continuum of dissociating and dissociated

front. This presents the hydrate system with phenomena of dual porosity in addition to the

heterogeneity of the depositional environment. These make permeability anisotropy a strong

issue to be considered in this thesis. Figs. 3.26 showed that as the permeability anisotropy
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increases, the faster the gas production rate reaches its maximum. The results from Figs. 3.27
and 3.28 also showed that as permeability anisotropy increased, the cumulative gas production
increased. It can also be observed the figures that main contributing channel towards
production is from the horizontal permeability. In figure 3.15, we compared first case: (kx =50,
ky=10) verses (kx =30, ky=10), given anisotropic difference of 50/10 — 30/10 = 2; and in figure
4.15, we compare second case: (kx =50, ky=5) verses (kx =30, ky=10), given anisotropic
difference of 50/5 — 30/10 = 7. Though in the second case the permeability anisotropy is higher,
the cumulative production is in closer match. Cumulative

7000000

—@— kx=30,ky=10
—@— kx=50,ky=10

6000000

5000000

4000000

3000000

2000000

Cummulative Gas Production (Sm3)

1000000

(]
0

0 200 400 600 800 1000
Time (days)

Figure 3. 26 Effect of permeability anisotropy on cumulative production (case 1)
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Figure 3. 27 Effect of permeability anisotropy on cumulative production (case 2)
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3.7.3 Effect of Gas Slippage Factor

To study the effect of gas slippage on production from gas hydrate reservoirs, different gas
slippage factors were considered for sensitivity analysis gas and water, total production rate
and bottom-hole pressure. Gas slip effect controls gas flow behaviour in porous media
especially tight gas reservoirs. It occurs because gas does not adhere to the pore walls, as liquids
do, when flowing through porous medium even the very tight and low permeability reservoirs.
Gas tends to find its way out of the porous medium or stay as free gas adsorbed on solid or
dissolved in liquid. The slippage of gases causes low differential pore pressures pressure and
lead to increase in gas flow rate in porous media. and pressure dependence of permeability.
One important problem effecting gas relative permeabilities in porous media is the effect of
gas slippage. For gas hydrate reservoirs, the gas permeability has a great influence on gas
production and the slippage correction is essential for accurate water permeability calculation.
Since this aspect of production from the tight gas hydrate reservoir (a good candidate for
slippage effect) remain unknown, this study applied slippage correction factor to develop the
thesis model. It was incorporated by non-Darcy flow consideration and with the factor b in the
Klinkenberg equation. The slippage effect could be expressed as a measure of inertia force and
the effect is evaluated by varying the inertia coefficient B in the equation. The equation is:

b

- B2
ki (Sg)
= n 22
1 ¢g
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Figure 3. 28 Effect of gas slippage on gas production rate
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Figure 3. 29 Effect of gas slippage on water production rate
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Figure 3. 30 Effect of gas slippage factor on cumulative gas production rate
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Figure 3. 31 Effect of slippage factor on cumulative water production rate

Figs. 3.28 to 3.31 showed that slippage factor leads affect gas production rate, and it has a
significant effect on cumulative gas production from hydrate reservoir which is felt more
during the early stage. However, inference can be drawn to the effect that at later stage, the
effect gas slippage factor would be lowered with increasing gas production. The early stage’s
increase in gas production could be attributed to effect of diffusion flux also, initially discussed
in the section above. And because permeability was measured as a function of water saturation,
the effect of gas slippage weakens with increasing water production. The slippage effect has
no or minimal influence on water production rate and cumulative water production. The results
obtained are important in crucial consideration of numerical modelling of relative
permeabilities and capillary pressure functions correlation to forces of inertia and slippage
effect especially in gas hydrate fluid flow where solid phase of hydrate constitute in such an

influence.

3.7.4 Effect of Threshold Pressure Gradient (TPG).

Figs. 3.32 presents the effect of threshold pressure on the pressure drive potentials for gas
hydrate production. Because the conservative fluxes are gradient forces, the pressure drives are
determined as gradient pressure. Examination of the pressure curves portrays that the pressure
curve with higher TPG tends to be hyperbolic while very low TPG is more or less of harmonic
function. The results are indicative that difficulty in fluid flow would occur in the reservoir
with higher TPG. Thus, in a low-permeability reservoir, a more driving potential is required
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for the fluid flow. More so, the effect of threshold pressure gradient on the pressure changes
are negligible at early stage of production but resulted in sharp pressure drops in later stages.
Results indicate that threshold pressure gradient causes a significant increase of the total
pressure drop. Thus, production rate would be higher with low threshold pressure gradient. To
this end, threshold pressure gradient could be made a limiting pressure in reservoir performance
modelling of low permeability reservoirs to eliminate backpressure effects and effects of grain
size. Thus, suggest would be to set the backpressure to a higher than the limit pressure. This is
can help to stabilise permeability and improve production rate.

10

Pore Pressure {MPa)

0 100 200 300 400 500 600 7JOO BOO 900 1000
Time [days)

Figure 3. 32  Effect threshold pressure gradients on pressure draw down

3.7.5 Effect of the sensible heat of dissociation.

The sensible heat of dissociation is the latent tendency of hydrate to absorb heat from the
surrounding and undergone kinetic decomposition. The thesis investigated the heat transfer and
phase transition process in the porous media and found that the sensible heat increases with
increase production rate. Thus, hydrate production occurs under isothermal condition because
of the sensible heat of the dissociation/reservoir. Production by depressurization therefore leads
to only a slight reduction in the temperature of the reservoir, which in turn only minimally
changes the internal energy of formation. However, for a low production pressure, the
temperature can fall below the hydrate formation temperature during dissociation, resulting in

decreased sensible heat of dissociation. Consequently, the production of methane hydrate is
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hampered to a point of abrupt cessation and to condition less than the hydrate formation
temperature. The heat of dissociation is therefore relatively low at higher pressures. Fig. 3.33
also shows that in the depressurization process, heat transfer from the ambient environment
will decrease the contribution of the sensible heat of the reservoir to hydrate dissociation,
especially for porous media with high thermal conductivity. Thus, it is indicative that the
sensible heat of dissociation is available from Joule-Thomson effect and adiabatic expansion
above the gas hydrate formation temperature. Due to the self-reformation tendencies of
hydrates, depressurization recovery method because reduced for hydrate dissociation above ice
point. Thus, conduction heat from boundary contribute to the dissociation from boundary
below ice point. The effect of convective heat can be said to be negligible at this early stage
and may be prominent in the fluid flow. By appropriating the contributions, it can be said that
feature like Joule-Thomson and adiabatic expansion supplies the sensible heat of hydrate
dissociation at the initial stage while heat conduction impacts the hydrate dissociation at later

stage.

Temperature Change (°C)
=Y

Pressure Change (MPa)

With JT+Expansion
With Conductive Heat

With Convective heat

Figure 3. 33  The thermal expansion and Joule Thomson

3.7.6 Effect of thermal expansion and Joule Thomson coefficient

The effects of Joule-Thomson and adiabatic expansion can be clearly identified from the

temperature profiles. Through identification of temperature responses induced by Joule-

Thomson and adiabatic expansion effects, a substantial temperature changes in the hydrate

zone is possible. This thesis identified the four major thermal properties contributing to the
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temperature signals, which include conduction heat transfer, convection heat transfer, Joule-
Thomson effect, and thermal expansion. Drawing from the inference from preceding section,
sensitivity of the temperature response to the fluid properties at the hydrate zone at the reservoir
level is temporal. The temperature profile is quasi-linear with typical conduction and
convection heat transfer. This points to the thermal expansion and Joule effect, with the
harmonic effect, as the prevailing driving potential on the averaging fluid flow along the porous
media. Joule-Thomson (JT) effect and thermal expansion provide the energy balance driving
the temperature difference and signal between major mechanism of heat transfer and

dissociation temperature in the natural gas hydrate reservoir.

Thermal expansion and Joule Effect
100000
90000
80000
70000
60000
50000
40000

Production Rate

30000
20000

10000

0

0 50 100 150 200 250 300 350
Time (Days)

Figure 3. 34  The thermal expansion and Joule Thomson

3.8 Uncertainty Assessment and Conclusion

The comparative effect of various sensitivity parameters on the gas flow is demonstrated based
on the Monte Carlo simulation. The Monte Carlo simulation (MCS) is a statistics-based
analysis tool which, through generating probability and value relationships for sensitivity
parameters, can indicate the range of uncertainties for a situation, necessary for better decision
making. The essential elements of Monte Carlo forecasting comprise sampling and assigning
distributions to input variables and the output random variable probability distributions scheme

such as uniform, normal, triangular and logarithmic distributions. The Monte Carlo simulation
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is implemented in MATLAB. To simulate the probability function based on the Monte Carlo
method, the range of uncertainties associated with estimated amount of gas production were
quantified to low case estimate, P10, best-case estimate, P50, and high case estimate, P90. In
each run, the numerical solver executed several Monte Carlo trials, spanning 10 min of
computational time to hours. The generated relationship between probability distribution and
production rate is shown in figure 3.35. As can be seen from the bell cover indicated by the
continuous orange line, the production rate decreased quickly with increased cumulative
probability of value about 0.9, indicative of a high probability event. °C from the simulation
results of the two distributions. The probability range of the effect of each sensitive parameter
on the production rate was calculated, and are shown in Table 3.5. The higher the probability,

the lower the production rate.

A sensitivity analysis ascertained those input factors most responsible for output variability.
With this, one can identify which input parameter, having a significant influence on the
wellbore’s thermal behaviour, could be managed by changing the major influential parameter,
coupling with the accurate numerical model. In this analysis, the input parameter was the
random variables, while other parameters were treated as fixed inputs at the P50 value. To
quantify the individual contribution of each parameter to the cumulative output variances, a
random variable is chosen as input and other parameters held constant for P50 values. The
degree of the effect of each parameter is shown in figure 3.36. The sensible heat of dissociation
has the highest influence (22.3%). It can be concluded that fluid properties, permeability,
diffusivity flux and slippage factors contribute eminently to the gas production. The complete
wellbore thermal capacity, however, is not treated as the essential target during the even though
it has a considerable effect on reducing wellbore temperature. Other parameters also showed
significant percentage that cannot be neglected in managing and sustaining gas production from

the hydrate reservoir.
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Figure 3. 35 Parameter Effects and Production Rate Probability
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Table3.5

Data analysis of the sensitivity parameter (Effects on gas production rate)

Probabilistic Probabilistic Probabilistic ..
Deterministic

Sensitivity Simulation Simulation Simulation Simulation
Parameter (Scf) (Scf) (Scf) (Sch)
P90 P50 P10
Threshold
Pressure 1.48E+3 1. 45E+3 1. 43E+3 1. 50E+3
Slippage factor ;o 4 1. 58E+3 1. 45E+3 1.50+3
Diffusive flux 4 6o y3 1. 58E+3 1. 50E+3 1. 55643
Permeability 1 60E+3 1. 58E+3 1. 53E+3 1. 55E+3
Joule Thomson
Effect 1.70E+3 1.59E+3 1.57E+3 1. 55E+3
Thermal
Expansion 1.80E+3 1. 60E+3 1. 58E+3 1. 56E+3
Thermal
Conductivity 1.83E+3 1. 62E+3 1. 58E+3 1. 56E+3
S§n3|b_le I_—|eat of 1 85E+3 1. 65E+3 1. 60E+3 1. 60E+3
Dissociation
Thermal Expansien ] 5.2%
Joule Thomson
Effect | g%
Threshold Pressure | 10.3%
E Slippage Factor | 10.8%
B
-E Thermal
g f 12.5%
.‘E‘
a3 Diffusive Flux
Permeability
Anisotropy 17.8%
Sensible Heat of
Dissociation 22.3%

Degree of parameters effects on production rate

Figure 3. 36 Tornado plot of influence of variable parameters on gas production rate
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CHAPTER 4

FULLY IMPLICIT FULLY COUPLED RESERVOIR AND WELLBORE
FLUID FLOW FOR NATURAL GAS HYDRATE PRODUCTION

4.1  Fully Coupled Wellbore Model

In this chapter a fully implicit fully coupled reservoir -wellbore flow model is being developed
for the more conservative representation of the continuum process in a seamless physical

production system of gas hydrate, typical of figure 4.1 below.

Choke G

well =
Reservoir —| Hydrate + NG i
Hydrate + NG
Decomposition front Decomposition front
\_. NG + water

Figure4.1  Schematic of Model of Physical Gas Hydrate Production System.

This thesis has underscored that difficulties in gas hydrate production might be attributed, in
part, to continued use of the decoupled approach in solving the flow and conservation problems
for a system with complex convective mixing processes and near-wellbore complexity. A fully
integrated and implicitly coupled reservoir and well continuity equations that capture the
hydraulics communication and interface interactions has been advised (Pan, 2014; Ertekin, 2001;

128



Mazumba, 2016; Halliburton, 2017). In this method the reservoir and well system are treated as a
continuum where relevant variables that affect fluid flow in the reservoir and wellbore are coupled
implicitly by solving simultaneously the various continuity equations in both the reservoir and the well.
The systems of equations would comprise the balance of the mass, momentum and energy
conservations in both the reservoir and wellbore. The resulting stiff partial differential equations
of the fluid flow in both the gas hydrate reservoir and wellbore in this thesis would be resolved and
coupled by implementing an interface mass balance equation which act as a mortar between the two
sub-models. The systems of equations would be coupled implicitly through an appropriate interface
treatment that capture the reservoir and wellbore interaction and the transient flow problems such as
phase segregation and reservoir-wellbore counter-current flow dynamics in the near-wellbore via

computational fluid dynamic scheme.

The solutions of the coupled reservoir — wellbore flow model consists of solving the derived
governing flow difference equations using fully implicit numerical approach and Newton-
Raphson method implemented in MATLAB. The equations are discretised separately and then
combined at the level of Jacobian matrix for simultaneous solutions of the objective functions.
The corresponding solutions of the reservoir model have been derived in the previous chapter
of the thesis. The coupled wellbore model would therefore be developed in this chapter and
implicitly coupled to the reservoir model to further create the fully coupled reservoir -wellbore
flow model for gas hydrate application. A model of a discretized fully coupled reservoir-wellbore

system is illustrated below:

[
| Production String (Well)
[
|

Wellbore

- =3 l
~ ~ : Reservoir
[ c |
Figure 4.2  Illustration of Discretised Fully Coupled Reservoir/Wellbore System
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4.1.1 Mathematica Formulation

Fluid flow in wellbore, tubing or annulus, undergoes physical changes and components
material balance by conservations of mass, momentum and energy like those in reservoir. This
research seeks to account for the pressure losses — Friction, acceleration and Kinetic energy
losses associated with the fluid flow dynamics and velocity change along the well trajectory.
Thus, the wellbore hydraulics would be incorporated into the reservoir model by considering
the transient multiphase flow dynamics across a micro-section, Fig 4.3a, of a vertical well
divided into several small N-segments (fig4.3b). According to the conservation law, the mass
flow rate from the reservoir last grid-block into the first segment/node of the wellbore is equal
to the summation of the reservoir mass flow rate, each wellbore/well segment acting as finite

conductivity.

e 1

2

3

z

Az i+1
* e -
1

1-1
Flow in Ne

(@) (b)

Figure 4. 3 Schematic of delineated and discretised Wellbore.

The mass, momentum and energy balance equations would be presented in the next section of
this chapter. The governing equations are tailored to the gas hydrate system based on the

following assumption.

4.1.2 Assumptions

The following assumptions are made in addition to the reservoir modeling assumptions in
previous chapter:

= Reservoir and well are seamlessly connected.

= No hydrate in the well, only fluid (water and gas flow)

= The phases pressures are equal, there is no suction pressure between the two mobile phases.
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= The fluid in the tubing has the same temperature as the tubing.

= The velocity of fluid in the tubing is equal to gas phase velocity that can sustain the liquid

(water) phase flow.

= Mixture properties of velocity and density are used for momentum conservation in the

tubing and were correlated to reservoirs using correction factors in the wellbore interface.

= Threshold pressure concept is applied to account for fluid flow velocity is equal to gas

velocity at which the gas phase could be the waiting phase.

4.1.3 Mass Conservation Equation

Consider multiphase flow dynamics of gas hydrate fluid across a micro-section of the vertical

wellbore at depth, z, measuring from the surface as shown in Fig 4.3a; the mass conservation

through the delineated section, Az, with cross-sectional area, A, of the wellbore can be

expressed as:

Mass inflow — Mass outflow = Accumulation + Sink/Source term.

(mA)e — (MyynzA)ae = (Perar — POALZ + Gae (4.1)
As Az—0 and At —0, Eqg.4.1 becomes the mass flow rate and can be expressed as:
am _ 09(pv) _

5 = o, m 4.2)

Considering the volumetric flow rate, the mass balance equation can be written as,

] ]
5P+ - (pv) = g, (4.3)
For multiphase flow, we multiply by saturation of each phase, p,

] ]
i (PpSp) +2 I (PpSpvp) = X Gmyp (4.4)

4.1.4 Momentum Conservation Equation

Considering the transient flow phenomena in the gas hydrate production and the fact that gas

phase is highly compressible and expands with high velocity, the transient momentum equation

for unsteady state flow would be used to incorporate the wellbore hydraulics into the model.

The rate of change of momentum equals the sum of forces imposed on the fluid which comprise

gravitational, frictional and kinetic energy losses. Based on the conservation law, the

momentum equation is described as:

d(pv) . pvdv dp  fpv? ,
——+5—=—- — —2—— posinf
dt dz dz 2d pe

For multiphase flow, the equation becomes
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9(pmvm) 9( PmVH) op fmPmVim .
o0 T ar T oz za T Pmesing (4.6)

The 2-phase friction factor is calculated from correlations that approximate the data on Moody
chart to the Reynolds number for mixture properties or Colebrook expression (Paul et al, 2010).
For laminar flow regimes, where Re < 2100;

64

fn= 2 (47)

For flows beyond the laminar regime, Re > 2100, Colebrook expression can be used.

Colebrook expression for smooth pipe for turbulent regimes is considered for the hydrate

system to achieve minimum head loss. The friction factor is expressed as:

7= [1.74 —~2log (% + )]_2 (4.8)

Re./ fest

€ is the pipe roughness.

f. and f,q are calculated and estimated values of the friction factor
Initial f,to start iteration is obtained from the friction factor expression for smooth pipes in
turbulent regimes (Chukwudozie, 2013).

fost = 0.0056 + 0.5Re %32 (4.9)

4.1.5 Energy Conservation Equation

A complete account of the flow system would entail descriptions and solutions of the mass and
heat transport processes. This becomes very pertinent as gas hydrate production involves
endothermic reaction, dissociation, and requires strong thermodynamic flow processes. The
heat continuity equation is coupled with mass flow equation by to obtain the whole energy
balance equation. In previous chapter, we considered an isothermal case in respect of boundary
dominated flow regime, and assumed no external heat source. In this chapter, the non -
isothermal transient flow regime model is applied. Consideration is given to the heat flux (heat
exchange) between the reservoir and wellbore. Sources and sink are considered and properly
treated. An important step is the calculation of the heat loss, evaluation of the temperature at
the reservoir/wellbore interface and cement/tubing interface. Formulation for heat loss

calculation is given by Willhite (1989) as follows:

Qi :AUhc(Tf_Ts) (4.10)
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Where,
Upe = % = the overall heat transfer coefficient; A= surface area where the heat
transfer takes place; T = Inside tubing/fluid temperature, T, = formation temperature
or solid surface temperature, ¢ = heat flux; AT = difference in temperature between

the solid surface and surrounding fluid area

From the derived energy balance equation, the transient model of the energy conservation in

the hydrate system can be presented by the transient heat continuity equations as follows:

For the hydrate reservoir:
ar op .
[pp cp + (I — P)prcr] =~ PBpT 5, = PpCptty. VT — XeVT — W pPpCpUp VP + Gy +

Q[ - AUhc(Te - Tsf) (4.11)

For the wellbore fluid flow:

The final wellbore fluid continuity equation can be expressed

[i (U + ?) pm] + :—x [(h + ?) pmvm] = —v% — pv? Z_Z + pvpgsing — Zm*toUhct(Tf -

T ) (4.12)

The heat source is treated as the viscous thermal flux from mechanical effect and is given as
Q = pv% — pv? % — pvgsind (4.13)
Combining Egs 4.12 and 4.13 and substituting the expression U and 4 in terms of ¢ , the final

heat diffusivity equation can be written as:

T op a .
piCgs: = BT 52 = PmCyVm- VT — keV2T — WyrpmCqmVP — pva—: — pv’Vv + pvgsind —

AU (T = Tsp) + dghreg (4.14)

For the fully coupled wellbore:

The wellbore completions (tubing wall, insulation, annulus, casing, cement, perforations) can
be treated jointly or severally as heat transfer interface between the wellbore fluid and the
formation. This thesis is limited to the tubing resistance, and it is incorporated by coupling the

governing equation obtained in line with Bergman et al (2011) as follows.

oT _ oT? 2hyt(roe—7ie)(T—Tsf)
PtCt 57 = ke 372 72, (4.15)
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Where, ,

;¢ = inner radius of tube

1, = external radius of tube/wellbore,

h,. = radial thermal resistance

Tss = Twn — grZ = Sandface temperature
T,,n = wellhead temperature

gr = the geothermal gradient

Z = the vertical depth(height) of the reservoir
Subscripts t and ¢ indicate tubing and cement.

Thus, we substitute for U and 4 functions with temperature and velocity variables and combine
the heat transfer equations in reservoir. The final energy conservation equation for the fully

coupled wellbore can expressed as follows:

T aT P
[gprcp + (1 — gb)prcr] S TP~ (,bﬁpTa = ppCpup. VT — A V2T — UyTpPpCpup VP +

. aT? 2hype(roe—7it) (T=Tsf)
qr + Qs - AUhc(Te - Tsf) - kt@ + — 2t L (4-16)

Tot

4.2 Treatment of Well-Reservoir Interaction and Interface Dynamics

To accounts for interactions between the reservoir and well, it is important to define the
pressure drop due to flows in completion and perforations and in the near wellbore. It had been
noted that the flow in the vicinity of wells is rather radial than linear. The volume integral over
the convection term of the continuity equation is replaced with a surface integral, Eq. (4.17).
The surface integral represents fluid flow through the perforations and across the boundary

blocks in the near wellbore from the reservoir to the well.

[V®,.ndS, = — [P X2 gp (4.17)

Pw Bplp
Where V@, is the phase potential across the cross-sectional surface area derivative of the grid

block and can be expressed as

- _9
Vlp = ~om (4.18)
q_p re E _ kkrp Pe
oo drw T = By Jp AP (4.19)
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dvBp _ _ kkrp (6_1’ T m) (4.20)

2nrh Bpup \Or An

However, the convectional backpressure correlation could not be applied for wells which
approached stabilized producing conditions slowly (Bahonar, 2011). This slow stabilization
characteristic has been associated with wells producing from reservoirs of low permeability,
typical of natural gas hydrate reservoirs. Therefore, to ensure that the right remedial action is
taken to improve the productivity of our gas hydrate well, the divergence theorem is applied to
formulate the interface equation that fully implicit coupled the reservoir and the well
(Muggeridge et al, 2002). Considering the velocity of fluid in the tubing as equal to gas phase
velocity that can sustain the liquid (water) phase flow, the mass conservations is assumed to be
equivalent to the volume conservation under the same conditions. Thus, an interface equation
which expresses the evolution of the volume fraction is added to the coupled wellbore mass

and momentum equations (Saurel and Abgrall,1999).

d , G ,
E(pgqg) T v &(pgqg) = Tug(F — Ry) (4.21)

The gas flow rate derivation requires special consideration. The volume fraction across the
reservoir-wellbore interface which propagates with the mean interfacial velocity that might not
be equal to the fluid velocity would require incorporating the pressure correction factor that
couple the reservoir and wellbore mass and momentum continuity equations. Hence with the
adjustment for the two-phase water and gas flow, the modified equation obtained can be

expressed as follow:

a ; , 5}
(1 - ¢) a(ngQ + pwqw) - (vm + vi) 9z (meSc) = ZTug (Rg - Pw - Pi) (4-22)

Where ¢, = outflow or inflow rate through the perforations/completions; v; = velocity

correction factor; P; = pressure correction factor to account for the interfacial pressure

differential for the two-phase crossflow and wall effect T,,, = Crossflow/flux term and can be

calculated from the formula of Kazemi et al. (1976) in Kast and Hohenthanner (2000).

T = kmpgo(Pi—Py) (423)
u
oc=4% (L +—+ i) = the crossflow coefficient (4.24)
Ax%2  Ay?  Az2 '
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The well-block flowrate for the anisotropic system can be calculated from the Forchheimer
analytically model of HU et al (2007).

—-(vo,) = vp + BpPpVi (4.25)
1.485 X 10°
ﬁp = k1.021 (4.26)

The plot of the derivative of the flowrate against the pressure gradient is represented by the

finite difference approximation in one spatial dimension as follows.
qp*t = alPtt + by (4.27)

The wellbore model provides the boundary pressure which the reservoir model uses to calculate
the flow rates of the phase flowing into the well. Whereas “a” and “b” are sensitivity

coefficients calculated at the last iteration of the Jacobian matrix as follows (Sagen et al., 2007).

n
an = ( :_1: ) (4.28)
bt = qF + alP} (4.29)

4.3  Governing Equations of the Fully Coupled reservoir-wellbore Model

The derived system of equations that described the mass and heat transfers in the gas hydrate
reservoir and wellbore fluid flow are combined to obtain the complete description of the
systems mass and heat transfer equations for the fully coupled reservoir-wellbore model.
Therefore, combining with the appropriate reservoir model in the previous chapter and

boundary conditions, and rearranging, the continuity equations are as follows:

Reservoir:

9 (¢5 . Adgsc

E<B_j) = V. 1By (1 + ) (VPrg = Apg)+ DrVS, —thy + gg (4.30)
9 (PSw — kkrw ‘ Awsc

E(E) = Vb (VPrg = Aepw) — 1w + B, (4.31)
PR = i, (4.32)

[qbpr Cp + (1 ¢)prcr] ot ¢.Bp 3t = PpCplUyp. VT — 7»,:[727" — WTpPpCplUp VP — qp +

QT + AUhc(Te - Wb) (433)
Interface:

a , , a
(1 - ¢) a(pgqg + prIw) - (Um + Ui) a (pquC) = 2Tug (Rg - Pw - Pi) (4-34)
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aT aT? 2Ry (Toe—7i) (T—Tsf)

A (43

Wellbore:

0 a

E(pgsg + pwSw) + E(pgvg + Pwtw) = dg + qu +mg +m,, (4.36)

d 0 2 2 _ opP fmpmv,zn . 7] ,

3c (PgVg + puvw) + 57 (pgvg + puvia) = =57 = 507" = pmgsing + Pi 3 (pgd,)
(4.37)

aT P i} or 92T oP i) ,
PmCq 57 ~ BQTE + ,Dva—: = PmCgVm 5, — ke 272 HTPmCgVm 5~ — pv® 6_Z + pvgsing —
AUhc(T - Tsf) + ‘?gschcg (4.38)

4.4  Boundary condition

> Initial conditions

The initial conditions from which the solution of the pressure and saturation equations
propagates are conveyed by specifying a single value of pressure and saturation throughout of
the grid blocks, such that

Pyrt=0) = Pz)e+a0) (4.39)

Vy(t=0) = 0 (440)
Also, the formation and wellbore fluid and completions (tubing wall, insulation, annulus,
casing, cement) are in thermal equilibrium initially. So, the initial temperature conditions can

be written as

Tre=0) = Tsy (4.41)
Tsp = Tg; for (Z £ Z,) (4.42)
Tsp = Tei + 812 for (Z > Z,) (4.43)

» Inner Boundary condition

The wellbore model provides the boundary pressure which the reservoir model uses to calculate

the flow rates of the phase flowing into the well. Considering the inertial forces and convective

flow processes in the near wellbore, rate constraints are imposed. Flow rate would be set at

value that limits transformation of the pressure loss from weak inertia regime to strong inertia

regime. As such, Dirichlet boundary conditions was imposed to keep the presence of gas phase
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on the wellbore boundary. The whole wellbore domain would therefore be all together of
aqueous phases under a given pressure and temperature condition and constant gas flow rate
well constraint. The fluid flow velocity is equated to gas velocity at which the gas phase would
be able to sustain the liquid (water) phase. The molar flux of the gas through the surface is

equated to the absolute value of the rate of change in the moles of the gas at the interface.

J§ = Img|, >0 (4.44)

A more realistic inner boundary condition is to consider as infinite conductivity, implying that
the pressure along the open portion of the well-bore is uniform and the integral of the resultant
flux over the perforated interval is equal to the constant specified rate. Thus, the inner boundary

is as such that:

8 (P=ApwT) _ Ng  2ZTPs (ZTPSC )2
nor r=ry = dgsc 2nrhkyg TscP + BPglgsc TscP (4.45)
+17 n+1
2TKeqAz (k )” k
n+l _ €q P P_n+1 _ PTL+] -2 +2 n+l g 4.46
CIsci% ln(req/rw+s) Bpip " ( i wf bw) BH[ Byig i1 ( )

The unconventional flow factor, beta factor S , is obtained by combining and modifying Fick’s
law and Forchheimer- Drift model law (Takhanov, 2011; Shi et al, 2005).

Sglvml
17?:11 = Bmax = ]lg Z_ (4.47)
sfg
JE = |my| 252 (4.48)
JE = |DpVS,| <20 (4.49)
b _
a5, ! (4.50)
s _ (4.51)
P '

Vsrg = gas wetting phase velocity. That is the velocity at which the gas phase would be able to

sustain the liquid (water) phase flow. v,,, = mixture velocity.

Outer Boundary condition

The reservoir in this work is subjected to a no — flow boundary condition on all sides so that

the flow rate of the gas and water phases into the boundary cells is zero. This is equivalent to
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the reservoir system bounded on all sides by impermeable media. Thus for the boundary grid

blocks.

Proooty = Puwp = Pei = Ppn fOr (Z > Z,) (4.52)
Torowmp) = Tsp = Tei + grZ for (Z > Z,) (4.53)
e vmo 0 (4.54)
ag_if o 0 (4.55)

4.5 Numerical Solutions

The numerical solution would involve discretization of the equations in time and space using
finite difference scheme. Time discretisation would be by the first-order backward difference
and space discretisation by the first and second order centred finite difference scheme.
Production from a vertical well in one dimensional transient flow model is considered here in
developing the coupled wellbore model. The well is divided spatially into N, segments and the
flow continuity equations are discretised and applied to each block starting from the surface
down to the wellbore where it translates to and link up to the reservoir model via the appropriate

boundary treatment.

4.5.1 Discretization of the Coupled wellbore

Consider a one-dimensional flow through of a segmented vertical well represented by figure
4.9, with reference depth, z, at a node with centre node, j, the lower and upper adjacent
segments would be j + 1 and j — 1 respectively. The transient wellbore model can be written

in reduced form as follows:

| =

z |7
1

N

=7
“f P
Re——1
- -4J

Figure 4. 4 One-dimensional Discretised Wellbore.
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au |, 0
U 2FW)

+ 5, —H(U) +S(U) (4.56)

Where
U is the vector of the conservative variables; F is the spatial flux vector; H is interface
matrix containing the non-conservative variables; S is a vector of algebraic source

terms. The matrices can be expressed in primitive form as below;

- [

—qgsc 0 0 O 0 0
|/ Qgsc \| |/O 0 0 0 0 \|
SW)=| fFgtbyy | H=l0o 0o P 0 0 |
| Bow + Gpw | kO 0 0 -—Pp 0 |
\ Tugby + TMgPW/ 0 0 O 0 —vi/
Gpg = Pmgsing; F,, fmngvg

Computing the Jacobian Matrix:

We write the finite difference approximations for each phase flow through each grid
block/segment in residual form, R = 0. The reference wellbore segment is represented with i
with i-1 and i+1 as lower and upper adjacent segments respectively, with segment length = Az,
cross-sectional area = As, whereas n and n+1 represent the current and next time levels; Ly =

Full length of well or Length to point being analysed).

UL _ (4.57)

R,=Y (Un+1_Un) +Y (F113-+11_F1n?) + Y SUM + g H-;A

The implicit finite difference discretisation of the conservation equations can be written as
follows:

= Mass conservations

n+1_ n+1 n+1 n+1
R _ ASAZ('DQJ pg,i) n (ng+1/2”m1+1/2 pg.j—l/zvm.j—l/Z) n+1 (4.58)
Mg — At Az qSC]g '

140



n+1 n n+1 n+1 n+1 n+1
ASAZ(PwJ —Pw.j) As(f’wJ+1/z”mJ+1/z - Pw,j—l/z”m.j—l/z) n+1

Ryw = At + Az — Ascjw (4.59)

= Momentum conservations

2 2
n+1, n+1 n.n n+1 n+1\_ n+1 n+1 n+1_ pn+1
AAZ(p v pg,jvw,j)+ Pm,j A(v ) Pm,]—1A(Vm,1—1) PJ-+1 P;

R. — m,j Ym,j ~ m,j J
F.g At Az Az +
2
ft ot (ot . AtdGT
mi m;d( mj ) + ,017111+1vrrrl1+1g pg;lgSLTLQ + Pi AZqz (4.61)
2 2 2
PO i i ) B A Vi M it R i i Y
Fw At Az Az 2d;
. Atogh
pui tgsing — P =" (4.62)
= Interface equation
R, = 482 gyt (s _ pn y _ \PBIOR = PRTRY) | ynet (et acod)
L™ At qSCi_% pg,i pg,i Az 9J; Az Ui Az
(4.63)
= Energy conservations
Tt _n pnti_ pn pnti_,n
_ n n LJ L _ phpn T n_ _tj LJ n n_ i LJ
Rrp = 20405 =2 BT Ppipi = ac  TPpj%i = T

n+l n+l | pn+l il _ pntl pntl _ pn+l
2k Tigj =217 4T — oM M. i+, i, + un noenon. i+, i, +
t ) Pp,j €p.iVp,j Az WP, i €p,iVp.j Az

n+/ n+/
v, -V, +1 +1
n U2n ( ]+l/2 ]_]/2> _ Uzcnr(Tn _T?f )

n n . n+1
pJj PJ 24z 2 ~ Pp,iVp.i8 + (qgschcg ) +

N4l _ el ol el
hye(roe—Ti) (T3 —2T; 4Ty = Tsri')

2d

(4.64)

4.5.2 Newton-Raphson Method

Applying Newton-Raphson method, the above derived finite difference solution of systems of
governing equations can be implicitly combined and coupled to the reservoir model at the level

of Jacobian matrix.
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Computing the Jacobian matrix for the Coupled Wellbore results in

R s = l[ [a?(";)”ﬁf(x)] (4.65)

The objective function f(x) are the main unknown variables. For our case, they are pressure

(P), fluid temperature (T+=T) and flow rate which is a function of the velocity (§qs.).

n+1”
(fx)
[ [6f( x)

unknown variables of the finite difference equations).

= the Jacobean matrix (i.e. matrix of the derivatives of the coefficients of the

[R”&%TZ e | = vector matrix of the residual of the equations

The derivatives of the non-zero conservative primary variable items in the Jacobian matrix are

grM+1Y ?glv

Vi = As(_pmi); Vemira = As(pm,iil);

v

Rig” _ a ( opg apw) _

dP; dig 5p 18 ap

oRET _ ( 0pg apw) LA ( Pgpg 7o)
P, s\ T diggp ~Yigp ), s\Tig7op T "dig5p ),
aRIEY 1 R 1

aT; ' 9Py,

+1V +1V
(3wa — LN(_meiVm,i) . aRPw =L (pml+1 + 2Pm,i+1Vm, 1+1) +L (fmlpm ,i+1Vm, 1+1) .
0T, Az " Vit N at d; N d; :

v
angl = —A (_ Vm,i apmi) .
0q; S dq;, '

n+1V 2 n+1V 2
aRi,w _ (_Vm,iapmi) . aRi,w _ (apm,,iil) (Vm,iil + Vm,i+1 + fm,iPm,i+1Vm,i+1

; + gsinOL )
00i+1 Az dq;, 04 i+1 04i,i+1 At Az dj & N

Thus, for the one-dimensional wellbore, the solution of the difference equations can be

modified to tridiagonal systems of equations as follows

(8P + 8T + 8qg.) + d™ " (8P + 6T + 8q5.) + e" (8P + 6T + 8q5,) = RM™"
(4.66)

Where,
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c;, d; and e; are the derivatives of the coefficient of the primary variables, and d,, is the

diagonal element of the sum of the matrixes.

C;i—1 C‘}’i—1 Cflli—l [ ép 1 d£11i d\}vi dilll [ 6P 1 [egz+1 evlvt+1 ehl+1][ 6p 1 [Rn+1v+1]
Cgi_l C‘%}i—l szll-_l I 6Pi I . déi d‘%/i dizl, I egm el h,+1 | L I IRn+1v+1|
Cg3i—1 C‘i’i—l Cgi—1 6T dgi da/i | egl+1 ev?l)/i+1 hivq | n+1v+1
[Cgi—l C‘j’i—1 Cgi—1J lquCJ [d.gi d:}vi J I-SQSCJ [egl+1 e\;‘lt/i+1 e;l}1+1J |-8qst Rgstlwl

Superscripts 1, 2, 3 and 4 indicate the discretised conservation equations (mass,
momentum, energy difference equations and interface equation respectively) and

subscript g, w, and h indicate gas, water, and hydrae phase respectively.

The solution of the coupled wellbore model and interface equations above is combined with
the solutions of the reservoir difference equations at the level of the Jacobian matrixes as
obtained in previous chapter, chapter 3 and solved together via orthomin-diagonalisation
method implemented in MATLAB.

4.6 Implementation

The simulation deck was set up in the MATLAB with entries of necessary parameters. Because
measurement is required at the wellhead, well constraints are defined. The well rate is specified
to a targeted value and controlled in the simulation by decreasing or increasing the flow rate
slowly, at small time steps, to a reasonable value or as desired. The initial production rate was set
a minimal guessed value, as the possible mass flow rate of the reservoir that would enter the wellbore
from the last reservoir grid block across the perforation up to the wellhead or grid-block being analysed.
The reservoir and wellbore are fully implicit coupled via the coupled wellbore interface model. The

residual form of the rate constraint would be defined in next time step n+1 as follows
Psclsc = Ansgprrll:ql 71115—;1 Rg:glwnsg (4.67)
The iterative relay is offered by the boundary communication equation below
qitt = alP*t + b} (4.68)

where P;and g, are the cross-flow pressure term and flow rate for a specified phase, p, while

‘a’and ‘b’ are coefficients.

Using the pressure calculated, flow rate terms are updated to the current time step and passed
as wellbore potential. The sensitivity coefficients of the coupling equations are calculated and
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updated. The iteration is then proceeded to the next time step. When the wellhead pressure
drops to or below a specified value, a constant wellhead pressure is specified as constraint using

the expression below

REGL = PIEL— P =0 (4.69)

Pseg — ‘seg

Once convergence is achieved, the iteration solution is updated to the new time step and
proceeds to end. The simulation steps are summarised below; and the flow chart is illustrated in figure

4.5.

i. Initialize all the parameters with data from the file.

ii. Set up the Newton iteration algorithm.

iii. Calculate the residuals and the Jacobian matrix of all the auxiliary equations

iv. The linear equations are iteratively solved, and the residuals are compared with the
tolerance. During the iteration step, the coefficients are updated with the parameters calculated
for the next time level

v. If the convergence requirement is met, then next time step.

vi. If the iteration cannot converge, you may cut time step and repeat the Newton iteration.
If the final time step is not reached, go to step (iii) for simulation at a new time step.

vii. Write an output file at the designated time steps.
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Figure 4.5  Simulation Flow Chart of the Fully Implicit fully Coupled Model

4.7 Validation

To validate the developed the fully implicit fully coupled gas hydrate reservoir-wellbore model,
results are compared with alternative solution schemes with similar subsets of the parameters
and processes. This is because there is no directly related analytical or alternative numerical
model in the literature. Use of alternative solution schemes that numerically verify the
subdomains of the fully implicit fully coupled model can suffice to verify the reliability of the
fully coupling processes and validate the simultaneously implicit coupled parts to whole. In this thesis,

the reservoir part (decoupled from the wellbore) of the fully coupled model had been validated
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in the previous chapter. The coupled wellbore model is hereby being validated using analytical
model of non-isothermal transient flow in natural gas well by the approach of Abbaspour and
Chapman (2008). It entails solving the transient gas well flow equations of mass, momentum
and energy, where the compressibility factor is treated as a function of temperature and
pressure, and gas (methane) is considered to behave ideally. Data from the classic Masuda
experiment (Masuda et al., 1999) are used in the simulations. The Masuda et al. (1999) is
considered classic as a pioneering experiment widely used to verify the accuracy of gas hydrate
models (Hardwick and Mathias, 2018; Sun et al., 2019a; Deng et al., 2020). The fully coupled
wellbore-reservoir model is solved using the fully implicit method of Sun et al. (2019). It entails
coupling the algorithms of the subdomains using both the successive over relaxation and the
general minimum residual methods. The derivation of the analytical model solutions is shown
in the Appendix B. Base on the conservation laws, Mass, momentum and energy balance

equation are as follows:

5} d

a((ppgsg + dpwSw + ¢ph5h) + o (pgvg + pwvw) =qg +qw + myg+my +my (4.70)
v )

a2 (pava) + 57 (pgvf) = =5 = #5 = pmgsind (47)

0 ) oT )
at [¢pg5ghg + ¢pwSwhw + PprSphp + (1 — ¢)prhr] + ax (kT a) T ax (pgvghg +
pwhw) = qghg +qwhw +qn + qin (4.72)

The solutions of the Mass, momentum and energy conservations by the analytical model are given by

equations 5.1, 5.2 and 5.3 respectively.

-1 -1
min| 1 0z 1 0z aT ZRT |1 1 (0Z a
N e )
at T T P ap at pa P z\or/p ox
oo _ (p qscngT) aT {[ZRTT (pscgqscngT)] [1 e (az) ]dT} 1 0dscqg
at PA dx c PA T aT Ascg 0x
i az\ lap , [I 0z\ 1dT) , 2f zZRTq3 q
Lo b() | [ h () | ey e
P ap)rlax ' It ot/ pl dx CDAP Cscg
0qscg _ PscgZRT 9qscqg [1 E(%) ] [a_ pschschRT opr _
dt PA  dx s¢g z\apr/rl lot PA
1 1[0z aT Pscg‘IschRTaT 6P mepschRqucg
Gseg [7+5 (52) | 5 + 20 oo - T (4.75)
P pscg X DAP
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Figure 2 and 3 show the comparison of gas production rate and cumulative production between this
thesis simulation results and the analytical model, respectively. An excellent match has been
obtained for both cases of pressure and temperature rates of change as shown by figures 4.6
and 4.7. There is also a close match with very small variation in the trends of production rates in the

results. Thus, the thesis model is verified as cable of representing the flow mechanism in the gas hydrate

reservoir under the experiment conditions.

12 -

— Analytical Model

Pressure (MPa)
[ee]

6 1 Thesis Model

4

2

0 += ‘ ‘ ‘ ‘ ‘ ‘ |
0 50 100 150 200 250 300 350

Time (Days)

Figure 4.6  Pressure Change Comparison of numerical and analytical solutions
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Figure 4.7  Temperature Comparison of numerical and analytical solutions
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Figure 4.8  Gas Production Rate Comparison of numerical and analytical solutions

4.8 Comparison with Sequential Coupled Model

To provide confidence in the fully coupled model as a whole continuum, the simulations using
the developed fully coupled model are compared with the simulations using the alternative
sequential coupled model. The sequential model is developed by coupling the independent
solutions of the differences equation of the reservoir model and the wellbore model using the
implicit-pressure-explicit-saturation (IMPES) method to obtain quick convergence. According
to IMPES method, the pressure of the phases will be solved implicitly and the solution obtained
will be used to explicitly solve for the saturation of the phases. To obtain the implicit pressure
solution, the gas and water equations are scaled by multiplication with their respective
formation volume factors and then combined to eliminate saturation terms. Starting from the
initial condition, at each time step, the equations are iterated until the solution obtained
converges with a predefined tolerance level (10°). During the iteration step, the coefficients
are updated with the pressures calculated for the previous iteration level. Once convergence is
achieved, the solutions obtained for the current and the next time steps were used to update the
coefficients of the systems of equations and then the algorithm proceeds to end. The
148



corresponding average reservoir pressure and bottom-hole pressure are evaluated. The flowing

pressure of any grid-block is:

v+1
Pngi = Pi - Z P}lgtl (476)

The pressure solution in residual form are computed as follows:

n+1V _ pn+1” pn+1vtt n+1v pn+1v+t n+1Y pn+1v+1 n+1v pn+1v+t n+1% pn+1v+1
Rpy™ =bpy™ " Prgisy + ' Prgwy + dn™ Prgn  ten” Prgy + 7 Prgaw

(4.77)

The saturation for individual grid blocks is obtained from the diffusivity equation for water,

given by

n+1? _ 1 1 n+1? [( pn+17+ nt+1v+1 nt+1v+1 nt1v+1 n+1
Rs - Sw,n + o1’ {Zlelpn Twl,n Pg,l - Pg,n - cgw,l T chw,n + qwsc,n -

wwn

v v+1
el (A | B | (4.78)

The developed wellbore model is coupled to the reservoir by constraining the bottom-hole
pressure since measurement is meant to be at the surface for the coupled model. The solutions
of the discretised the well model equations are applied to each block starting from the surface

and solving till the bottom-hole pressure is obtained.

R&l/+1” — Uin+1 — Ul — % j1-1|-1 _ 1:}711) — Atql (4.79)

2
n+1 n+l_ n .n n+1 ,(, n+l n+1 n+1 n+1_ pn+l
AAZ(pm,j Um,j ~ pg,j”m,j) n Pm,j A(”m,j ) - pm,j—lA(Um,j—l) + Piiy —P; +

V(Ffr’lfl - Fi’il) = At Az Az

2
FRHL gt (nt . Ataa™
e méd( ) + it tuittg prttesind + Py tAqu (4.80)

The mixture in velocity is evaluated using drift-flux wellbore model of one-dimensional gas
flow through an open pipe, represented by the empirical constitutive relationship below:

Vg = CoVp + Vg (4.81)

The variables have been defined in literature review

The energy conservation equations are solved and coupled to the solutions of the systems of
equations for non-isothermal model at the level of Jacobian matrix. For the isothermal model,
the temperature component is eliminated from both coupled schemes. The discretized energy

balance obtained can be expressed as:
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Q)

R = TP — S, TN = ST, — ST — ST, + (1428, + 28, )15 - e
m=p

- 1;j 2]

(3.81)
In coupling the systems of equations, the method of simple iteration of all non-linear
coefficients is used. The global matrix of the solutions of the coupled systems of equations can
be expressed as Bahonar M. (2011). The norm is diagonolised and implement in MATLAB.
Where the convergence is achieved in each subdomain when

lim|| R+ < 107°.

The global matrix of the solutions of the coupled systems of equations can be expressed in line
with Bahonar (2011) as follows:

1

2 2 2 2]z
R lIRsll lIRwl IRl
||Ri||=[(R,['+fJL1) + () () +()] (482)
N w

14 T

The production potential of the hydrate deposit at Site SH7 in Shenhu Area, South China Sea
and experimental data of Li et al, 2010a are evaluated using the two coupling schemes. The
parameters for the simulation are as listed in chapter 3 of this thesis. Production from a single
vertical well is considered with the production pressure of the well set as 4MPa. The numerical
simulation of the hydrate production features using the two models were compared.

4.9 Results and Discussions

4.9.1 Effect on Production rates

Figures 4.9 and 4.10 present the responses of the fully implicit fully coupled model of this
thesis production and the sequential coupled model to varying production rates. The cumulative
productions are evaluated consequently. A 350days production of the gas hydrate is simulated.
As can be seen from the figures, the gas flow rate and the cumulative production in both models
showed similar trends. However, with the thesis model, the flow rate started gradual decrease
from the initial drop while with the sequential scheme, it experienced a sharp decrease for some
days before it started to gradually decrease. Also, the fully coupled enabled higher flow rate
from the beginning. This was followed by almost equal decline rate with the sequential model
towards the end of the simulation. Subsequently a staggered decrease and gradually decrease
can be extrapolated for long time production with methods applying the thesis model and
sequential scheme respectively. It can be implied that, with the thesis model, the hydrate

experienced stable dissociation as the saturation and aqueous’ equilibrised toward the near-
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well, while with the sequential scheme inertia and slippage effect could be prominent leading
to the sharp decrease the flow curve. It could be said that the sensible heat of the dissociation
is activated and acting out better in the model; initial analysis in previous chapter can be used
to encapsulate this inference. The cumulative produced volumes of gas from the thesis model
graphs are consistent with the observations made on the relative magnitude and evolution over
time in the Shenhu Area of the South China Sea by Li et al (2009a). Moreover, the maximum
gas production rate has higher order of magnitude with the thesis model. Thus, gas production
from hydrate deposits may be more technical viable with the fully implicit fully coupled

reservoir-wellbore simulation model in this thesis.
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Figure 4. 10 Cumulative Gas Production of the Coupled Models
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4.9.2 Gas Recovery Factors
Figure 4.12 presents the evolution of the predicted gas recovery factors. The gas recovery factor
is calculated from:

Myiss
mp

RF =

Where, m,;;5= amount of the dissociated hydrate (mol); m,, = total amount of the hydrate(mol)
of hydrate occupying the dissociation area. It is therefore dimensionless and can be expresses

as a fraction or percentage.

Figure 4.11 showed the gas recovery factor by the fully and sequential coupled schemes. It
depicts that the fully coupled scheme in this thesis enables higher recovery factor. It can be
seen that the ultimate recovery for fully and sequential coupled scheme are 48% and 30%
respectively. Apparently, the gas recoveries with fully coupled model is 18% higher. This
without any difference between the two methods. The recovery with the fully coupled method

is therefore higher than that of sequentially coupled method under same production time and

conditions.,
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Figure 4. 11 Gas Recovery Factor with the Coupled Models
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4.9.3 Measurement at Wellhead

We considered applying the developed fully coupled reservoir-wellbore as a simulation tool
that can utilise measurement at the wellhead and the parameters to characterise and control the
reservoir. We therefore use the model to measure the responses of the reservoirs to wellhead
pressure and production rate. A case of gas production with the wellhead pressure, Pw = 4MPa,
3 MPa and 2MPa is simulated under the modelling parameters using the fully coupled model.
The wellhead responses of the production parameters in table 4.1 are used to evaluate the effects

of the transient temperature and pressure based on the fully coupled model.

Table4.1  Simulation Parameters
PROPERTY VALUE
Depth 1450m
Water surface 1000 m
Hydrostatic pressure gradient 0.01035 psi/ft
Pore pressure 15 MPa
Initial Reservoir Temperature 287K
ki 0.5.md
ka2 5 md

Pressure Gradient

0.022633 MPa/m

wellbore radius, rw 0.13m

Mass flow rate 0.706 kg/m3
0.03kg/s

Gas production rates 0.05kg/s
0.07kg/s

4.9.4 Transient Pressure and Temperature Analysis

Pressure and temperature responses through of a production wellbore are commonly measured
downhole parameters, and have been proven to be quite valuable. While the transient pressure
analysis has been used for reservoir characterizations and near wellbore analysis, the use of
transient temperature data has not been much focused on to demonstrate that it is quite valuable
to characterize a formation, provide more detailed near-wellbore analysis and also discriminate
between produced fluids. This thesis analysed the gas hydrate thermodynamic based on

threshold solution of the Pressure and temperature transient modelling carried out using the
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developed model. The methods for modelling gas hydrate thermodynamic have been reviewed
and the fully coupled wellbore model have been developed. Considerations were given to
various factors affecting multiphase flow scenarios in the gas hydrate system/well, but could
not be extended to the thermal wellbore effect.

Well Head

AT, AP

Reservoir

N

Figure 4. 12  Schematic of Transient Pressure and Temperature Analysis System

Figures 4.13 show the combinations of the fully coupled reservoir-wellbore temperature and
pressure gradients measured from the wellhead under different flow rate operating conditions of
the hydrate system. Simulations are run at fluid flow rate of 0.03 m*s, 0.05 m®/s and 0.07 m%/s at
a total production constraint 30,000m? under the initial conditions of wellhead back pressure of
4MPa and temperature of 60°C. It can be seen that the increase in temperature gradient within the
reservoir system would result in decrease in the saturation pressure gradient. It is indicative from
the points of meeting and departure of the curves and the exponents that the best operating condition
at wellhead for the optimum gas production is at pressure of 3MPa and 40.5C. The meeting of the
exponent and linear of the higher flow rate dilated up to point of retard production which is toward
towards the base of the hydrate bearing sediment column. With the increase of the flow rate, the
fluid velocity in the wellbore would increase under the same production rate, which reflects the

bottom-hole pressure would decrease while the reservoir pressure does not change significantly.

154



For the reservoir system with high bottom-hole pressure, using decoupled wellbore model will
underestimate the saturation pressure gradient through of the gas release from the dissociated
hydrate and free gas saturation. Hence, pressure transient analysis without the corresponding
transient temperature analysis may not sufficiently account for the near wellbore effects. Thus, the
application of the combined transient analyses using the fully implicit fully coupled reservoir-

wellbore model is advised in the management of gas hydrate production.

Fig. 4.14 shows the relationship between the temperature gradient and pressure gradient on
reservoir recovery. It can be inferred that temperature gaps, encompassing difference between the
initial reservoir temperature and effects of dissociations under non-Darcy flow as discussed in
previous chapter effect the normal depressurization significantly. The recovery factor increases
with the increasing temperature gap which in turn is equivalent to the sensible heat of dissociation
which increases under adiabatic processes and threshold pressure conditions in the reservoir. On
the other hand, the recovery factor decreases with increase pressure which also reduces the effect
of sensible heat of hydrate dissociation at certain high value. It can be concluded that right
combinations of temperature and pressure are necessary for optimized production of gas hydrate
reservoir and these are in turn affected by the defying feature to the flow, including wellbore effects,
identified and evaluated in this thesis. The gas hydrate recovery factor under the transient pressure
and temperature analysis can be up to 90% under the flow rate condition of 0.05 m%s and
temperature gradient of about 8°C. At this condition, incremental pressure gradient has no serious
effect on the reservoir temperature gradient. The recovery factor of the normal depressurization has
shown linear relationship with the temperature gaps. It points to fact that hydrate dissociation is a
strongly endothermic phenomenon. Following the dissociation occurrence therefore, hydrate
stability may issue due to the self-preserving tendencies except if heat is supplied through natural
advection or conduction or thermal stimulation. The dissociation rate in our experiments was
reduced by dissociation-induced temperature fluctuations, Increase the boundary temperature has
corresponding inverse change in the hydration pressure. Hence normal depressurization alone
cannot sufficiently account for the adequate recovery of the hydrate reservoir, corresponding

thermal stimulation is needed for improved performance.

Figure 4.15 indicates molar volume fraction of gas release from hydrate dissociation under various
combination of wellhead temperature and pressure. It is indicative of the dependence of production
rate to the wellhead parameters. Figure 4.16 showed that when the pressure is decreased from 4MPa
to 3MPa and to 2MPa, the volume of gas released increased by about 22% and 12% respectively
under same operating temperature and the results remained close with changes in the wellhead

temperature. Results support the fact that large pressure drawdown enhance dissociation and large
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pressure graduate results from reduced wellhead pressure and increase temperature. Considering
the importance of this application, the developed fully implicit fully coupled wellbore — reservoir
model is an effective simulation model for gas hydrate production performance analyses.
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4.10 Near-Wellbore Upscaling for Capillary Pressure and Relative

Permeability Functions on Gas Hydrate Production.
This thesis underscored that the importance of capturing the various multiphase fluid flow
factors that can affect the near wellbore characteristics in the integrated reservoir-wellbore for
the natural gas hydrate production. Near-wellbore upscaling can be employed to characterised
and re-evaluate the key parameters such as relative permeability and capillary pressure
functions that affects fluid-particle interaction and preferential fluid flow for a fundamental
understanding of the behaviour of the hydrate production systems. Upscaling entails reducing
the number of grid cells and averaging the reservoir properties within them to achieve high
resolution field-scale simulation. Use of fine multi -grid cells make the running of reservoir
simulation difficult and time consuming. Upscaling makes simulations runs more ease. To
compensate for scale heterogeneity, vertical effects in the 2D areal model and the numerical
dispersion, the coarse grids are created with the pseudo variable (upscaled relative permeability
and capillary pressure) (Chierici, 1984; Hearn et al., 1971; Pickup et al. 2000). Thus, coarse grid
simulation curves are called pseudo functions to differentiate them from the fine grid curves

(the rock/base case).

Near-wellbore Upscaling method is employed to upscale the relative permeability and capillary
pressure functions for gas and water flow in gas hydrate production because of the complexity
of the pore geometries. The heterogeneity of the porous medium and the macroscopic
behaviour may not be easily deduced from the pore level or micro scale analysis. The major
objective in flow analyses is to determine the in-situ mass distribution and fluid flow in
reservoirs. The physical concepts used to describe the flow are fluid and rock properties. Flow
and movement of fluids in porous media is a dynamic process and is driven by energy that is
stored within reservoirs or supplied by injection. The challenge is to predict how much fluid
that can be produced under given geological and operational conditions. Or, how can the
performance of the reservoir be optimized for maintaining long-term productivity or higher
recovery rate. To optimise flow, we need to evaluate some fluid flow and rock properties, such
fluid viscosity, absolute permeability, wettability, interface tension, relative permeability and
capillary pressure concepts, etc. We also need to know the driving forces or flow mechanisms,
i.e., the main energy driving fluid to flow from reservoir to well, such as pressure and potential
gradient, potential energy, or capillary force. Past investigations of displacement of a more
viscous fluid by less viscous fluid, such as a crude oil displaced by gas, and water seepage in
thick unsaturated zones of fractured rocks, have indicated that flow and transport processes in
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such an environment may occur in non-volume-averaged fashion and proceed, in part, by

means of localized preferential pathways (Pruess, 1999).

In a continuum system like the coupled reservoir- wellbore model, conventional modeling
approaches may not adequately capture the physics of multiphase flow displacement along
those preferential flow pathways if the spatial variability is not properly represented by
constraints of the computational requirements. For practical application, almost all theories on
flow phenomena occurring in porous media lead to macroscopic laws applicable to a finite
volume or a controlled of the subdomain of the system under investigation. The dimensions of
the macroscopic model are larger compared with those of pores. The method of generating the
pseudo functions involves equations in which the porous medium and flow system are treated
as continuous and characterized by local values of the thermodynamic variables, rock and fluid
parameters, defined for all points with appropriate averaging or representative elementary
volume (Bear, 1972). The main focus of this section is to appropriate and verify the relative
permeability and capillary pressure functions that account for the reservoir heterogeneities and
analyse the near-well flow challenges associated with the pseudo functions in the gas hydrate

reservoir model.

4.10.1 Dynamic Permeability, Capillary Pressure and Characterization

The concept of dynamic permeability and characterization of the permeability of natural gas
hydrate can be established by using time-series analysis. The dissociation process and transport
in the pore network will produce gas and water under the influence of heterogeneous pressure
field and pore permeability characteristics which ultimately affect the efficiency of the
reservoir production (Zhang et al. 2015). Generally, the permeability is set as a constant in
many practices based on the concept of permeability in conventional oil and gas, which ignores
the variation of permeability caused by structural changes of the sediment. Many researches
have based on visualization techniques and core analysis of natural gas hydrate deposits under
steady-state conditions to construct the pore network models of hydrate deposits. The premise
of this study is that core permeability is a constant value, and the existing relevant studies are
mainly focused on the steady-state conditions of the two-phase migration characteristics of gas
and water. It is relevant therefore to incorporate the hydrate dissociation process with

changeable hydrate phase state in the pore structures under pressure and/or temperature fields.
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Various relative permeabilities and Capillary Pressure models are analysed and compared as

follows
Corey (1954):
Sw= Srw)
Fe=F ( = Srw) (4.83a)
e = (M)4 (4.83b)
™ T \I-Srw—Srg '
2 2
= _ _SwSrw _ [ SwSrw
kyy = (1 I_Srw_srg) [1 (]_Srw_srg) l (4.83¢)

van Genuchten (1980):

i I-m
Sw—Srw  \™
=5 (]—Srg—srw) B 1] (4-843)
0.5 ™
Ky = (—Sy_‘SfCVW) [1 - (1 - (—Sy_‘sf:VW)m> ] (4.84b)
] 2m
Sg— Sr w= Srw\m
kg = |1— (—]g_ S;’) <1 _ (—Sl_srw ) ) (4.84c)
Stone (1970) (Modified):
_ Ny
krw = (25) (4.85)

Linear interpolation method can be used to calculate the capillary pressure and relative

permeability as a function of water saturation as follows

Pegw1 — Pegwo
Fegw = Fegw — ﬁ (Sw — Swe) (4.85a)
krw _krw
krw = Krwo — ﬁ (Sw - ch) (4.85b)
kr _kr o
krg = krgo - ﬁ (Sw - ch) (4850)
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Hydrate Evolution Model:

The previous permeability models assumed homogeneous structure and the permeabilities are
function of water saturation. Following that natural gas sediments are innately heterogeneous,
and inertia to the fluid flow in the pore space arises in the presence of the hydrate phase
distribution, the media constitutes in permeability changes. The fluid flow pathways are laced
with non-Darcy flow subjected to effects of hydrate saturation and threshold pressure gradient

which depends on water saturations:
Sw=1—S,— S,

The permeability functions of the hydrate fluid flow have been explicated to be a function of
hydrate saturation rather (Jang and Santamarina, 2011, 2014; Liang et al., 2010; Spangenberg,
2001; Holtzman and Juanes, 2011; Dai and Santamarina, 2013; Johnson et al, 2011; Masuda et
al 1997, 1999; Kumar et al., 2010; Matyka, et al., 2008; Dai and Santamarina, 2013). The
modified Kozeny-Carman equation has been applied for hydrate saturation/ pore network
permeability model (Dai and Seol, 2014) as follows:

k, = ko A-Sw)® (4.86)

ko  (1+ 2Sp)2
I, the relation with equivalent changing porosity, tortuosity and specific surface can be

eXpresses as.

1— S, =¢, = % (4.86a)
1+ 25, = (.4,), (4.86h)

Where, subscripts ‘o’, ‘4’ and 7’ represent hydrate-free porosity, hydrate-bearing porosity, and

relative porosity values, respectively.
The apparent permeability of both can therefore be expressed as a function of the hydrate
saturation and the porosity as follows:

k = kyexp [rh (% — 1)] {max [%, O]}772 (4.87)

where
¢ and ¢, = absolute porosity and the intrinsic porosity, respectively;
k, and S;, = intrinsic permeability and hydrate saturation, respectively;
¢ = critical porosity where the intrinsic permeability is decreased to zero;

11 and n, = exponents or empirical parameters of the permeability equation.
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Upscaled relative permeability and capillary pressure curves

Upscaled relative permeability and capillary pressure curves are normally called pseudo
functions (i.e Pseudo relative permeability and pseudo capillary pressure). These are the curves
or equations used for coarse grid simulation as against the fine grid curves (the rock/basecase).
The dynamic pseudo functions, as their name indicates, require dynamic fine grid simulations
to be run, and then the results are used to generate pseudos for the coarse models. The flow in
the vicinity of wells is rather radial and is affected by high pressure gradient (Ding, 1995;
Durlofsky,1999). Therefore, many of the upscaling techniques may not give good results if the
heterogeneity in the well nearby is significant, which requires a specific treatment to be
upscaled. Using near well upscaling can provide a significant improvement to the upscaling
results. There are several methods developed to generate or improve two phase pseudo
functions for upscaling. Generally, without regard to the upscaling method used, the upscaling
process can be considered successful when the coarse model gives results as close as the fine
model results, or in other words, the fine model can be replaced by the coarse model (Durlofsky
and Chen, 2008). This is of course assuming that the fine model represents the “correct” answer
of the problem investigated. Comparisons between the coarse and fine models are usually done
on case by case bases. Modified Stone (1970) model is used to create the base case. Capillary

pressure is also scaled by accounting for the hydrate phase in the equation.

SwtSg+Su=1; P,(S,)+= B, — B,
Sw _s . —N¢

P. Sw+s wirr

O

4.10.2 Numerical Solutions

Numerical methods are performed by running reservoir fine-scale simulation to solve pressure

It has been presented in the previous chapter that non-Darcy effects including threshold
pressure gradients affects the fluid flow in the low velocity, low permeability gas hydrate
reservoir. The effects in the near-wellbore and interface boundaries can be investigated by
modelling a radial system of gas production at a given constant rate. The flow rate can be gas
production rate, water production rate or cumulative/total production rate. Considering the well
as infinite conductivity, it can be assumed that the well-bore pressure and the pressure along
the open portion of the reservoir are uniform and the integral of the flux over the perforated

interval is equal to the constant specified rate. For the infinite acting reservoir, we have:
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Gpse = ~Jpre T =T oo (4.88)
)| = dgse ﬁ% + By (R %)2 (4.89)
% (¢ Sppp) + aaLtH = =V.(ppvp + Bpppvp)+Q, (4.90)
—(79,) = pyvp + Bpppvii = V (5 PVP) (4.91)
Where

vp=—§vi(2—i—av) ; pp=%P=aP

In the radial coordinates, Pseudo-pressure method is employed to linearise the diffusivity
equation by equating the pressure dependent terms (viscosity and gas compressibility) with the
normalised pressure to a pseudo-pressure term as follows (Ji, et al., 2003; Makogon, 1997,
Freij-Ayoub, R. et al (2007).

P 2P
Y(P) = [, —-dP (4.92)
Then, we could get a transient-pressure solution with dissociation kinetics and non-Darcy flow
as follows:
19 op? _la_Pz_la(NH)
;6_1"( a_r) T A0t Vv ot (4.93)
107 | 97PRY _ (1)0P?  13(Nw)
(r ot 6r2) - (At) at v ot (4.94)
_BBeo\? ey
LI (20) _ ((der +¢ucr)a_P2_<Kd'°e F) eusra-suor (495
ror\ ar ) = Upk ppk /) ot 2kQgc0t '
2 — p2(t) — LaZoTPsc _ouA=Swr?\ _ p (_ 9(-Sw)?*
Ris(At) = F7 () 2mrhkgTsc [ln( 4.t ) Ei ( 4a, )] (4.96)

We define coefficient (correction factor) as a function of Knudsen number, Kn, as follows

1 _ 2¢u(1-Syw) | p(1-Sp)P?

At 2Ppm.Kn + BPm.Kn (4.97)
1.485x10°

ﬁ: k1.021 (498)

Threshold pressure gradient threshold pressure gradient can be related to pore pressure and
saturation with the general formulation below (Li et al., 2019a; Sakhaee and Bryant, 2014,
Tian, et al., 2018).
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a
Po=o,(P)" (4.99)
where a1 and a2 are fitting parameters

The well boundary flow condition proposed for the radial wellbore is written as:

0, = lim (ZsE 207

lim (== 5 (4.100)

The velocity constant of the dissociation front

a, = lim ( 2k )— P, (4.101)

AE
Ka=Kao (Kdioe ) (Peq—Py)”

Therefore,

_ TWhkqkrgAtZoTscP 1 [(_ ¢ﬂ(1—5w)7"2) _ (_ ¢(1_5h)3)]
s¢c ™ UT Pgc In(rp) 4t 4ay,

(4.102)

Well pseudo functions are functions that represent the flow from grid blocks to the wellbore
and could be used to keep the wells at their original position after upscaling. Azoug and Tiab
(2003) studied the effect of using local grid refinement (LGR) instead of well pseudo functions
on breakthrough time and length of production rate plateau. They found that results of using
LGR are not as good as those obtained when using well pseudo functions. Durlofsky and Chen
(2008) indicated that Emanuel and Cook (1974) introduced a method of calculating the well

pseudo functions as follows:

Z?=C1 [krpcp (Pe_PW)]i
(kr'p) = ne ¢ [lell(peqw)l (4103)
i=1 P 2'{1,11(¢V)l wA
e Z (krwaTx)k
k S — ll k=k1 4.104
TW( W) Z{‘CMZR kl(Tx)k ( )
Z?=l1(5p¢V)i

S — ~Zi=1prr it 4,105
( P)A YL (@V)i (109
— Z S 11 Tkl (VpSw)
S = k 4,106
g Z:iillzk=k1(vﬂ)ik ( )
where,

A = areal area; Cp = flow coefficient analogous to productivity index; krp = phase
relative permeability; Pe and Pw = formation and wellbore pressures respectively; V

= block volume; Sp = phase saturation, ¢ = porosity

164



The system of pressure equations was solved to obtain pressures solutions in fine grid blocks
of the synthetic two-dimensional hydrate reservoir model. The aim here is to provide coarse
scale flux that matches the fine scale model using near well upscaling method. The fine scale
the two-dimensional reservoir model having dimensions of 50m x 50m and discretized into
grids-blocks with dimensions of 1m x 1m, would have 50 x 50 uniform grid-blocks totalling
2500cells. The mesh coarsened to grids-blocks with dimensions of 10m x 10m would result to
5 x 5 grid-blocks totalling 25 cells for the upscale model. The pressure distribution and
solutions are plotted over space and time respectively at the observation points x =5 m, 10 m,
15 m, 20m and 25m and after a period of 10days, 100days, 500days and 1000days. The mesh
of the fine and coarse scales shown in Figure 4.23. The solutions of the rock type pressure
diffusivity equations are obtained for the fine grids and the upscaled model (with pseudo
functions) using Stone (1970) permeability model as baseline. Finally, the results of the fine
model were compared to the results of the upscaled model with the pseudo functions generated

from different permeability equations.
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Figure 4. 17  Grid Refinement and coarsened gridding model

4.10.3 Effect of coarsened gridding and flow-convergence into the wellbore.
Figures 4.18 and 4.19 showed the pressure distribution observed across the reservoir to the

wellbore place at the centre of the discretised domain during dissociation at different time from
the two models. Hydrate dissociation profiles are also shown. The dissociation rates and
temperature values in the confining fluid are the same for the two models. It can be found that
the with upscaled grids model the emergency of dissociation front around the wellbore is strong
as can be seen from well discrete contours starting from early stage at 10days. The diffusion
rate of the dissociation front for the upscaled model is obviously much faster than that of fine

grids. The dissociation front of the hydrate with the fine grid model is mainly around the
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wellbore from about 100 days. It implies that the dissociation front near the boundary are

impeded and got to develop gradually and slower. However, hydrate seemed to have

dissociated completely at 1000days in both models. With the upscaled (not upscale model is

different from coarsened model had be explained) the vertical and horizontal expansion of the

dissociation front basically synchronous. It implies that the upscaled model enable both the

upper and lower wellbore to dissociate at same time and frequency. With the radius around the

wellbore saturated at about the 100days, the upscaled model can be said to promote

transmission of wellbore pressure and the decomposition front around the wellbore, which

weaken inertial effect. Thus, research attention in advance modelling of the reservoir model

and wellbore for gas hydrate simulation would involve accurate analysis of the wellbore flow

complexity factors and near-wellbore upscaling and modelling.
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Figure 4. 18  Pressure distribution profile of fine-grids model
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after 10, 100, 500 and 1000days.
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Figure 4. 19 Pressure distribution profile of coarse-grids/upscaled model
after 10, 100, 500 and 1000days.

4.10.5 Effect on Various Relative Permeability and Capillary
Pressure Equations

Figures 4.20 and 4.21 present the effects of relative permeability and capillary pressure

equations respectively on rate of gas release from gas hydrate production. Data from table 4.1

in the previous section and from literature are processed and used in the analysis. Figure 4.39

showed that showed that all the models gave similar trend profile. The modified Stone model
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which is also our upscale model showed the highest performance. All models are within
matching performance with allowable error functions. However, there is need to evaluate the
degree of accuracies; the difference in the highest performing model, Upscaled Stone Model
and the hydrate model is wide and require further analyses to measure chances of over
estimation or under estimation. The rate of release of aqueous molar gas fraction is also
dependent on gas partial pressure and capillary pressure affects relative permeability. More so
the exponents of each equation differ and has been shown to affect the performance of the
various equations by Jang (2016). The results of the effects of the exponents parameter of
relative permeability and capillary pressure equations can be found at the appendix D. In this
study, a set of suggested fitting parameters are used. Figures 4.21 showed the effects of
capillary pressure on the rates of the gas released from the hydrate. It can be noted that Stone
model and Corey’s portrayed similar behaviour while the hydrate model and Van Genuchten’s
appeared to perform closely. It is interesting that note that Stone model and Corey’s had
depicted higher relative permeability than the hydrate model and Van Genuchten’s as seen in
figure 4.20. The intrigues could come from the response of the aqueous saturation to pressure
gradients leading to advective migration with dissociation front, with hydrate dissociation.
Here force of inertia, slippage factor and threshold pressure would be at play. The other reason
is need to incorporate the dependency of each equation or model to initial hydrate saturation.
More so, the results have shown that the relative permeabilities are dependent on capillary
pressure and consequently the effects on the aqueous flowrate and saturation.
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Figure 4. 20 Effects of Various Relative Permeability Equations on Gas Fractional Flow from
Natural Gas Hydrate
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Figure 4. 21 Effects of Various Capillary Pressure Equations on Gas Fractional Flow from
Natural Gas Hydrate

Conclusion:

The challenge of economic production of natural gas hydrate reservoirs has nexus to near
wellbore complexity and the effect of convective mixing processes related to the fluid flow.
Feature defying the flow mechanism has been analysed and conversely incorporated into the
integrated approach that coupled the reservoir and wellbore as a continuum. Though the
features are not exhaustive but ultimately the characterisation carried dealt with the more
significant feature that can be impact the unconventional. In this section attention is given to
capillary and relative permeabilities as two parameter that influence the gas recovery from
hydrate bearing sediment greatly especially with consideration of the near wellbore flow
complexity, and are two parameter that are highly dependent on the fluid flow characteristic
including viscosity and saturations. The effect of hydrate saturation is accommodated in the
non-Darcy flow assumptions which is related via the various parameter modelled. However,
this need to be considered for conservative and accurate predictions. An important conclusion
is that near wellbore modelling can be used to always benchmark relative permeability and
capillary pressure values and upscaling makes reservoir simulation runs less difficult.

Incorporating, therefore, into fully implicit fully coupled modelling should be advanced.
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CHAPTER 5
CONCLUSIONS

5.1 Conclusion

A new fully implicit fully coupled reservoir-wellbore fluid flow model for natural gas hydrate

application has been developed in this thesis. It allows for a more integrated modelling of gas

hydrate flow behaviour by coupling the governing equations for the flows in the reservoir and

wellbores for the simultaneous solutions of the systems of equations as a continuum. Though

fully coupled modelling approach and solution had been suggested to provide better

computational accuracy and a fit-for-purpose optimization platform, it has received limited

attention in gas hydrate production studies. The thesis presented two outstanding novelty,

1. The new reservoir model that aggregated and simultaneously incorporated the inherent

defying features to the gas hydrate fluid flow including threshold pressure gradient,

diffusivity flux and Knudsen diffusion coefficient, gas slippage effects, thermal expansion

and Joule-Thomson effects.

2. The fully implicit fully coupled reservoir-wellbore fluid flow model for gas hydrate

application.

The descriptions of the procedure and advantages are summarised as follow:

The thesis identified various microscopic and macroscopic flow feature defying the gas
hydrate production, and aggregated them into the modelling approach of the fully
implicit coupled reservoir-wellbore model.
The advantage of the decoupled approach is that the reservoir flow model can be
developed independent of the wellbore model. This takes less computational time but
lower accuracy.
The fully implicit fully coupled reservoir-wellbore flow model provided more accurate
analysis of the parameters measured.
In the decoupled method, the bottom-hole pressure which should couple reservoir flow
model with the wellbore equations is decoupled from both models and is assumed to
have a fixed value. This fixed value is used as the well boundary condition in the
reservoir inflow performance analyses. The same fixed pressure is also used in the
wellbore flow analysis to predict pressure drop across the well and fluid flow rate at the
surface facilities. This allowed, albeit disadvantageous, for the wellbore to be
developed without hydraulic communication with the reservoir. However, bottom-hole
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pressure in real reservoirs are never constant. Instead, it fluctuates during reservoir
production due to fluid depletion, especially in complex heterogeneous reservoirs like
gas hydrate sediments. Besides, the common practice to control wellbore behaviour is
to constraint the producing pressure or fluid rates at surface facilities and the pressure
behaviour is transmitted down to the bottom hole pressure. For the gas flow through
the high-pressure reservoir, the variations of pressure around the production well were
large and as such would not follow the ideal Newtonian law to justify the use of constant
properties. More so, using the decoupled approach lead to inaccurate predictions of
surface flow rates and flow pressure which in turn affected the well performance
predictions.

The fully implicit fully coupled model incorporated the convective and diffusive mass

fluxes and conversely the wellbore hydraulics, near-wellbore convective mixing

processes/crossflow parameters; and offered an optimised production.

5.2. Summary of Results

From the sensitivity analysis of the variables evaluated, it was inferred that the identified

parameters have significant influence on the well production performance. The comparative

effect of the various sensitivity parameters on the gas production rate is performed using the

Monte Carlo simulation. In this analysis,

The sensible heat of dissociation has the highest influence. It could be concluded that fluid
properties such as permeability anisotropy, diffusivity flux, slippage factors and threshold
pressure gradient have significant influence on the gas production. The complete wellbore
thermal capacity, however, is not treated as the essential target during the study but
extrapolating the degree of influence of the sensible heat of dissociation would enable
conclusion of important of thermal recovery and stimulation factor as one parameter to
stands to have greatest influence o though it has a considerable effect on reducing wellbore
temperature. Other parameters also showed significant percentage that cannot be neglected
in managing and sustaining gas production from the hydrate reservoir.

Develop pressure and temperature transients’ interpretation workflow (numerical
solutions) based on the analytical model.

Evaluate the parameters for capillary pressure and relative permeability functions and

analyse the effects of the different equations on gas hydrate production.
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The threshold pressure gradient (TPG) has significant implication on the non-Darcy flow
in the low-permeability porous media. TPG enables pore network boundary that flow when
the pressure gradient overcomes the viscous forces. Sensitivity analysis conducted showed
the TPG influenced the pore pressure and the pressure derivative with initial declined rate
performance and a later stabilised boundary performance effect. This is seen from the plot
relationship that the larger the pore pressure, the larger the TPG, and the smaller the
diffusion distance and the production rate.

The thesis model has been developed based on stringent assumptions, inner boundary
conditions and strictly derived numerical solutions; with high precision benchmarked
validations. It is believed, therefore, that the results evaluated are reasonably accurate.
Though it a challenging task solving the integrated model which coupled the reservoir fluid
flow and wellbore hydraulics, combining with the potential of complex flow patterns in gas
hydrate, the ensuing accuracy obtained using the integrated approach justifies the
complexity of the models used.

This thesis would help to understand the performance of the natural gas hydrate system and
guide the reasonable development of the reservoir production. The findings have
application in flow system planning and design, enabling optimization of the gas hydrate
reservoir performance and the production well itself. Application of the model and/or the
modelling approach, therefore, can help operators and researchers to refine their reservoir
performance prediction procedures and to better manage the risk of flow assurances
problems related to gas hydrates reservoir recovery. It can be leveraged on to improve
recovery of other unconventional reservoir, benchmark flow sustainability, maximise

production efficiency and streamline the resource management.

5.3 Recommendation for Future Work

Future work with respect to this research should include incorporation of geomechanics in the

fully implicit fully coupled model. In this study, crucial elements of the hydrate reservoir
geometry, structural consolidation and wellbore mechanical effect are not considered. Future
studies can consider the stress and strain factors, poroelasticity and deformation phenomena
related to gas hydrate sediment and incorporate the geomechanics in the fully implicit fully
coupled reservoir-wellbore model. Also, the mechanical completion of the wellbore could be
treated unit per unit (tubing wall and casing wall, cement wall and formation). In the current

the system, contribution of each unit in the heat transfer analyses is ignored. The completion
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was treated like a single tubing. In a strong temperature dependent process like gas hydrate
production, every source of thermal effect should be considered. Thus, further studies related
to models that coupled horizontal wellbore and multi branch wellbore are recommended. In
summary, future work can consider —

 Incorporation of geomechanics into the fully implicit fully coupled reservoir-wellbore
model.

 Incorporation of capillary pressure and permeability as a function of hydrate saturation
rather than water saturation.

« Modelling and coupling the unique nature of the thermal wellbore and heat transfer
mechanisms that unitised the wellbore completions (including tubing, annulus,
insulation, casing, cementing), evaluate and integrate the combining effects of the
thermal wellbore.

« Creating specialized statistical templates and automated design of the fully implicit
fully coupled reservoir-wellbore modelling approach for industry analyses of gas

hydrate performance.
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APPENDIX

A. Discretization and Linearization Procedure

Governing Equations

at (¢Pg Sg) to (pgvg) mg +4q,
(¢pw Sw) + (pwvw) my, + q,

a—t(¢Ph5h) = —my,

For a two-dimensional system, this would generate a five-point stencil as shown in figure below.

i+l

-1

The gas phase diffusivity equation is discretised by the finite difference approximation and applied to
the nodes. The flow equation would be upscaled by multiplying by the volume of grid block, Vy. The
equation obtained is as follows:

191



Vb

At

(PSg n+1 ¢Sg n
(&) (&)

i,j

—ax[ Mo (142 Biesy o
.ungd)Sg Pg i+i' Ax, 1
2]

[ kk, <1+ b)] Fg, ;= Pgi-1
HgByhSy Fy i_zi_j Axi L;

D D
el [(i) _ <Si> _ ey
Axi+§.j BoJierj \Baly Axi—é.j

+ 2y [ Kk <1+g>] foije1 ~
LigBy$S, P, i Ay

Lj+5

[ kk; <1+ b)] Pgi.j_Pgi,j—l
HgBg®Sy Fy Lt A4y, ;-1

ij-3

wdl®),,-8) |
Ayi.j+§ By Lj+1 By ij Ayi.j—é
+qgchiJ

We defining some terms as follows:

A kk b A kk
Toirl; =2 > [ B.A (1+P_)] » T =5 [ 5.4
gityJ xi+§.j HgBgdx i] bygBgAx

L1 =
gi—3Jj  Ax .
’ i=5j

Ax kk b Ax kk
R GO
gijt+y Aywz tyBgdy Pg)l. . 1 gij=3 Ayi'j_

.ung
5

1
>

D
T Ax 4=\
.. 1=
Dgij=5 Ay \4dy 1]’
) Lj=3. ij=5

- Atpg

- Atpg

y Zit]j — Zij
—Y .1
gits.j Ax. 1.
§] l+j']
J _y Zij = Zi=1,]
gi-5.j Ax. 1.
-3
[(51 (%
B, B,
97/i.j 97 i-1j
P..
aij y Zi.j+1 - Zi,j
_ ==
] gij+s Ay
l.]+§
y Zij — Zij-1
_ Y (-
gt.j—5 Ay_, 1
l.j—j

<

Ay

Sg
B

g

(1+
(1+

D D D
, ay [T A A Ax Yl
T el = 2 Ax v Tl = I Ax T gl = 2 2 ’
ara AN a2 i1 i~Lj ains Yijd yi.j+é

5), @

g

2

and substitute in Eq. 3.78. The discretised equation for gas phase is obtained as:
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Similarly, the discretisation of the diffusivity equation for water phase continuity equation is

obtained as.
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Linearisation of the Flow vector variables

We simplify the right-hand side of equations (3.79a) and (3.79b) by introducing the following

linear finite difference operators —
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ByADyB = A, 1(BU+1 i-f)_Ai,~—§( i~ Bij-1)

and rearrange by bringing together variables that share same coefficient and corresponding

subscripts
(i+54) (=50) (05+3) (bi=3)
Thus, the fully implicit discretised equations for gas and water phase become-
) - (%) ]
B.g Bg n

— Z n+1 [(Pn+1 Pn+1) y n+1H+A1/1tpg]

leyn
S n+l
A®) () ] S+ g,
971 n

€2,

At

n+1
TDgl,

—+

e,

Vp <¢Sw)”” (¢Sw)”

Ac| B, B,/ |
= > TR = PR = v S H A D] = D L+ qB,
= I€5,
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B.  Derivation of the Analytical Model for validation of the fully coupled
model

The transient gas flow equations for gas hydrate well are expressed with the mass, momentum
and energy conservations as follows:

Mass conservation

o (¢pg5 + dpwSw + PnSh) +o- (pgvg + Pwy) = qg + qw + My + My, +my

Momentum conservations

d ] 2 vg .
o (pgvg) +5- (pgvi) = —52— =52 = prgsind

Energy conservations

2 [$pgSohg + DPwSwhi + bpuSuhn + (1 = §)prh,] + o= (kr 50) = = (pgvghy +
pwhw) = dghg + qwhy + an +din (5.1)
Where, the effective thermal conductivity is
kr = ¢Sgky + ¢Syky + GSpkn + (1 — )k,
Qin = aAAT
qn = mpAHp
AHp=446.12x10° — 132.638T
h=c,T
Base on equation of state for ideal gas, the density, velocity and thermodynamic identities can be

expressed in terms pressure and temperature at standard conditions as follows

Pg = Zrr

__ PscgscgZRT

- PA
And
dz = (%) dpP + (az) dT

op

do_ L v [1_1(07) |up[1, 100 Jpar
dt Ascg or/)T T Z \oT/pl at
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The pressure and temperature of the flow system can be described using equation of state
formulation for density and velocity to is describe the mass, momentum and energy

conservations at standard conditions as follows

7] [7]
E(Pg) + a(pgvg) =0
(pw)+ (pwvw)—O
5 (0gv) + 35 (pg) = =52~ 220 — p, gsing
ot \PaVe) T 5, \PgVq) =~ 7, 2 Pmgsin
2
(pw vw) + o~ (pwvw)——g—T—pmgsinB

20+ ) on] 2 [0 D] = .- s

d 0
a(pg) + Q(pgvg) =0
(pw) + (pwvw) =0
d d v3 .
= (pgvg) + o= (pgv5) = =52 — 7482 — ppgsing
v2 .
ot (pwvw) + (pwvw) - = g - T - pmgSlTL9

£t B) ] 211+ 2) ] = 1, 0

we account for the effect of velocity difference between the phases by calculating an average

value for the mixture density at standard conditions

Prnn4qscgZRT
PA

v =

From Eq 5.1, the mass conservation equation can be rewritten as

ld
£ —_0
pat dx

Substituting Eq 5.6 in 5.8 and differentiating implicitly with time, the accumulation term is

expanded as follows
ldp _ 1dP  1dT ldz

pat POt Tot zat
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Where z is the compressibility factor, given as a function of pressure and temperature, as

follows
z=z((P,T)
dz = (%)T dP + (S—T)P dT

Therefore, substituting €g.5.10 in eq. 5.9 and rearranging we have
fdp _ [L_1(09z\ |4k _ [L, 1(3Z) |4T

pdt [P z(ap)T] dt T+Z(6T)p dt

Substituting equations 5.11 and 5.7 into equation 5.8 we have
L_1(02 2P _ L, 1(92) |2T , p. ZRT3dscg _

[P z (6P)T] at Yz (aT)p] ot A ax 0

0o _ [1+1(az) ”1 1(62) ]‘1 ar pfiszT[I 1(62) ]‘1 dscg
ot~ Lr " z\ar/pllp z\or/;l ot pa Lp z\or/; dx

Also, the momentum conservation equation can be rewritten as

Idp Idv  1dv? 1 1 0P  10v?2 1.
e ——ﬁ+—gsm6 =0
pdt vdt v ox vpmOx v ox d v

From Eq.5.11 the time derivative of the momentum change can be expressed as

iﬂ _ 1 dQch _ 1 dpscg
v dt qronn dt Pscg dt

Substituting equations 5.10 into 5.15 we have

vdt q dt P z\op/)plac " It " z\or/)plat

Similarly, substituting Eq 5.6 in 5.7 and differentiating implicitly with space, the Flux term is
expanded

ov _ 1 ap achg _
ax p Ox ax

1 dv 1 dq 1 1 (0Z ap 1 1(0Z ar
Lo ot L) [ 1)
vdx q dx P Z\OoP/rldx T Z\oT/plax

Substituting equations 5.16 and 5.11 into 5.15 we have

8q 1 | PscgZRT 0qscq [1 I(az) ] [6P PscglscgZRT ap] [1 I(az) ] aT
dt + PA  dx scg |5~ 7 \ap T at+ PA ax t scg T+Z aT/ p 6t+
p QchZRTaT]
PA ox

A a_P_I_mepschRqucg _
Pscg 0x DAP

0
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e SININ . _pschRT a(Iscg [i_ ( ) ] [aP pscgqscngTaP
dt PA  9x = Y|P PA  0x

[1 ( )HGT pscgqscngTaT] A 0P 2fmpschRTq5cg
oo PA 0xl  pey 0x DAP

For the transient flow in the pipe, the elevation or hydrostatic component conserved for both
momentum and energy equations. Thus, the following energy equation is obtained by

combining momentum and energy conservations:

Where h, the specific enthalpy, and u, internal energy can be expressed in the thermodynamic

identities as below:

W

h =u, + —

Pp
Au = ppc, AT
Thus,

oh, = du, + a<ﬂ>
Z’
ou = c,aT +T (52) ov — Pov

Thus, the energy equation can be expressed as
! ( ot + 22790 — po +ZRTaP)
Punt e\ Tp OV T HOV T TP

-2 26, &

PuLuZRT 1 1(62) ]_ 0qscqg 1 dqscg 1 1(62) dP
PA P Z\oP 0x Qscg dx P z\oP),ldx

[ (az) ]dT +2fmzRqucg+ q
T  zZ\oT/ ldx CDAP Cscq
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G_T " (p[D[qschRT> a_T
Jt PA 0x

[T T (102 |y 2

C PA T  Z\oT/pldx) (qscy Ox

-1 d_P+[i+i(a_Z)]d_T}_2fmzRTq5cg_ 1 _y
p z\orP) ldx "It " z\or/)pldx CDAP

ar _ (P[D[chgZRT)a_T
at PA dx

{[ZRTT (pDDqSngRT)] [1 N 1 <6Z> ]dT} 1 0Qscq
C PA T Z\oT/pldx) (qscy Ox

1 1/0Z\ 1dP [l 1/3Z\ 1dT) 2f,zRTq;
*lp-7 6 1+l 2 N e
P z\oP/ ldx |t z\oT/)pldx CDAP Cseg

Thus, the solutions of the transient well flow can be written as:

00 [1 i (az) ”1 I (62) ]_1 dT  p . zRT [1 i (62) ]_1 34scg
— = |=4=(= _1(g g _ _1(Z Ziscg
ot T ' z\or/)pllp  z\or);l ot pa lp z\or)pl ox

P e ki G e 1 o o M
at PA dx c PA T z\oT/plax) |ascg 0x

1 1(0z dp 1 1(0Z dT 2f-zRTq3
3G N+ 16 ) e 2
p  z\opr/rlax T  z\aT/pladx CDAP Cscg

aq _ PscgZRT 0qscqg [1 1(62) ] [aP PscgscgZRT OP [1 1(82) ] oT
at pa ox s [r 7 \Gp rl lat + PA oxl T sca |71 2 \5r p et
PunndscgZRT 6_T] A 6_P _ mepschRqucg
PA dx Pscg 0x DAP
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D. Relative Permeability and Capillary Pressure Exponents Parameters

(Jang, 2016)
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D1:  Effects of Capillary Pressure Parameters (Corey’s model)
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D2: Effects of Relative Permeability Parameters (Corey’s model)
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D3: Effects of Capillary Pressure Parameters (van Genuchten’s model)
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D4: Effects of Relative Permeability Parameters (van Genuchten’s model)
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D. Reservoir Initialisation Code

clc; clear; close all;
%Input paramters

time = 1000;
delta_t=10;
Steps = time/delta_t;
mu = 2;

B_w =1.250;
phi =0.2;

kx = 10;

ky =5;

k_eq = (kx*ky)"0.5;
c_0 = 1.5e-5;
c_f=1.25e-5;

c t=c o+c f;
Lx = 5500;

Ly = 4500;

Lz =100;

Nx =11;

Ny =9;

Nz =1;

delta_x = Lx/NX;
delta_y = Ly/Ny;
delta_z = Lz/Ny;

%Total simulation time
%Time step size

%Total steps to reach time
%Fluid viscosity

%Formation volume factor
%Porosity
%Permeability
%Permeability

%Rock compressibility
%Fluid compressibility
%Total compressibility
%Length in X-direction
%Length in Y -direction
%Length in Z-direction
%Number of cells in X-direction
%Number of cells in Y -direction
%Number of cells in Z-direction
%Delta_x
%Delta_y
%Delta_z

beta = 158.029*phi*c_t*delta_x"2/delta_t;
d_w =887.33*B_w*delta_x"2/(delta_x*delta_y*delta_z);

r w=0.25;

r_eq=0.14 * (delta_x*delta_x+delta_y*delta_y)"0.5;

N = Nx*Ny*Nz;

kx_array=kx*ones(N,1);
ky_array=ky*ones(N,1);
P_n=3200*ones(N,1);
Qw=0,;

Pw=0;

Swc =0;

cells = delta_x*[1:1:Nx]";
tolerance = 1e-6;

%pFinite difference matrix
%Finite difference matrix

%Initial time pressure

%Well rates
%Well flowing pressures

%Peaceman model for productivity index

no_wells=1

well_constraints =["Rate","Pressure","Pressure"];
well_type =["Producer","Producer"”,"Producer"];

Qw = 10*ones(no_wells,1);
Pw = 1000*ones(no_wells,1);
well_indeces =[50 11 20];
Jw = zeros(no_wells,1);

for w=1:no_wells;

%Well rates

%Well flowing pressures

%Cell indices for wells

%Productivity index for wells
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Jw(w) = 2*pi*0.001127*k_eq*delta_z/(mu*B_w*log(r_eq/r_w));
end

P_2d = reshape(P_n,Nx,Ny)';

iPlot3d=surf(P_2d);

axis([0 Nx 0 Ny 2500 3300])

title('Reservoir Pressure Distribution, t = 0 days','fontsize',20,'fontweight','bold")
xlabel('x-direction’,'fontsize',20, fontweight','bold")
ylabel('y-direction','fontsize',20, fontweight','bold")

zlabel('Pressure (psia)','fontsize',20, fontweight','bold")

pause()

P=P_n;

for k = 1:Steps;
count = 0;
error = le+7,
while(error > tolerance)
Jacobian=zeros(N); %Finite difference matrix
Residual=zeros(N,1); %Finite difference vector
count = count +1;
for j = 2:Ny-1,
for i = 2:Nx-1;
m =i+ Nx*(j-1);
lambda_E = kx_array(m)*kx_array(m+1)/(kx_array(m)+kx_array(m+1))/mu;
lambda_W = kx_array(m)*kx_array(m-21)/(kx_array(m)+kx_array(m-1))/mu;
lambda_N = ky_array(m)*ky_array(m+Nx)/(ky_array(m)+kx_array(m+Nx))/mu;
lambda_S = ky_array(m)*ky_array(m-Nx)/(ky_array(m)+kx_array(m-Nx))/mu;
Em = lambda_E;
Wm = lambda_W;
Nm = (delta_x"2/delta_y”~2)*lambda_N;
Sm = (delta_x"2/delta_y”~2)*lambda_S;
Cm = Em+Wm+Sm+Nm-+beta;
Jacobian(m,m+1) = -1*Em;
Jacobian(m,m-1) = -1*Wm;
Jacobian(m,m+Nx) = -1*Nm;
Jacobian(m,m-Nx) = -1*Sm;
Jacobian(m,m)= Cm;
Residual(m)= -1*beta*P_n(m)-Wm*P(m-1)-Em*P(m+1)-Nm*P(m+Nx)-Sm*P(m-Nx)+Cm*P(m);
% fprintf("(Here count %d m = %d %g %g %g %g \n",count,m,Wm,Em,Sm,Nm,-Wm-Em-Sm-
Nm+Cm,Cm,-Wm*P(m-1)-Em*P(m+1)-Nm*P(m+Nx)-Sm*P(m-Nx)+Cm*P(m))

% fprintf("(Here count %d m = %d %g %g %g %g %g %g\n",count,m,Jacobian(m,m-
1),Jacobian(m,m+1),Jacobian(m,m+Nx),Jacobian(m,m-Nx),Jacobian(m,m),Residual(m))
end
end

%Bottom Boundary condition
=y
for i = 2:Nx-1;
m =i+ Nx*(j-1);
lambda_E = kx_array(m)*kx_array(m+1)/(kx_array(m)+kx_array(m+1))/mu;
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lambda_W = kx_array(m)*kx_array(m-1)/(kx_array(m)+kx_array(m-1))/mu;

lambda_N = ky_array(m)*ky_array(m+Nx)/(ky_array(m)+kx_array(m+Nx))/mu;

lambda_S=0.;

Em = lambda_E;

Wm = lambda_W,

Nm = (delta_x"2/delta_y”2)*lambda_N;

Sm=0,

Cm = Em+Wm+Sm+Nm-+beta;

Jacobian(m,m+1) = -1*Em;

Jacobian(m,m-1) = -1*Wm;

Jacobian(m,m+Nx) = -1*Nm;

Jacobian(m,m)= Cm;

Residual(m)= -1*beta*P_n(m)-Wm*P(m-1)-Em*P(m+1)-Nm*P(m+Nx)+Cm*P(m);
%fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-Sm-
Nm+Cm,Cm,-Wm*P(m-1)-Em*P(m+1)-Nm*P(m+Nx)+Cm*P(m))

%fprintf(*(Here count %d m = %d %g %g %g %g %g\n",count,m,Jacobian(m,m-
1),Jacobian(m,m+1),Jacobian(m,m+Nx),Jacobian(m,m),Residual(m))

end

%Top Boundary condition
i=Ny;
for i =2:Nx-1;
m =i+ Nx*(j-1);
lambda_E = kx_array(m)*kx_array(m+1)/(kx_array(m)+kx_array(m+1))/mu;
lambda_W = kx_array(m)*kx_array(m-21)/(kx_array(m)+kx_array(m-1))/mu;
lambda_ N =0
lambda_S = ky_array(m)*ky_array(m-Nx)/(ky_array(m)+kx_array(m-Nx))/mu;
Em = lambda_E;
Wm = lambda_W,
Nm = 0;
Sm = (delta_x"2/delta_y”~2)*lambda_S;
Cm = Em+Wm+Sm+Nm-+beta;
Jacobian(m,m+1) = -1*Em;
Jacobian(m,m-1) = -1*Wm;
Jacobian(m,m-Nx) = -1*Sm;
Jacobian(m,m)= Cm;
Residual(m)= -1*beta*P_n(m)-Wm*P(m-1)-Em*P(m+1)-Sm*P(m-Nx)+Cm*P(m);
% fprintf("'(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-
SmM-Nm+Cm,Cm,-Wm*P(m-1)-Em*P(m+1)-Sm*P(m-Nx)+Cm*P(m))

%fprintf("(Here count %d m = %d %g %g %g %g %g\n",count,m,Jacobian(m,m-
1),Jacobian(m,m+1),Jacobian(m,m-Nx),Jacobian(m,m),Residual(m))

end

%L eft Boundary condition

i=1;

for j = 2:Ny-1;
m =i+ Nx*(j-1);
lambda_E = kx_array(m)*kx_array(m+1)/(kx_array(m)+kx_array(m+1))/mu;
lambda W =0.;
lambda_N = ky_array(m)*ky_array(m+Nx)/(ky_array(m)+kx_array(m+Nx))/mu;
lambda_S = ky_array(m)*ky_array(m-Nx)/(ky_array(m)+kx_array(m-Nx))/mu;
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Em = lambda_E;

Wm = 0;

Nm = (delta_x"2/delta_y”~2)*lambda_N;

Sm = (delta_x”2/delta_y"2)*lambda_S;

Cm = Em+Wm+Sm+Nm-+beta;

Jacobian(m,m+1) = -1*Em;

Jacobian(m,m+Nx) = -1*Nm;

Jacobian(m,m-Nx) = -1*Sm;

Jacobian(m,m)= Cm;

Residual(m)= -1*beta*P_n(m)-Em*P(m+1)-Nm*P(m+Nx)-Sm*P(m-Nx)+Cm*P(m);

% fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-

Sm-Nm+Cm,Cm,-Em*P(m+1)-Nm*P(m+Nx)-Sm*P(m-Nx)+Cm*P(m))

%fprintf("(Here count %d m = %d %g %g %g %g
%g\n",count,m,Jacobian(m,m+1),Jacobian(m,m+NXx),Jacobian(m,m-Nx),Jacobian(m,m),Residual(m))

end

%Right Boundary condition
i = Nx;
for j = 2:Ny-1;
m =i+ Nx*(j-1);
lambda_E =0
lambda_W = kx_array(m)*kx_array(m-1)/(kx_array(m)+kx_array(m-1))/mu;
lambda_N = ky_array(m)*ky_array(m+Nx)/(ky_array(m)+kx_array(m+Nx))/mu;
lambda_S = ky_array(m)*ky_array(m-Nx)/(ky_array(m)+kx_array(m-Nx))/mu;
Em=0;
Wm = lambda_W,
Nm = (delta_x”2/delta_y”~2)*lambda_N;
Sm = (delta_x"2/delta_y”2)*lambda_S;
Cm = Em+Wm+Sm+Nm-+beta;
Jacobian(m,m-1) = -1*Wm;
Jacobian(m,m+Nx) = -1*Nm;
Jacobian(m,m-Nx) = -1*Sm;
Jacobian(m,m)= Cm;
Residual(m)= -1*beta*P_n(m)-Wm*P(m-1)-Nm*P(m+Nx)-Sm*P(m-Nx)+Cm*P(m);
% fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-
SmM-Nm+Cm,Cm,-Wm*P(m-1)-Nm*P(m+Nx)-Sm*P(m-Nx)+Cm*P(m))

%fprintf("(Here count %d m = %d %g %g %g %g %g\n",count,m,Jacobian(m,m-
1),Jacobian(m,m+Nx),Jacobian(m,m-NXx),Jacobian(m,m),Residual(m))

end

%Bottom-Left Corner Boundary condition

=y

i=1;

m =i+ Nx*(j-1);

lambda_E = kx_array(m)*kx_array(m+1)/(kx_array(m)+kx_array(m+1))/mu;
lambda W =0.;

lambda_N = ky_array(m)*ky_array(m+Nx)/(ky_array(m)+kx_array(m+Nx))/mu;
lambda_S=0,

Em = lambda_E;

Wm=0,
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Nm = (delta_x"2/delta_y”2)*lambda_N;

Sm=0.;

Cm = Em+Wm+Sm+Nm-+beta;

Jacobian(m,m+1) = -1*Em;

Jacobian(m,m+Nx) = -1*Nm;

Jacobian(m,m)= Cm;

Residual(m)= -1*beta*P_n(m)-Em*P(m+1)-Nm*P(m+Nx)+Cm*P(m);
%fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-Sm-
Nm+Cm,Cm,-Em*P(m+1)-Nm*P(m+Nx)+Cm*P(m))

%fprintf("(Here count %d m = %d %g %g %g
%g\n",count,m,Jacobian(m,m+1),Jacobian(m,m+NXx),Jacobian(m,m),Residual(m))

%Bottom-Right Corner Boundary condition

=1

i = Nx;

m =i+ Nx*(j-1);

lambda_E = 0;

lambda_W = kx_array(m)*kx_array(m-1)/(kx_array(m)+kx_array(m-1))/mu;
lambda_N = ky_array(m)*ky_array(m+Nx)/(ky_array(m)+kx_array(m+Nx))/mu;
lambda_S=0.;

Em=0,

Wm = lambda_W,

Nm = (delta_x"2/delta_y”2)*lambda_N;

Sm=0;

Cm = Em+Wm+Sm+Nm-+beta;

Jacobian(m,m-1) = -1*Wm;

Jacobian(m,m+Nx) = -1*Nm;

Jacobian(m,m)= Cm;

Residual(m)= -1*beta*P_n(m)-Wm*P(m-1)-Nm*P(m+Nx)+Cm*P(m);
%fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-Sm-
Nm+Cm,Cm,-Wm*P(m-1)-Nm*P(m+Nx)+Cm*P(m))

%fprintf("'(Here count %d m = %d %g %g %g %g\n",count,m,Jacobian(m,m-
1),Jacobian(m,m+Nx),Jacobian(m,m),Residual(m))

%Top-Left Corner Boundary condition

j=Ny;

i=1;

m =i + Nx*(j-1);

lambda_E = kx_array(m)*kx_array(m+1)/(kx_array(m)+kx_array(m+1))/mu;
lambda W =0.;

lambda_N = 0;

lambda_S = ky_array(m)*ky_array(m-Nx)/(ky_array(m)+kx_array(m-Nx))/mu;
Em = lambda_E;

Wm = lambda_W,;

Nm = (delta_x"2/delta_y”2)*lambda_N;

Sm = (delta_x"2/delta_y"2)*lambda_S;

Cm = Em+Wm+Sm+Nm-+beta;

Jacobian(m,m+1) = -1*Em;

Jacobian(m,m-Nx) = -1*Sm;

Jacobian(m,m)= Cm;

Residual(m)= -1*beta*P_n(m)-Em*P(m+1)-Sm*P(m-Nx)+Cm*P(m);
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%fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-Sm-
Nm+Cm,Cm,-Em*P(m+1)-Sm*P(m-Nx)+Cm*P(m))

%fprintf("(Here count %d m = %d %g %g %g %g\n",count,m,Jacobian(m,m+1),Jacobian(m,m-
Nx),Jacobian(m,m),Residual(m))

%Top-Left Corner Boundary condition

i=Ny;

i = NXx;

m =i+ Nx*(j-1);

lambda E =0.;

lambda_W = kx_array(m)*kx_array(m-1)/(kx_array(m)+kx_array(m-1))/mu;
lambda_N =0;

lambda_S = ky_array(m)*ky_array(m-Nx)/(ky_array(m)+kx_array(m-Nx))/mu;
Em = lambda_E;

Wm = lambda_W;

Nm = (delta_x"2/delta_y”2)*lambda_N;

Sm = (delta_x"2/delta_y”~2)*lambda_S;

Cm = Em+Wm+Sm+Nm-+beta;

Jacobian(m,m-1) = -1*Wm;

Jacobian(m,m-Nx) = -1*Sm;

Jacobian(m,m)=Cm;

Residual(m)= -1*beta*P_n(m)-Wm*P(m-1)-Sm*P(m-Nx)+Cm*P(m);
%fprintf("(Here count %d m = %d %g %g %g %g %g %g %g\n",count,m,Wm,Em,Sm,Nm,-Wm-Em-Sm-
Nm+Cm,Cm,-Wm*P(m-1)-Sm*P(m-Nx)+Cm*P(m))

%fprintf(*(Here count %d m = %d %g %g %g %g\n™,count,m,Jacobian(m,m-1),Jacobian(m,m-
Nx),Jacobian(m,m),Residual(m))

%well condition

for w = 1:no_wells;
i = well_indeces(w);
if well_constraints(w) == "Rate";
if well_type == "Producer";
Residual(i) = Residual(i)+d_w * Qw(w);

end
if well_type == "Injector";
Residual(i) = Residual(i)-d_w * Qw(w);
end
end

if well_constraints(w) == "Pressure";
if well_type == "Producer";
Residual(i) = Residual(i)-d_w * Jw(w)*Pw(w);
Jacobian(i,i) = Jacobian(i,i) + d_w * Jw(w);
end
if well_type == "Injector";
Residual(i) = Residual (i)+d_w * Jw(w)*Pw(w);
Jacobian(i,i) = Jacobian(i,i) - d_w * Jw(w);
end
end
end
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P = P-Jacobian\Residual;
error = norm(Residual);
end

P_n=P;

P_2d = reshape(P_n,Nx,Ny)';

surf(P_2d);

axis([0 Nx 0 Ny 2500 3300])

szTitle=sprintf('Reservoir Pressure Distribution, t = %.0f days',k*delta_t);
title(szTitle,'fontsize',20, fontweight','bold")
xlabel('x-direction','fontsize',20, fontweight','bold")
ylabel('y-direction','fontsize',20, fontweight','bold")

zlabel('Pressure (psia)','fontsize',20, fontweight','bold")

pause()

end

Jacobian;

E. Coupled Wellbore Initialisation Code

% definition of constant parameters

A=(Ggas*Kmi)/Visgas;

B=0;%((1-PoroM)*Mw*PL*VL*denSH)/Vstd;

C=Ggas*PoroM,;

D=(Kmi*Ggas*crossflow)/Visgas;

E=A*bm;

G=(Kfi*denG*2*pi)/(Visgas*log((Re/Rw)));% coefficient of production term
Al=(Ggas*Kfi)/Visgas;

% for fractures

K=Ggas*PoroF;

F=Al1*bf;

%%
dt=10; % change in time, timestep

maxm=50;
eps=0.00011;
eps1=0.1;

% initial condition
U_init=ones(M,N)*Pi;
V_init=ones(M,N)*Pi;

% Initial guess for Newton raphson
Ul=ones(M,N)*500;
U=U1;
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U_1=ones(M,N)*500;

V1=ones(M,N)*500;
V=V1;
V_1=ones(M,N)*500;

% initialise Guess for Jacobi iteration
u_delta=zeros(M,N)*Pi;
v_delta=zeros(M,N);

% define tolerance for convergence
w=0.05; % relaxation factor
w_1=0.09;

PA=[];PA2=[];PA3=[];
%
for n=1:15 % change time (100 for 3 years)

nunknoll=M*M;

mm1=1;

numill=0;

while (humill<nunknoll)*(mml<maxm)

% Execute Newton Method
nunknol=M*M;

mm=1;

numil=0;

while (numil<nunknol)*(mm<maxm)

% Execute Gauss-Seidel algorithm

nunkno=M*M;
m=1,
numi=0;
while (numi<nunkno)*(m<maxm)
numi=0;
% interior nodes
for i=2:M-1
for j=2:N-1
if i==(M+1)/2 && j==(N+1)/2
f(i,))=(C+(B/(PL+U(i,j))2))*((U(i,j)-U_init(i,j))/dt)-(A*((U(i+1,))-U(i-1,j))/2*dx)"2)-
(A*((U(i,j+1)-U(i,j-1))2dy)"2)-(A*U (i) *((U(i+1,))+U(Ii-1,))-2*U(,)))/dx"2))...
-((A*U(I,1)*((U (L j+1)+U(0,j-1)-2%U(0.))/dy"2))-(E*((U(i+1,)+U(i-1,))-2*U(i.)))/dx*2))-
(E*((U(i,j+1)+U(i,j-1)-2*U(i,j))/dy"2))...
+(D*(U(i.))-V(I.))+G*(V(i)-pwi);
aE=(-1/2*A*((U(i+1,j)-U(i-1,j))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2); % left nodes (upper
diagonal)
aW=(1/2*A*((U(i+1,))-U(i-1,j)))/dx"2))-(A*U(i,j)/dx" 2)-(E/dx"2);  %right nodes (lower
diagonal)
aN=(-1/2*A*((U(i,j+1)-U(i,j-1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
aS=(1/2*A*((U(i,j+1)-U(i,j-1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
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a0=(2*B*(U(i,j)-U_init(i j)))/(dt*(PL+U(i,j))*3)+((C+(BI(PL+U(i.j))*2))/dt)-
(A*((U(i+1,j)+U(i-1,j)-2%U i j))/dx2))-(A*((U(i,j+1)+U(i,j-1)-2%U(i.j))/dy’2))...

+(((2*A)dx2)*U(i,j))+(((2*A)/dy*2)*U(i,j))+(2*E/dx"2)+D*U(i,j)+(2*E/dy*2)+D*U(i,j)+D*(U(i,j) -
V(i,j))+G; % diagonal (middle nodes)
u_delta0(i,j)=((-f(i,j)-aE*u_delta(i+1,j)-aWw*u_delta(i-1,j)-aN*u_delta(i,j+1)-aS*u_delta(i,j-

1))/a0)
error= abs((u_delta0(i,j)-u_delta(i,j))/u_delta(i,j));
u_delta(i,j)=u_deltaO(i,j);
if (error<eps)
numi=numi+1;
end
% q=G*(U(i,j)-pwf);
else

f(i,j)=(C+(B/(PL+U(i,j))*2))*((U(i,j)-U_init(i,j))/dt)-(A*((U(i+1,j)-U(i-1,j))/12*dx)"2)-
(A*((U(i,j+1)-U(i,j-1))/2*dy)"2)-((A*U(0,j))*((U(i+1,j)+U(i-1,))-2*U(0,j))/dx"2))...
-((A*U())*((U(3,j+1)+U(i1,j-1)-2*U(ij))/dy"2))-(E*((U(i+1,j)+U(i-1,))-2*U(i.j))/dx"2)) -
(E*((U(i,j+1)+U(i,j-1)-2*U(i,j))/dy"2))...
+(D*(U(i.))-V(i.)));
aE=(-1/2*A*((U(i+1,j)-U(i-1,j))/dx*2))-(A*U(i,j)/dx"2)-(E/dx"2); % left nodes (upper
diagonal)
aW=(1/2*A*((U(i+1,j)-U(i-1,j))/dx*2))-(A*U(i,j)/dx 2)-(E/dx"2); %right nodes (lower
diagonal)
aN=(-1/2*A*((U(i,j+1)-U(i,j-1))/dx*2))-(A*U(i,j)/dx 2)-(E/dx"2);
aS=(1/2*A*((U(i,j+1)-U(i,j-1))/dx*2))-(A*U(i,j)/dx"2)-(E/dx"2);
a0=(2*B*(U(i,j)-U_init(i,j)))/(dt*(PL+U(i,j))3)+((C+(B/(PL+U(i,j))"2))/dt)-
(A*((U(@+1,))+U(i-1,))-2*U(0,j))/dx 2))-(A*((U(i,j+1)+U(i,j-1)-2*U(i,)))/dy2))...

+(((2*A)/dx*2)*U(i,))+(((2*A)/dy*2)*U(i,)))+(2*E/dx"2)+D*U(i,j) +(2*E/dy*2)+D*U(i,j)+D*(U(i,j)-V(i,j)); %
diagonal (middle nodes)
u_delta0(i,j)=((-f(i,j)-aE*u_delta(i+1,j)-aW*u_delta(i-1,j)-aN*u_delta(i,j+1)-aS*u_delta(i,j-
1))/a0)
error= abs((u_delta0(i,j)-u_delta(i,j))/u_delta(i,j));
u_delta(i,j)=u_delta0(i,j);
if (error<eps)
numi=numi+1;
end
end
end
end
% left nodes
% Boundary condition for left node (Neumann BC)
fori=1
for j=2:N-1
f(i,))=(C+(B/(PL+U(,j)2)*((U(i,))-U_init(i,j))/dt)-(A*((U(i+1,j)-U(i+1,)))/2*dx)"2)-
(A*((U(1,j+1)-U(i,j-1))/2*dy)"2)-((A*U(i.)))*((U(i+1,j)+U(i+1,)-2*U(i.j))/dx"2))...
-((A*U3LD)*((U(,j+1)+U(I-1)-2%U(Lj))dy"2))-(E*((U(i+1,))+U(i+1,])-2*U(i,j))/dx"2))-
(E*((U(i,j+1)+U(i,j-1)-2*U(i,j))/dy"2))...
+HD*(U(i.)-V(i.)));
aE=(-1/2*A*((U(i+1,j)-U(i+1,)))/dx"2))-(A*U(i,j)/dx*2)-(E/dx"2); % left nodes (upper
diagonal)
aW=(1/2*A*((U(i+1,j)-U(i+1,)))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2); %right nodes (lower
diagonal)
aN=(-1/2*A*((U(i,j+1)-U(i,j-1))/dx"2))-(A*U(i,))/dx"2)-(E/dx"2);
aS=(1/2*A*((U(i,j+1)-U(i,j-1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
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a0=(2*B*(U(i,j)-U_init(i,j))/(dt*(PL+U(i,j))*3)+((C+(B/(PL+U(i,j))"2))/dt)-
(A*((U(+1,j)+U(+1,5)-2*U(i.))dx2))-(A*((U(i,j+1)+U(i,j-1)-2*U(0,j))/dy’2))...

+H(((Z*A)/dx"2)*U(i.j)) +(((2*A)dy"2)*U(i,j)+(2*E/dx"2)+D*U(i,j)+(2*E/dy"2)+D*U(i,j) +D*(U(i.j)-V(i.j)); %
diagonal (middle nodes)
u_delta0(i,j)=((-f(i,j)-aE*u_delta(i+1,j)-aW*u_delta(i+1,j)-aN*u_delta(i,j+1)-aS*u_delta(i,j-
1))/a0)
error= abs((u_delta0(i,j)-u_delta(i,j))/u_delta(i,j));
u_delta(i,j)=u_delta0(i,j);
if (error<eps)
numi=numi+1;
end
end
end
% right nodes
% Boundary condition for right node (Neumann BC)
for i=M
for j=2:N-1
f(i,))=(C+(B/(PL+U(i,j))*2))*((U(i,j)-U_init(i,j))/dt)-(A*((U(i-1,j)-U(i-1,j))/2*dx)"2)-
(A*((U(i,j+1)-U(i,j-1))/2*dy)"2)-((A*U(0,j))*((U(i-1,)+U(0-1,j)-2*U(i.j))/dx"2))...
-((A*U3L))*((U(Lj+1)+U(I1,j-1)-2%U(iLj))/dy"2))-(E*((U(i-1.j)+U(i-1,j)-2*U(i.,j))/dx"2))-
(E*((U(i,j+1)+U(i,j-1)-2*U(i,j))/dy"2))...
+HD*(U(i))-V(i.));
aE=(-1/2*A*((U(i-1,j)-U(i-1,j))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2); % left nodes (upper
diagonal)
aW=(1/2*A*((U(i-1,j)-U(i-1,)))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2); %right nodes (lower
diagonal)
aN=(-1/2*A*((U(i,j+1)-U(i,j-1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
aS=(1/2*A*((U(i,j+1)-U(i,j-1))/dx"2))-(A*U(i,j)/dx*2)-(E/dx"2);
a0=(2*B*(U(i,j)-U_init(i,j)))/(dt*(PL+U(i,j))"3)+((C+(B/(PL+U(i,j))"2))/dt)-(A*((U(i-1,j)+U(i-
1,j)-2*U(ij))/dx"2))-(A*((U(i,j+1)+U(i,j-1)-2*U(i,j))/dy*2))...

+(((2*A)dx 2)*U(i,j))+(((2*A)/dy"*2)*U(i,j))+(2*E/dx"2)+D*U(i,j)+(2*E/dy 2)+D*U(i,j)+D*(U(i,j)-V(i.))); %
diagonal (middle nodes)
u_delta0(i,j)=((-f(i,j)-aE*u_delta(i-1,j)-aW*u_delta(i-1,j)-aN*u_delta(i,j+1)-aS*u_delta(i,j-
1))/a0)
error= abs((u_delta0(i,j)-u_delta(i,j))/u_delta(i,)));
u_delta(i,j)=u_delta0(i,j);
if (error<eps)
numi=numi+1;
end
end
end
% Top node
for j=N
for i=2:M-1
f(1,J)=(C+(B/(PL+U(i,1))"2))*((U(i.j)-U_init(i,j))/dt)-(A*((U(i+1,§)-U(i-1,§))/2*dx)"2)-(A*((U(i j-
1)-U(i,j-1))/2xdy)"2)-((A*U(i.1))*((U(i+1.j)+U(i-1,j)-2*U(I,j))/dx"2))...
-((A*U3L))*((U(I,j-1)+U(0,j-1)-2*U(i,j))/dy"2))-(E*((U(i+1,j)+U(i-1,1)-2*U(1.j))/dx"2))-
(E*((U(i,j-1)+U(i,j-1)-2*U(i,j))/dy"2))...
+HD*(U(i.)-V(i.)));
aE=(-1/2*A*((U(i+1,))-U(i-1,j))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2); % left nodes (upper
diagonal)
aW=(1/2*A*((U(i+1,j)-U(i-1,j))/dx*2))-(A*U(i,j)/dx"2)-(E/dx"2); %right nodes (lower
diagonal)
aN=(-1/2*A*((U(i,j-1)-U(i,j-1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
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aS=(L/2*A*((U(i,j-1)-U(i,j-1))/dx"2))-(A*U (i j)/dx"2)-(E/dx2);
a0=(2*B*(U(i,j)-U_init(i,j)))/(dt*(PL+U(i,j))"3)+((C+(B/(PL+U(i,j))*2))/dt)-(A*((U(i+L,j)+U(i-
1,j)-2*U(i.j))/dx"2))-(A*((U(i J-1)+U(i,j-1)-2*U(i,j))/dy"2))...

+H(((Z*A)/dx"2)*U(i.j)) +(((2*A)dy"2)*U(i,)))+(2*E/dx"2)+D*U(i,j)+(2*E/dy"2)+D*U(i,j)+D*(U(i.j)-V(i.j)); %
diagonal (middle nodes)
u_delta0(i,j)=((-f(i,j)-aE*u_delta(i+1,j)-aW*u_delta(i-1,j)-aN*u_delta(i,j-1)-aS*u_delta(i,j-
1))/a0)
error= abs((u_delta0(i,j)-u_delta(i,j))/u_delta(i,j));
u_delta(i,j)=u_delta0(i,j);
if (error<eps)
numi=numi+1;
end
end
end
% Bottom node
for j=1
for i=2:M-1
f(i,))=(C+(B/(PL+U(i,j))*2))*((U(i,j)-U_init(i,j))/dt)-(A*((U(i+1,))-U(i-1,j))/2*dx)"2)-
(A*((U(0,j+1)-U(i,j+1))2*dy)"2)-((A*U(0,j))*((U(i+1,)+U(i-1,j)-2*U(i,j))/dx"2))...
-((A*U3L))*((U(Lj+1)+U(Ij+1)-2%U(0L)))/dy"2))-(E*((U(i+1,§) +U(I-1,j)-2*U(i,j))/dx"2))-
(E*((U(i,j+1)+U(i j+1)-2*U(i,j))/dy"2))...
+HD*(U(i))-V(i.));
aE=(-1/2*A*((U(i+1,))-U(i-1,)))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2); % left nodes (upper
diagonal)
aW=(1/2*A*((U(i+1,))-U(i-1,j))/dx"2))-(A*U(i,))/dx"2)-(E/dx"2); %right nodes (lower
diagonal)
aN=(-1/2*A*((U(i,j+1)-U(i,j+1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
aS=(1/2*A*((U(i,j+1)-U(i,j+1))/dx"2))-(A*U(i,j)/dx"2)-(E/dx"2);
a0=(2*B*(U(i,j)-U_init(i,j)))/(dt*(PL+U(i,j))*3)+((C+(B/(PL+U(i,j))"2))/dt)-(A*((U(i+1,j)+U(i-
1,j)-2*U(ij))/dx"2))-(A*((U(i,j+1)+U(i,j+1)-2*U(i,j))/dy"2))...

+(((2*A)dx*2)*U(i,)))+(((2*A)/dy*2)*U(i,j))+(2*E/dx"2)+D*U(i,j)+(2*E/dy"2)+D*U(i,j)+D*(U(i,j) -V(i,j)); %
diagonal (middle nodes)
u_delta0(i,j)=((-f(i,j)-aE*u_delta(i+1,j)-aW*u_delta(i-1,j)-aN*u_delta(i,j+1)-
aS*u_delta(i,j+1))/a0)
error= abs((u_delta0(i,j)-u_delta(i,j))/u_delta(i,)));
u_delta(i,j)=u_delta0(i,j);
if (error<eps)
numi=numi+1;
end
end
end
m=m-+1,;
end
fori=1:M
for j=1:M
U_1(i,))=U(i j)+w*u_delta(i,j);
error=abs((U_1(i,j)-U(@i,))U(i.);
if (error<eps)
numil=numil+1;
end
end
end
U=u_1;
% plot(x,U_1,'rp--"
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% mm=mm+1;
end

U(L,1)=1/2%(U(1,2)+U(2,1));
U(M,1)=1/2%(U(M-1,1)+U(M,2));
U(L,N)=1/2%(U(1,N-1)+U(2,N));
U(M,N)=1/2*(U(M,N-1)+U(M-1,N));

% Boundary condition for Wellbore Interface (Direchlet BC)

V(1,:)=Pw;
V(M,:)=Pw;
V(:,N)=Pw;
V(;,1)=Pw;

V_1(1,))=Tws;
V_1(M,))=Tws;
V_1(;,N)=Tws;
V_1(:,1)=Tws;

% Execute Newton Method for Fracture
nunknoFF=M*M;

ff=1;

numiFF=0;

while (numiFF<nunknoFF)*(ff<maxm)

% Execute Gauss-Seidel algorithm

nunknoF=M*M;
f=1;
numiF=0;
while (humiF<nunknoF)*(f<maxm)
numiF=0;
for i=2:M-1
for j=2:N-1
if i==(M+1)/2 && j==(N+1)/2
f_f(i,J)=(K*(V(i,))-V_init(i,j))/dt)-(AL*((V(i+1,))-V(i-1,j))/2*dx)"2)-
(AL*V(i,))*(V([i+1,))+V(i-1,j)-2*V(i,j)/dx 2)-(F*(V(i+1,))+V(i-1,j)-2*V(i,j))/dx"2)-(D*V(i,j)*(U(i,j)-V(i,j)))...
-(AL*((V(i,j+1)-V(i,j-1))/2*dx)"2)-(AL*V(i,j)*(V(i,j+1)+V(i,j-1)-2*V(i,j))/dx"2)-
(F*(V(i,j*+1)+V(i,j-1)-2*V(i,)))/dx"2)+G*(V(i)-pwf);
aE_f=((-1/2*(AL/dx"2))*(V(i+1,j)-V(i-1,))))-((AL/dx"2)*V(i,}))-((F/dx"2));
aN_f=((-1/2*(AL1/dx"2))*(V(i,j+1)-V(i,j-1)))-((AL/dx"2)*V/(i j))-((F/dx"2));
aW_f=((1/2*(AL/dx 2))*(V(i+1,))-V(i-1,))))-((AL/dx"2)*V(i,j))-((F/dx"2));  %right nodes
(lower diagonal)
aS_f=((1/2*(AL/dx"2))*(V(i,j+1)-V(i,j-1)))-((AL/dx" 2)*V(i,}))-((F/dx"2));
a0_f=(K/dt)-(AL*((V(i+1,))+V(i-1,))-2*V(i,}))/dx"2))+((2*(AL/dx"2))*V (i,]))) +(2*(F/dx"2))-
(D*(U(i.j)-V(I.N)+D*V(i.j)...
-(ALT*((V(i,j+1)+V(i,j-1)-2*V(i,j))/dx"2))+((2*(AL/dx 2))*V(i,j))+(2*(F/dx"2))+G; %
diagonal (middle nodes)
v_deltaO(i,j)=((-f_f(i,j)-aE_f*v_delta(i+1,j)-aW_f*v_delta(i-1,j)-aN_f*v_delta(i,j+1)-
aS_f*v_delta(i,j-1))/a0_f);
error3=abs((v_delta0-v_delta(i,j))/v_delta(i,j));
v_delta(i,j)=v_delta0(i,j);
if (error<eps)
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numiF=numiF+1;
end
% q=G*(U(i)-pwf);
g=-0.333*-((K*(V(i,j)-V_init(i,j))/dt)-(AL*((V(i+1,))-V(i+1,)))/12*dx)"2)-
ALV (i) *(V(i+1,))+V(i+1,))-2*V(i,)))/dx"2)-(F*(V(i+1,))+V(i+1,])-2*V(i,)))/dx"2)-(D*V(i,j)*(U(i.j)-
V(i.j)...
-(AL*((V(i+1,))-V(i+1,)))/2*dx)"2)-(A1*V(i,j)*(V(i+1,))+V(i+1,))-2*V(i,j))/dx"2)-
(FA(V(+1,))+V(i+1,))-2*V(i,)))/dx"2));

else
ff(i,))=(K*(V(i,j)-V_init(i,j))/dt)-(AL*((V(i+1,j)-V(i-1,)))/12*dx)"2)-
(AL*V(ij)*(V(i+ 1) +V(i-1,))-2*V(i,))/dx"2)-(F(V(i+1,j)+V(i-1,j)-2*V(i,j))/dx"2)-(D*V (i, J)*(U(i,))-V(i,))))..
-(AL*((V(i,J+1)-V(i,j-1))2*dx)"2)-(AL*V(i,))*(V(i,j+1)+V(i-1)-2*V(i,}))/dx"2)-
(F*(V(i,j+1)+V(i,j-1)-2*V(i,j))/dx"2);
aE_f=((-1/2*(A1/dx*2))*(V(i+1,))-V(i-1,j)))-((AL/dx*2)*V(i,j))-((F/dx"2));
aN_f=((-1/2*(A1/dx"2))*(V(i,j+1)-V(i,j-1)))-((AL/dx"2)*V/(i,}))-((F/dx"2));
aW_f=((1/2*(AL/dx*2))*(V(i+1,))-V(i-1,))))-((AL/dx*2)*V(i,j))-((F/dx"2)); %right nodes
(lower diagonal)
aS_f=((1/2*(AL/dx*2))*(V(i,j+1)-V(i,j-1)))-((AL/dx*2)*V(i,j))-((F/dx"2));
a0_f=(K/dt)-(AL*((V(i+1,))+V(i-1,))-2*V(i,)))/dx"2))+((2*(AL/dx"2))*V (i,]))) +(2*(F/dx"2))-
(D*(U@.)-VEDN+D*V(I,j)...
-(ALT*((V(i,j+1)+V(i,j-1)-2*V(i,j))/dx 2))+((2*(AL/dx 2))*V(i,j))+(2*(F/dx"2)); %
diagonal (middle nodes)
v_delta0(i,j)=((-f_f(i,j)-aE_f*v_delta(i+1,j)-aW_f*v_delta(i-1,j)-aN_f*v_delta(i,j+1)-
aS_f*v_delta(i,j-1))/a0_f);
error3=abs((v_delta0-v_delta(i,j))/v_delta(i,j));
v_delta(i,j)=v_delta0(i,j);
if (error<eps)
numiF=numiF+1;
end
end
end
end

f=f+1;
end

for i=2:M-1
for j=2:N-1
V_1(i,j)=V(i)+w_1*v_delta(i,j);
error=abs((V_1(i,j)-V(i,)/V(.);
if (error<eps)
numiFF=numiFF+1;
end
end
end
V=V _1;

end

%
% % Checking for convergence before looping back again
%
% final update solution
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for i=1:M
for j=1:N

error5(i,j)=abs((U_1(i,j)-U1(i,j))/U1(i,j));

if error5(i,j)< epsl
numill=numill+1;
end
end
end
for i=2:N-1
for j=2:N-1
error6(i,j)=abs((V_1(i,j)-V1(i,j))/V1(i,)))
if error6(i,j)< epsl
numill=numill+1;
end
end
end
end
U_init=U1;
V_init=V1;
PA2=[PA2;V_1];
PA3=[PA3;q]
figure(1)
surf(x,y,V_1)
figure(2)
surf(x,y,U_1)
xlabel('distance (m)")
ylabel(P'; 'T''Q")
pause(0.90)
end

figure(1)
surf(x,y,V)
colorbar
shading interp
jet
colormap(jet)

figure(2)
surf(x,y,U)
colorbar
shading interp
jet
colormap(jet)
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