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Abstract

Cold heavy oil production with sand (CHOPS) is a single well technology that involves the deliberate
initiation and sustaining of sand inflow into the wells using progressive cavity pumps (PCP) to produce
at oil high rates with a subsequent hjgiessure chwdown around the wellbore and improvement in olil

well productivity. CHOPS is a primary recovery method extensively used in the world as a profitable
and simple technology. Foarmy flow and wormhole formation are the main mechanisms of CHOPS,
where aggessive sand production is a consequence of geomechanical issues such as elastoplastic
behavior, stress redistribution, failure criteria, pressure gradient, erosion, and sand liquefaction.

The general objective of this thesis is to build a numerical ntodafedict and explain massive sand
production during cold heavy oil production by coupling fluid flow with geomechanics and considering
stress redistribution and erosional processes. This research also identifies the relevant phenomena of
massive sand pduction and describes the interaction between geomechanical and erosional processes.
A methodology is proposed to model the initiation and propagation of wormholes based on
geomechanical behavior.

A 3D-single well model is built to understand the colawne oil production with sand, considering
relevant dynamics such as stress redistribution and the interaction between geomechanical and erosiona
processes, by coupling fluid flow with geomechanics. This model couples attase fluid flow model

and arelastoplastic model and integrates other models: a sand production model, @iloarogule,

and a conceptual model for wormhole formation. This coupled model is verified and validated firstly by
components and lately integrating step by step the diffemnponents using commercial software such

as ABAQUS® and CMG®. Field cases are rtoncalibrate the parameters of the sand production model
resulting in low sand levels, a case with the main characteristics of a CHOPS well is rurresultgs

are anajzed, and a sensitive study is performed to evaliampact of variables such as pressure
drawdown, cohesion, internal friction angénd stress regimé&inally, a special case is built combing

all variables and looking to promote sand production auttcessful results.

Keywords: cold heavy oil prodation with sand, CHOPS, sand produntibeavy oil






Res umen

La producciénen frio de crudo pesadocon arena (CHOPS) es una tecnologia de un solo pozo que
involucra el inicio deliberado y el mantenimiento del flajeenaa los pozos utilizando bombas de
cavidad progresiva (PCP) para prodymétroleoa altas tasason unsubsiguientealto gradiente de

presion alrededor del pozo. y mejora en la productividad de los pozos de petroleo. CHOPS es un método
de recuperacién primariampliamente utilizado en el mundo como una tecnologia rentable y sencilla. El
flujo de crudo espumoso y la formacion de agujeros de gusano son los principales mecanismos de
CHOPS, donde la produccién agresiva de arena es consecuencia de problemasniEmsraomno el
comportamiento elastoplastico, la redistribucionedéuerzos los criterios de falla, el gradiente de
presion, la erosion y la licuefaccion de la arena.

El objetivo general de esta tesis es construir un modelo numérico para predediay é&xproduccién

masiva de arena durante la producasdnfrio de crudo pesadacoplando el flujo de fluidos con la
geomecanica y considerando la redistribuciorsfaerzoy los procesos de erosion. Esta investigacion
también identifica los fenbmenoslevantes de produccién masiva de arena y describe la interaccion
entre los procesos geomecanicos y erosivos. Se propone una metodologia para modelar la iniciacion y
propagacion de agujeros de gusano basada en el comportamiento geomecanico.

Se construye mmodelo de pozo unico en 3D para comprender la produeaidiio de crudo pesado

con arena, considerando dinamicas relevantes como la redistribu@sinalzosy la interaccién entre

los procesos geomecanicos y erosivos, al acoplar el flujo de flodio geomecéanica. Este modelo
combina un modelo de flujo de fluido trifasico y un modelo elastoplastico e integra otros modelos: un
modelo de produccién de arena, un médulorddoespumoso y un modelo conceptual para la formacion

de agujeros de gusarieste modelo acoplado es verificado y validado primeramente por componentes y
posteriormente integrando paso a paso los diferentes componentes utilizando software comerciales coma
ABAQUS® y CMG®. Se corren casos de campo para calibrar los parametrogdigbrde produccion

de arena resultando en bajos niveles de arena, se corre un caso con las principales caracteristicas de
pozo CHOPS y se analizan sus resultados, y se realiza un esehsibilidadpara evaluar el impacto

de variables como conal gradientede presion,Ja cohesiong angulo de friccion interna gl régimen

de eduerzos Finalmente, se construye un caso espeaoiabinandotodas las variables y buscando
promover la produccién de arena con resultados exitosos.

Palabras clare: Produccionen friode crudopesado corarena CHOPS , produccién de arepnarudo
pesado
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Nomenclature

Latin symbols

5
o
5
5
E
@
A
Q
!

Crosssectional areaftf].

Experimental parameter (Detournay sand production criteririfQd Q& | Q€ € a ¢
Formation volume factor (FVF) Liquid FVF, 2 T3 4 * Gas FVF,2 "TO A /&
Concentration of sand grains (Vardoulakis sand production criterien), @ 0 "Qé &
Stiffness matrix (constitutive elastic)

Compressibilityn i Q

Coefficient of equivalent plastic strain for the associated flow of Drucker & Prager.
Derivative function.

Partial derivative function.

Determinant.

Diameter.

Divergence.

Young modulus,n i Q

Canonicalector.

Function.

Yield function.

Right side of the stresstrain constitutive system.

Failure or entrainedas volume fraction (foamy oil).

Shear modulus (seacdn@ Lamebés constant
Gravitational accelerationg @ x #HO 1 shear potential function.

Finite dimensional subspace.

Plasticity function

Experimental parameter (sand production).

Stress invariants or identity matrix.

Deviator stress invariants or Jacobian

Bulk modulus, i Q

Global stiffness matrix.

Reference elemen8-node hexahedron.

Permeability (scalar)a O.

Permeability tensor.

Molecular weight

Mass, | A lor viscosity constant (foamy oil).

Number

Normal unit vector.

Number of blocks.

Phase pressure, pressurg,i ."Q

Volumetric flow ratei Liquid flow rate 3 4T$ , Gas flow rate,O AHE
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Volumetric discharge (sand production).

Drucker and Prager material const@tefficient of pressure sensitivity).
Gas universal constant.
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Chapter 1. Introduction

1.1 Overview

Heavy oi l reservoirs are the | argest hydrocarb
trillion barrels, being essential in worldwide oil production (Shafiei & Dusseault, 2013). Presently, the
abundance of oil resources and the prospect of reducing oil demand promote a change in global oil
supplies. Mainly, lowcost producers may use theompetitive advantage to rising market share. So,
heavy oil reservoirs compete with feasibility and low cost to supply energy demand. The challenges are
still about extracting, recovering, producing, and selling heavy oils under shifting economic rules and
with minimal environmental impact.

To get these challenges, there are technical difficulties in heavy oil extraction because of the
characteristics of the formation, weak and unconsolidated sandstones, and the contained fluids, in terms
of density and \dcosity. The production of sand grains from unconsolidated sandstones under viscous
fluid flow is inevitable. Sand production has been found to increase effectively productivity in heavy oil
reservoirs, but it can also lead to geomechanical problems.

Cold Heavy Oil Production with Sand (CHOPS) is the principal heavy oil production technology, which
is a primary and nethermal recovery method that implies the deliberate initiation and sustaining of sand
influx into the wells using progressive cavity punfP€£P) to enhance production rates and to assurance
operating reliabilityDusseault, 2002, 2009CHOPS has become a profitable mainstream strategy for
heavy oil reservoirs due to itsdoperational costs and relatively high recovery factors, compared to the
thermal recovery methods and horizontal willssseault & EiSayed, 2000y oung, Mathews, & Hulm,

2012, Bybee, 2011).

Colombia is framed in the michoon that connects the heavy lbésins from Venezuela and Ecuador.
Colombig according to thisocation appears to ba sedimentary basin with similar characteristics and
large heavy oil reserves. Hence, despite the challenges of the exploitation of heavy oil reservoirs and the
previows experience in this technology, cold heavy oil production with sand is projected as an attractive
and rentable alternative to the exploitation of heavy oil reservoirs in Latin America, especially in
Colombia.

1.2 Problem statement

This work is part of a search project EcopetrolCo | ci enci as 264: i Geomech
Production and Recovery of Heavy and Extra Heav
tools to optimize the production and increase the recovery factor in heaggawoirs, and so reducing

the technological gap of the oil and gas industry of Colombia.
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Applied geomechanics to reservoir simulation is a modern strategy in modeling for some oil and gas
reservoirs, where stresses atichinsplay an important role ireservoir performance and productivity.

Heavy oil development is far more geomechanical demanding than conventional oil development. Cold
heavy oil production with sand involves different physical mechanisms that require geomechanical
handling to model thephenomena' complexity. The literature review reveals the successful applications
of this technique at a field scale and indicates that understanding the fundamentals of sand production is
a key factor in successful production involving massive contingandging. These processes include
foamy oil behavior, wormhole formation, stress redistribution, and complex fluid flow-rilsging

their physical mechanisms requires coupling fluid flow and geomechanical processes (Young, Mathews,
& Hulm, 2011; Guo, Ga, Ai, & Qu, 2012; Sanyal & ABammak, 2011; Rangrizshokri, 2015).

Advanced numerical models have been applied to predict the onset of sand production during cold heavy
oil production, but most of them are unable to give a reliable estimation ofpsaddction andts
responséo oil production Other attempts have been used in conventional numerical reservoir simulators
to model cold production with sand, but do not incorporate capabilities to model the complex
geomechanical processes responsibléhferfailure of poorly consolidated formations in cold heavy oil
production with sand (Rivero, Coskuner, Asghari, Law, Pearce, Newman, Birchwood, Zhao, & Ingham,
2010).

Because of the large amounts of sand and water produced in processes such asyaalghadwction,

realistic simulation models are required to ensure safe operations and optimize complegarge
production. Understanding the dominant mechanisms governing these phenomena will help include
additional components in a more robust mddelCHOPS.

1.3 Background

Cold production with sand involves different physical mechanisms like foamy oil behavior, wormhole
formation, massive stress redistribution, sand liquefaction, and complex fluid flow (oil, gas, water, and
sand). Specifically, aggssive sand production has been modeled as responding to foamy oil flow and
wormhole formation.

Foamy oil behavior is responsible to reducsiin oil viscosity and high apparent critical gas saturation

due to trapped gas bubbles in heavy oil, resultirgplution gas drive. This process is still a discussion

issue because the small quantities of gas are not necessarily significant to be a reservoir drive mechanism
(Ruifeng, Xintao, Xueqing, Xianghong, Xinzheng, Li, & Xiaoling, 2011).

During cold heavyil production, sand will be produced by the interaction between geomechanical and
erosional processes; sand grains are removed from the solid matrix due to fluid and stress gradients, both
resulting from highpressure drawdown (Wang, Yale, & Dasari, 2011)

If the pressure drawdown is great enough to destroy the internal binding forces of sand particles, sand
tends to produce together with oil, thus generating wormholes. A wormhole is a space or cavity in the
formation that continually increases in sizel ameates regions of enhanced permeability and porosity,
which contribute to oil productivity (Ruifengf al, 2011). The formation and growth of wormholes have
been modeled in terms of the disturbed zone to incorporate permeability and porosity dyhlarees.
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mathematical models have been applied in different commercial simulators: skin factor, mobile
permeability, and wormhole spreading. Alternative methods use probabilistic models to describe the
wormholes' network and its propagation in the resentéawever, these techniques do not couple
accurately the geomechanical issues (Pan, Chen, Sun, Bao, Xiao, & Wang, 2010; Istchenko, & Gates,
2011; Du, Jiang & Chen, 2009; Foo, Chee, Zain, & Mamora, 2011).

Understanding how the wormholes will initiate and hibvey will propagate gives us the capacity to
predict more economical and producible zones, adjust the completion program, decrease costs by not
completing sands that will not produce, and finally improve the well placement

The altered regions can be satered damaged zone due to changing permeability and poidsity.

stress field, which has a significant impact, changes at two different scales, one around the wellbore and
the other in the reservoir itself. For some researchers, stress redistributloat governs oil and sand
production, affecting directly geomechanical stability (Wang, Yale, & Dasari, 2011; Rivero et al., 2010).

Sand production phenomena are governed by the interaction between geomechanical and erosional
processes with three reletasomponents: erosion, stresses, and pore pressure (Wang, Yale, & Dasari,
2011).

Modeling sand production presents significant numerical challenges because it is coupled geomechanical
and fluid flow process, and also because the productions are fromyweakblidated reservoirs where
the material behavior is very compléluo, Gao, Ai, & Qu, 2012; Young, Mathews, & Hulm, 2011).

Thus cold heavy oil production with sand requires a numerical model coupling fluid flow with
geomechanics, considering the velet mechanisms such as stress redistribution and the interaction
between geomechanical and erosional processes, to predict sand production and optimize oil
productivity.

The construction of a numericgimulatorcouping fluid flow and geomechani@nd including the effect

of stress redistribution and erosional procesand,themassive sand production during cold heavy oll
production constitutes a powerful tool to predict and understand the complex phenomena, and to optimize
the oil recovery.

This research investigates the phenomena associated with cold heavy oil production with sand, in the
simplest possible way with academic rigor, including thieraction between geomechanical and
erosional processes to model the sand production, the effibet stiress redistribution on the formation

and propagation of wormholes and the effect of the conditions of the massive sand production on
production performance. With this understanding, a 3D single well model is built that couples a fluid
flow model tha includes foamy oil with an elastoplastic madehis model also includes atternative
methodology for wormhole initiation and propagattorsimulate different scenarios for cold heavy oil

with sand.
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1.4 Objectives

1.4.1 General objective

To investigatehe massive sand production during cold heavy oil production by coupling fluid flow with
geomechanics and considering stress redistribution and erosional processes. This objective is achieved
by building a numerical model that simulates the physics assdcowth cold heavy oil production
processes.

1.4.2 Specific objectives
The specific objectives of this research can be stated as follows:
i.  Toidentify the relevant phenomena of massive sand production during cold heavy oil production.

ii.  To investigate thenteraction between geomechanical and erosional processes, during sand
production in cold heavy oil production.

iii.  To develop a methodology to define the initiation and propagation of wormhole paths based on
geomechanical behavior during massive sand pramuct cold heavy oil production.

iv. To investigate the reservoir geomechanical stability for cold heavy oil production with sand,
considering the impact of stress redistribution on sand production and oil productivity.

1.5 Outline

This thesis has been dividéato seven (7) main chapters. Following the introduction contained in
Chapter 1, a summary of the basics of cold heavy oil production with sand and the state of the art are
presented in Chapter 2. The basics include the mechanisms associated with Ch#ORif, and
wormholes. The state of the art is performed to find out what has been published concerning the cold
production process itself, foamy oil, wormhole formation, and elastoplasticity and to gain knowledge
from the experienceumulativeon massie sand production in the last few decades. Chapter 3 presents
the general model as a 3D single well model coupling a fluid flow model to a geomechanical model,
including for both models the initial and boundary conditions. Chapter 4 contains the CHOHRS mode
which consists of independent modules such as the foamy oil, sand production, and wormholes models
to integrate into the general model. The validation for each one of the components of the modules is
included in Chapter 5. Chapter 6 presents the resu#tpplying the model to some field cases. Chapter

7 contains the conclusions and recommendations of this research.



Chapter 2. State of the art

This chapter consists of two parts, the first one presents the basics and terminology of cold heavy oil
production (CHOPS) to have a common language to use throubleautxt sections and the second one
presents the state of the art of the CHOPS itself and each one of components: sand production, foamy
oil, wormhole formation, and elastoplasticity.

2.1 Basics of cold heavy oil production with sand o0 CHOPS

This preliminay section describes the basics of cold heavy oil production with sand (CHOPS) based on
Dusseault (2002, 2009), who describes in detail the features of this technology and the mechanisms
governing the associated phenomena.

Cold heavy oil production witeand is used in heavy oil exploitation where sand delivery improves the

oil well productivity. This singlewell technology is a nethermal recovery method that implicates the
deliberate initiation and sustaining of sand influx into the wells using psigeesavity pumps (PCP) to
increase production rates and guarantee operating reliability (Dusseault, 2002, 2009). The last version of
this technology consists of cold production of a foamy etxéravy oil field using horizontal wells in the
Carabobo Areahe eastern Orinoco Bel¥&ng, Li, Xu, Shen, & Shi, 2021).

This technology is functional in unconsolidated sandstone reservoirs to raise the production rate by the
massive sand influCHOPS is defined as the primary recovery method because it explhoitalrenergy
sources in the reservoir: energy from gas dissolution and expansion and energy from the downward
motion of the overburden. Unconsolidated sandstone reservoirs exhibit porosities of around 30%
containing heavy oils with high viscosities in tlaage of 500 to 15,000 cP. The mean characteristics of
these reservoirs are listed in Tablé 2.

Table 2i 1. Mean characteristics of unconsolidated sandstones (Dusseault, 2002).

PARAMETER RANGE
Depth (ft) 1200¢ 2800
Porosity (%) 28¢ 32%
Permeability (D) 0.5¢45
Oil ViscositydP 500¢ 15000
Oil Saturation 0.72¢ 0.88
Gas Saturation 0.0
Pore Pressure (psi) 378¢ 1160
Grain size'(l ) 120
Clay content (%) < 5% in oibaturated zone
Asphaltene content (%) 12% (11°APB 5%(17°API)
Gas in solution > 90% Clnd <10% CO

However, CHOPS implicates massive sand influx that responds mostly to two main mechanisms: foamy
oil flow defined as solution gas drive with entrained bubbles that masntiaénpore pressure and
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therefore the flow rate and increadbe fluid mobility, and wormholes that are cavities or spaces
generated during the massive sand production improving permeability and porosity. This last mechanism
is the consequence of geomechanics aspects sucktapklstic behavior, stress state redistribution, and
sand liquefaction.

Sand output increases oil production. To apply the principle that massive sand production would increase
the well productivity, it would be necessary to initiate and maintain sdilok Using progressive cavity

pumps (PCP) to get high oil rates. CHOPS can increase oil production from 5 to 20 times and oil recovery
from 12% to 20% OOIP. Then, sand is seen as an asset because more sand means more oil. Cold heav
oil production with sad is about to produce massive sand while producing oil. This means sanding at
critical flow conditions, that is, high flow rates.

Sanding remains the dominant mechanism, which is associated and sustained due to the continuous
yielding of the formation aund the wellbore under the combined effects of overburden stress and lateral
unloading, gas evolution, and drag forces. The sand production starts typically at the wellbore sand face,
where a disturbed zone is formed during drilling and completion opesaflhe sand grains and oil flow
together to decrease thesitu stresses and cause the disturbed zone to grow into piping channels filled
with slurry formed by the foamy oil and sand. So, the slurry flow increases fluid mobility and the process
is cyclically repeated, rising well productivity because of enhanced fluid conductivity and the zone
around the wellbore with improved porosity and improved permeability. The continuous sanding process
reduces progressively the well production because of the araepletion of the reservoir. These
combined effects give a peak production followed by a gradual decline as the depletion effects begin to
dominate with time. Figure 2 1 presents the oil and sand production rates for a well under CHOPS
technology.

delayed peak

Rate

months

r_r,,,a--'-15-40% of oil rate ]
| sandrate  Gonventional Flow Enhancement - 5x to 20x
6-30 months ——Time

Figure 21 1. Oil and sand production rates for a typical CHOPS well (Modified after Dusseault, 2002).

The oil production rate increases at a maximum of several months after placing the well on production,
and then it slowly decays as the reservoir demiegiffects begin to dominate and there is less reservoir
energy available to drive well productivity. This is considered a production cycle for a CHOPS well with
a duration from six to thirty months. Tablé 2 presents the mean production characterisfi€GHOPS

wells.
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Each production cycle finishes with production declination that is recovered by a workover operation. A
successful workover operation can partly reestablish the oil and sand rate but generally not to levels as
high as the first cycle. GBIPS wells may experience several workovers during their life, and each
workover usually results in a surge of oil and sand production, although diminishing in magnitude with
each cycle. These continuing cycles extend the production life of CHOPS wel fodlf years. Figure

21 2 presents the production cycles separated by workover to maintain sand influx for a typical CHOPS
well.

Table 2i 2. Production characteristics for a typical CHOPS well (Dusseault, 2002).

PARAMETER RANGE

Sand production befor€HOPS (%) 0.5¢10%
Initial sand productiorg peak (%) 10¢ 40%
Sand production per year (TON) 500¢ 800
Oil production (bbl/d) 100¢ 250
Oil Recovery Factor (%) 12¢20%
Productivity 5¢20X
Production time (years) 5¢12

2

]

o cycle 1 cycle 2 cycle 3

workover workover
Qil Rate : :

Sand Rate

2 -10 years Time
Figure 2i 2. Production cycles for a typical CHOPS well (Modified after Dusseault, 2002).

211 Mechanisms of cold production with sand

As mentioned earlier, cold production with sand is governed by foamy oil and wormhole formation.
However, in CHOPS technology, a set af/ohg forces is responsible for the continued sand production
that generates higher oil production rates (Dusseault, 2002):

1 Gravitational forces as vertical stresses increase from overburden that causes yielding and dilating
of the formation.

1 The reserwir pressure decreases up the buigdmt pressure because of the bottibote pressure
reduction. At this pressure level, the fluid behaves as foamy oil, which appears as a solution gas drive
with entrained bubbles that maintain the pore pressure anibtheate, liquefy and keep sand on
suspension, forming a slurry that increases the flow velocity and mobility.
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These mechanisms operate at different scales with different effects. Gravitational forces act at the scale
of the entire reservoir and overbden. The sand liquefaction and sand suspension happen at the grain
scale. At an intermediate scale, a wellbore scale, the generation of a foamy bubble phase in the moving
slurry has an important effect on the pressure gradient and thus on the sand @uspehshe flow

velocity to the well.

Also, these drive forces generate other effects that complement the cold production and raise the flow
rate (Dusseault, 2002):

1 Aggressive and continuous sand influx increases fluid mobility and grows the distured zo
around the wellbore that is characterized by enhanced properties: high porosity and high permeability.

1 Solution gas behavior in the form of entrairgas bubbles destabilizes sand, maintains fluid
pressure, and improves the production rate.

1 Skin effect removal because the massive sand influx maintains the wellbore region without
blockage by precipitated asphaltenes,-finained particles, or mineral deposits.

Although the main mechanisms for massive sand influx are foamy oil and wormhole éornsatnd
production has influenced several geomechanical processes arising from changes in petrophysical and
mechanical properties, which involve a continuous dynamism in the stress state around the well and in
the reservoir itself. Important reservoir pesties change during the CHOPS process. Figuire32
presents the mechanisms governing the CHOPS processes.

Overburden - effective gravity drive f‘ Slurry: oil, gas, sand and water

11y Pl

Slurry flow

Shearing region 7

-__._._.-)'
Remolded and —

wormholed zone—

Solution gas pressure and
“r~——__  foamy oil behavior

“¥ Remote water influx

NRRRARAY

Moving sand - fines or asphaltene blockage

Figure 2i 3. Mechanisms of CHOPS (Modified after Dusseault, 2002).
2.1.2 Foamy oll

Heavy oils differ considerably from conventional oils\iiscosities and thermodynamic properties,
especially in some cases, in which heavy oils display a fazhlyehavior. he gasoil interface
stabilizes due to the presence of asphaltenes and the crude oil behaves-as amgasion (Tang,
Temizel & Kovsek, 2006).
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In conventional oils, the gas evolves from solution when the formation pressure reaches thpdinobble
pressure; these bubbles coalesce with each other to form a free gas phase and the number of gas bubble
increases in the liquid phase as pressure do&s. The generation and coalescence of these bubbles are
usually instantaneous. The gas starts to flow once the ci@sakaturation is achieved. However, in

heavy oils, the gas bubbles that evolve from solution do not coalesce with each othearehsiigty as
entrained gas in the solution; and the fraction of entrained gas increases as pressure decreases and initiate
flowing as a free gas phase only at a {pointssur
pressureiraus, McCaffrey & Boy, 1993; Joseph, Kamp & Bai, 2002).

Foamy oil is a mixture of oil, water, and small gas bubbles that is related to the release mechanism of
dissolved gas. This is a type of solution gas drive, in which the entrained gas bubbles in the solution
delayed théubble coalescence and the free gas formation. Foamy oils have gas in solution, more than
90% is methane (Chland less than 10% is carbon dioxide gC@usseault, 2002).

The gas is close to saturation in dissolved form in the liquid phase becabsbllepoint usually is at

or near the pore pressurEhe gas release starts as small bubbles due to the high drawdown, but these
bubbles do not coalesce rapidly to form a continuous phase, keeping as entrained bubbles during flow to
the wellbore and risonin size as the pressure declines. Then, these bubbles act as an internal drive force,
expanding and driving the slurry into the wellbore at a velocity greater than the one predicted by
conventional liquid flow theories.

The foamy oil is formed in an indtion zone, where the bubble nucleation occurs in response to pressure
decline. Part of the gas bubblegrapped in the solution in the oil into a pore tlua pressure gradient.

This foam (entrained gas in the oil) tries to move but gets blockecipdie and impedes the flow
through the pore throat, thus reducing the flow capacity in the porous media and raising the local gradient
pressure. This leads to destabilizing sand from the formation matrix because of an increment of the drag
force on the dains. At some point deeper in the induction zone, the pressure gradient becomes high
enough and the friction forces are low enough to achieve detachment and discharge of individual grains
from the matrix, in what is known as sand liquefaction. This remafakand grains occurs
simultaneously at many sites around the well.

Although bubbles move with the fluid and discrete gas channels are developed in these wells, there is no
direct drainage mechanism to deplete gas pressures far within the reserveigaddail ratios (GOR)

remain constant, often for years, and virgin pressures are sustained. Hence, solution gas in the form of
bubbles destabilizes sand, maintains pressure in the fluids, and accelerates the flow to the wellbore.
Another important poinfior foamy-oil behavior is the reduction of-situ oil viscosity (Dusseault, 2002;

Wang, Yale & Dasari, 2011).

To summarize, the foamy oil retards the formation of a continuous mobile gas phase, enhancing fluid
compressibility and providing a naturptessure maintenance mechanism. The existence of-a non
equilibrium foam of oil and gas requires some adjustment of the typical fluid property data used in a
simulator to capture the fluid compressibility effects of foamy oils. Theogaatio (GOR) remais

stable typically for years and virgin pressures stay constant because there is no direct drainage mechanisn
to deplete gas pressures far within the reservoir. Consequently, gas release displaces sand, retains th
fluid pressure, and accelerates the fkowthe wellbore (Dusseault, 2002; Waetgal.,2011). Another

way to explain the performance of foaroy reservoirs is that the oil entrains the solution gas liberated
when the reservoir pressure falls below the thermodynamic equilibrium bpdiblepressure forming a
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foam (Krauset al.,1993).

2.1.3 Wormholes formation

As mentioned previously, the massive sand influx during cold heavy oil witls saades zones of high
porosity and high permeability known as wormholes. A wormhole is a cavity that is not precisely empty
or a volume in which there is no graimgrain contact, and it is full of slurry (fluidized sand and foamy
oil). The wormholes itiate around the perforating that is dilated and tend to develop and grow in the
weakest sand and towards the highmessure gradient. The wormholes are generated at the early stage
of aggressive sanding and then tend to be stable. Figird presentsaa sketch of the wormhole

formation.
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Figure 2i 4. Wormhole formation (Modified after Dusseault, 2002).

As sand grains detach from the matrix, create spaces, which are not void, and form a remolded zone of
higher porosity that is filled with a slurryagsd, oil, water, and gas). The growth of this zone causes an
increment of the apparent permeability around the wellbore; because this zone grows with continuous
sanding, the well behaves as if it has a rising radius with time. Thevedlbore region isified with

high porosity slurry (>50%) where the permeability is huge, but for the most part, the remolded zone is
viewed as a dilated, partly remolded region with diffuse gradational boundaries (Dusseault, 2002).

The piping channels initiate usually &etwellbore sand face because this zone is weakened during
drilling and completion operations. The oil that flows towards the production well generates pressure
gradients large enough to overcome cohesion forces that hold the sand grains togethethésaveg

to be moved. Two conditions seem to be necessary for wormholes to maintain growth: the pressure
gradient at the tip of the wormhole, which must be high enough to dislocate the sand grain as well as the
pressure gradient along the wormhole togpenmt the sand from the tip to the wellbore (Tremblay, 2005).
Wormholes tend to grow in preferential layers (highest porosity and oil saturation) within the formation,
in the weakest sand, and towards the highestsure gradient.

While sand is removeftom the formation matrix, the gravitational loading (overburden) causes shear
and dilation around the well, because this zone is also weakened and dilated. The pore pressure stays

mostly unaltered in the yielding and intact zones due to the high oilitxgco
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The vertical stresses and fluid pressures both act upon cavity walls. Around the cavity, the radial stress
decreases, and the tangential increases, causing the shear stress increases, and the confining stre
declines, bringing the intact zone talaear yield condition. This shearing induces dilation in the weak
formation around the cavity, and destroys the cohesion, so the sand is deformed and remolded. The rock
changes intensely from intact sand (densely packed) to sheared sand with higher. poatkir words,

the porosity increases from an initial value of around 30% to high values of 38%, but the matrix

remains as a solid mass held together by compressive stress and has frictional behavior. This change in
porosity increases the abs@wind relative permeability and changes the phase saturations. As sand is
dilating and yielding, the stresses must be redistributed at different scales: reservoir scale, wellbore scale,
and channel or cavity scale.

At the reservoir scale, the wormholedggh® prolong a yielded region of softer material that is weaker

and can hold less of the overburden stress. However, the total overburden load must still be carried to
preserve the overall stress equilibrium, so the vertical stress increases arountbtre.wé the same

time, the lateral stresses within the reservoir decrease all over due to the continuous sand withdrawal.
Whereas the reservoir is thin compared to its length, the stress equilibrium is reached by the horizontal
stress redistribution intthe overlying and underlying strata and the vertical stress redistribution into the
cavity flanks. Accordingly, the main impact of the sanding in the reservoir is thetimdo¢ the
horizontal stresses (Dusseault, 2002).

At the cavity scale, both thradial and tangential effective stresses are low because there is no cohesion.
The stress reduction due to the cavity formation should be compensated by redistribution further from
the opening where the confining stress effect leads the intact rock tophtwchigher shear stresses.

A wide zone around the wormholes is affected by their propagation with softening or partial loss of
structural rigidity, and this can be a zone of dilation and improved permeability. The existence of many
channels in the resvoir should so have an overall softening effect, leading to -Ergle stress
redistributions between intact reservoir zones and zones with channels, which, at a large scale, look quite
similar to the compact growth model. This zone also has a deandzgé frictional resistance on dense

sand packings at the natural state, making it more ductile and vulnerable to plastic deformation and easy
to be dragged into the slurry flow that contains sand in suspension. This process of weakening, dilation,
and hcreased ductility remains dynamic by overburden that stays driving pressure on the reservoir. No
matter what happens in the reservoir, the weight of the overlying rocks exerts stresses, which also provide
energy to sustain pressure.

The remolded zone mayot extend over the allertical height of the reservoir. Near the wellbore, the
porosity values are around 42%45%. Values around 45% are close to the maximum porosity for loose
sands in grakto-grain contact under very low stress. Whatever the gemalatetails of the zone around

the wellbore, the effect of continued sanding is evident propagation of a zone or channels of high
permeability, so the flow capacity dfa well stays to gradually rise (Dusseault, 2002).

The continuous sanding causésinges in petrophysical properties that also imply changes in mechanical
properties and stresses around the wellbore and in the reservoir, itself. These changes define dynamic
zones with diffused boundaries that drive the performance of CHOPS. Fig&reigplays these zones

during massive sanding. These zones are defined in terms of their characteristics adiadlesesilt,

2002)
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1 Intact zone:This is the reservoir zone, where porosity continues at around 30% and the sand has
not yet suffered shedalistortion, cohesion loss, dilation, and shear yield, while the stresses are altered.

In this zone, the ratio of effective stressgsj, is as high as 5 or 6 before yielding, but after the
failure occurs, it gradually reduces as the sand contine&ding and weakening. Hendche vertical

stress increases to support part of the overburden load causing higher shear stress than in the virgin stat:
and lower lateral stress due to the sand produbtibisaving all properties of intact virgin rock

1 Transition zone:lt is the weakening zone with cohesion loss. It is an intermediate zone between
yielded and intact zones, where the stresses change as the rock undergoes shear and loses strength a
cohesion. As an extension of the yielded zone, the vestiegs is high and the radial stress is low due

to the continuous sand withdrawal.

1 Yielded zoneThis is the shear zone. Hence, this zone has high shear stresses and so loses strength
and cohesion. This fully remolded plastic flow zone is not yet ligdefin this zone, the ratio of
effective stresses, (j,, after shearing and dilation is demarcated by the residual friction angle for
sands (& 30A) and it is around 3. Furthermore,
because fthe gravitational force from overburden, and the minimum principal stress is the radial stress
because of the lateral unloading from sand production. Moreover, the porosity range is from 40% to
45%.

1 Liquefied zone:lt is the slurry zone around the wellle, where sand liquefaction occurs and the
mixture of foamy oil and fluidized sand flows. The porosity here must be greater than 50%, which
assures the existence of a liquefied state. The permeability is extremely high. This is the zone, in which
the wornholes are created.

transition zone
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bounding stresses on zone
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Figure 2i 5. Zones around the wellbore during massive sand production. (Modified after Dusseault,
2002)

The growth of these areas is smooth and managed by stress redistribution. Vertical stress plays a major
role in destabilization and dilation processes. The yielded and liquefied zones can support a small part of
the vertical stress, but the rest of thes$rshould be redistributed around the well, added to the other
forces that cause yield and dilation. The shale layer over the producing formation behaves like a beam
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with high stiffness that homogenizes the geometry of the deformation and yield zoneth&hmster
region of the altered zone loads stresses lower than vertical stress, while the more rigid zones as intact
zone must support higher stress.

Intact regions located between yielded zones are most affected by the stresses than otherss and if thi
stress concentration cannot be sustained, then shear, dilation, and weakening will occur in these zones.
Thus, stiffness of overburden causes a flattening due to deformation, leading to the continuous stress
redistribution towards the periphery of thelged zones, which tends to homogenize the yield strength

in the area with smooth growth, maintaining the circular or elliptical bounds and removing the shaped
fingers of the plastic flow zone within the perimeter intact zones.

Understanding the wormhdégformation and its effect on production is essential to describe an additional
component: sand liquefaction. Sand liquefaction is the process in which the saturated sand loses shear
strength and stiffness due to dynamic loading. In other words, ligisefasthe loss of strength of weak

sands that causes flow slides due to a slight disturbance (Robertson & Fear, 1997; Terzaghi, Peck, &
Mesri, 1996).

While the wormhole's initiation and propagation is the dominant sanding mechanism, it seems probable
tha the sand is liquefied at the advancing tip at about the same rate at which the crude oil is flowing into
the channel tip. Hence, at the channel tip, the sand concentration in the liquid is still high as the channels
grow into the formation. As the slurgyith high sand concentration flows to the wellbore through the
channel, it is gradually diluted by slow liquid influx from the closest reservoir zones.

At the grain scale, the sand liquefaction and entrainment effect occur because of theifdetngvor,

in which locally highpressure gradients pluck almost unconfined sand grains from the weak and dilated
matrix to discharge the sand grains into the slurry. Sand liquefaction is controlled by grain buoyancy,
changes in the bulk density of the sand, fpgbssure gradient around the wellbore, weak cohesive
cement between sand grains, and low internal friction angle (Hayatdavoudi, 1999).

When a well produces at a high production rate, the shear stresses around the wormholes cause the build
up of high poreoressure very fast. Consequently, the decrease in shear strength and the pore pressure
increase are favorable conditions for sand liquefaction. If sand is free to shear, dilate, and suffer
liquefaction, as in CHOPS wells, then pore throat blockages arlddal pressure gradient increase, so
continuously clean themselves up by sand movement and liquefaction. The main outcome of sand
liquefaction is the complex multiphase fluid flow stated as a mixture of foamy oil and fluidized sand
flows, and then the diid flow is combined by four components: oil, gas, water, and sand. As a result,
sand grains can flow easily like a liquid (Hayatdavoudi, 1999).

2.2 State of the art

Dusseault (2002, 2009) presents in detail the physical mechanisms acting in CHOP 8efeiig)

dynamic zones where mechanical and petrophysical properties change due to stress distribution during
massive sand production. The stress distribution may be calculated from a combinatioirméaron

elastic theory in the intact zone, and plastior damage theory in the weakening and plastic flow zones.
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Generally speaking, the range of models runs from idealized analytical models based on cylindrical
geometry to very general coupled fltfldw and geomechanical models based on the strengtiagia

and failure characteristics of the unconsolidated sand. Simple models are quite useable but not fully
general while the complex futihysics models provide generality and extensibility in principle but in
practice require extensive computational tgses.

Wang, Chen & Dusseault (2001) propose an integrated model for sand production coupling a-3D black
oil model for thregphase with foamy oil with an elastoplastic geomechanical model with a wormhole
model. This seems to be the first approach to MGEHOPS wells.

Rivero et al. (2010) present a coupled flow/geomechanics simulator witkegartibrium foamyoil

reactions, representing the wormholes as a homogeneous damage zone. This simulator has some
limitations such as the sand production rates are calculated using an eropirelation that depends

on pressure gradients and it needs a relationship between damage (porosity change) induced by sanc
failure and its corresponding increase in permeability.

Xiao (2012) simulates CHOPS using a combined model: a transient presgymeduction analysis to
determine the wormholes coverage quantitatively using aaeatytical approach based on source and
sink function methods, and a composite model with PVT properties discontinuity between foamy oil and
heavy oil zones to model fogy oil behavior.

Rangrizshokri (2015) presents a workflow for CHOPS modeling to investigate efficient EOR/IOR
(enhanced/improved oil recovery) methods after CHOPS. A pduallporosity approach coupled with
algorithms for wormhole generation as Diffoisi Limited Aggregation (DLA) is used for the fractal
wormhole patterns, and a 3D geomechanical model is used to calculate the stress distribution. After
validation of the models using field data, several{&idOPS scenarios are simulated, including thérma
solvent, and thermal/solvent hybrid applications. As overall findings, the heavy oil recovery is achieved
using combined light and heavy solvents, and steam has a positive role in solvent retrieval.

Fan, Yang, & Li (2020) propose a robust simulatdhwai technique to determine the thpdease relative
permeability of the CHOPS processes considering contributions of the dynamic wormhole growth and
the foamy oil flow with an improved IES (iterative ensemble smother) algorithm, which is achieved by
normdizing both model parameters and measured production profiles. The dynamic wormhole
propagation is characterized by a sand failure criterion based on pressure gradient and the evolution of
the foamy oil is achieved through kinetic reactions.

MohamadHussén, Mendoza, Delbosco, Sorgi, De Gennaro, Subbiak, Daniels (2021) propose a
coupled model of fluid flow model and elastoplastic damage model to simulate production in CHOPS
well including foamy oil and wormholes.

Given the nature of this researchetstate of the art presented here is oriented to CHOPS modeling,
starting with sand production and incorporating elements such as foamy oil and wormholes to get the
different components to simulate massive sand during cold heavy oil production.
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221 Sand production

Salama & Venkatesh (1983) present a predictive sand production method based on empirical relation
that depends on fluid velocity, the strength of the formation, and grain size. This model is considered a
specific case and not a gengregdictive method.

Many otherresearchers have also investigated the mechanisms for the prediction of sand production.
Bratli & Risnes (1981) and Risnes, Bratli & Horsrud (1982) propose a theoretical model for stability and
sanding of a perforation opermgrwith a tensile failure criterion. Perkins & Weingarten (1988) propose a
sanding criterion in terms of the pressgradient. Veeken, Davies, Kenter, & Kooijman (1991), Ramos,
Katahara, Gray, & Knox (1994), and Van den Hoek, Hertogh, Kooijman, De Breeerk& Papamichos

(2000) identify compressive shear failure, tensile failure, and erosion as the three main mechanisms of
sand production.

Morita, Whitfill, Fedde, & Lovik (1989) present an analytical approach to predict the onset of sand
production in terms of critical drawdown pressure at the high flow rate, considering two factors: well
pressure and local pressure gradient around a cavity.

During the last three decades, finite element methods have also been used to predict limited sand
production. Morita, Whitfill, Massie, & Knudsen (1989) present a numerical approach for sand
production prediction based on drawdown pressure and usifgtteeelement models: a transient fluid

flow model that calculates pore pressure distribution around perforation holes for given boundary
conditions, and a geostructural model coupled with the fluid force dhlaulates stress state,
deformation, and pistic deformation from the calculated pore pressure.

Burton, Davis, Morita, & McLeod (1998) postulate a methodology for sand production prediction using
a similar numerical approach Borita et al. (1989)for sand production prediction based on pressure
drawdown for gas reservoirs.

Vardoulakis, Stavropoulou, & Papanastasiou (1996) propose a 1D model implemented by the finite
differences method that couples fluid flow and erosion. The theoretical basis of the hydrodynamic erosion
of sandstones is based filtration theory and three phases mixture theory for a continuum consisting of
skeleton solids, fluidized solids, and fluid. Later Bapamichos & Stavropoulou (1998) present a sand
prediction model in finite elements that combines the evolution ddlifed deformation with
hydrodynamic erosionPapamichos, Vardoulakis, Tronvoll, & Skjeerstein (2001) develogarad
production model for volumetric sand production predictions that take into account the effects of the
external stresses and fluid flow rate.

Yi (2001) proposes a coupled singlell geomechanicagas/sand flow simulator for gas wells, in which

the gas can flow either Darcy or nbarcy flow, porosity and permeability can vary during sanding, and
sand particles move at the gas velocity. Thengechanical model uses the Mdaboulomb failure
criterion and the sand is produced from the failure region once the formation around the wellbore is
yielded.

Wanget al. (2001) and Wang & Chen (2004) introduce a 3D integrated model incorporating a three
phase, black oil model coupled with a geomechanics model. This model is featured an elastoplastic
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constitutive model with a slurry flow model.

Wan & Wang (2004a) present a sand production model that couples an erosional model with a stress
model through blk volumetric strains to include the effect of the deformation of porous media. The
erosional model is developed based on the mixture theory to de&ngorosity considering a three

phase system composed of solid, crude, and fluidized sand. This ooagé attempts to evaluate the
enhanced production and cumulative sand production in cold production wells.

Wang & Xue (2004) propose a fully coupled resenggomechanics model to simulate production in
heavy oil reservoirs, which couplesta&o-phase fbw model with solution gas behavior and an
elastoplastic geomechanical model with dilation and erogi@and erosion model is proposed after the
onset of sand production, based on the degree of plastic deformation inside the reservoir formation. This
is the first attempt to properly model massive sand production.

Wang, Walters, Settari, Wan, & Liu (2004) present a fully coupled black oil/geomechanics sand
production model with erosion and multiphase flow of three components (gas, water, oil) using the
mixture theory. This model can be used for wellbore stability analysis, design Hnolgetompletions,
perforation designs as well as a volumetric sand prediction for different production strategies.

Wang, Settari, Wan, & Walters (2005) apply the coupéservoir/geomechanical model to predict the
volumetric sand production and associated wellbore stability for two types of completion schemes: open
hole completion and perforated casing.

Wang, Walters, Settari, & Wan (2006) extend their earlier coupletehfor sand productionNang,
Settari, Wan, & Walters, 2005 CHOPS incorporating the foarmyl effect and integrating a modular
approach to quantitatively predict volumetric sand production and enhanced oil recovery.

Wan, Liu, & Wang (2006) presentsamplified sand production model that involves the coupling of
geomechanics with hydrodynamics and erosion to predict volumetric sand production using the mixture
theory. This model is applied to compute the axial and radial viscous flow in a thickylvalkec test.

Du, Jiang & Chen (2009) propose an integrated spread erosion model, in which a wormhole spreading
model and an erosion model are combined to describe the sanding behavior and oil production, both in
wormhole tips and in the sand wall of thermhole. This sand production model combines three models:

a skin factor, a mobile permeability, and a wormhole spreading model to describe the dynamic
performance of sanding and oil production in CHOPS.

Wang, Yale, & Dasari (2011) proposegaomechanics and fluid flow coupled model using the finite
element method with an Arbitrary LagrangiBnolerian (ALE) formulation with automatic adaptive re
meshing, Eulerian Boundary, and an explicit dynamic relaxation solution scheme for massive sand
producti on. The numerical platform of this coupl ¢
features allow the modeling of large deformation and highly nonlinear geomechanical behavior. Also, it
considers stress study and wormholes as damage zone.

Cerasi & Vardoulakis (2012) present a sand production model based on episodic functions, in which the
sand rate is proportional to the fluid drag force if exceeds a certain grain transport threshold, that is
moderated by the solid friction between sand graimd a porosity evolution law, where the natural result
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of losing sand grains under sand production depends on the stress level, above sandstone failure stress.

Kim & Sharma (2012) present a sand production model to predict the stability of wellbores and
perforation tunnels as well as the mass of sand produced, incorporatipinds® flow, formation
failure, and flowdriven sand erosion mechanisms.

Rahmati, Jafarpour, Azadbakht, Nouri, Vaziri, Chan, & Xiao (2013) present@epthreview of the

different approaches and models for sanding prediction, which most of these models are based on the
continuum assumption, while a few of them are based on discrete element model, some models evaluate
the conditions that lead to the onset of sanding, while®tinake volumetric predictions, some models

use analytical approaches to estimate the onset of sanding while others use numerical models to calculate
the sanding rate. This review concludes that although major improvements have been reached, sanding
toolsare still unable to predict the sand mass and the sand rate for all field problems in a reliable form, a
conclusion that can still be said to hold.

Araujo Guerrero, Alzate, Arbeladondono, Pena, Cardona, & Naranjo (2014) and Ar&ujerrero,
Alzate-Espnosa, Arbelaetondofio, & MoralesMonsalve (2018) present the main variables (but not
unique) involved in the sand production issue and an analytical geomechanical model considering the
stress state regime, the pressure drawdown, and well completionh@jpesand casetole) to predict

the production onset and select the adequate sand control technique.

Araujo-Guerrero (2015) presents a sand production model that consists of a fluid flow module, a
geomechanics module, and a sand production module withcdhleration of parameters from
experimental data.

Wu, Choi, Denke, Barton, Viswanathan, Lim, ... & Madon (2016) present a numerical model based on
laboratory experiments to quantify the sand production for weak sandstones. The experiment program is
condwcted on large samples under realistic effective stress and drawdown conditions with oil and gas
flow to calculate the cumulative amount of sand produced. The numerical model used discrete element
and finite difference methods to calculate the criticaltda®lume. The sand production quantification
model was developed by correlating the critical plastic volume with the cumulative amount of sand
produced and is applied to a field case study aiming for model validation with consistent results.

Wang & Shama (2016) propose a coupled model for sand production prediction with thepimase

fluid flow, geomechanical stress, and sanding criteria, in which the sanding criteria are based on a
combination of tensile and shear failure from M@uwuulomb theory andtrainhardening/softening; the

sand erosion is predicted once the failure criteria are met using hydrodynamic and other forces and the
cohesion and residual strength resulting from relative permeability and capillary pressure. The sanding
onset and theasmd production rate have both been simulated for-bpénand casetlole completions

under different flow conditions.

Olatunji & Micheal (2017) propose a prediction model based on the Support Vector Machines (SVMs)
classification approach to evaluate fanding onset in petroleum reservoirs of the Niger Delta Region,
taking into account different parameters such as the rock and fluid properties, and geotechnical data,
among others. This robust model is verified using field data.

Eshiet & Sheng (2021) pvide a review of the historical progress in experimental and analytical models
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to understand the nature of sanding and its mechanisms. The medelassified based on the onset of
sanding, rate and amount of sand as well as the failure criterionligedeview confirms that there are

still some features of sand production requiring further study, and maybe a hybrid approach that
combines experimental, analytical, and numerical methods could be the best solution.

2.2.2 Foamy oll

Heavy oil reservoirs under solution gas drive as foaihyehavior have shown anomalous primary
performance: high oil production rates, low production GOR, and high oil recovery.

The earliest model for foamy olil is proposed by Smith (1988), which iegcdvhighly compressible
mobile liquid phase, consisting of a true oil liquid and tiny entrained gas. The model defines a pseudo
pressure form from Darcyodés | aw and the radial
the compressibility ofthe enhanced liquid phase. Thus, the compressibility of the foamy @il is

Ilj n, wherell is an empirical constant that depends on the amount of entrained ggssahd mixture
pressure; a solution gas drive model is obtained to define theuprdependent multiphase flow
properties and define the flow of the foamy oil. The features of this model are too simple.

The first attempt to simulate the foaraif effect uses empirical adjustments to conventional solution gas
drive models. The key pareeters to be adjusted are critical gas saturation, oil/gas relative permeability,
fluid and/or rock compressibility, presstolependent oil viscosity, absolute permeability, and the
bubblepoint pressure as proposed by Loughead & Saltuklaroglu (1992)Jaandt expect to capture
many important features of foaroyl behavior.

Maini, Sarma, & George (1998 to verify the high dispersion mobility in the laboratory but find that
the presence of freshly nucleated gas bubbles decreased the oil mobilitystd@atathat the dispersed
gas flow is indeed possible under conditions of solution gas drive.

Maini (1996) explains the high recovery factor found in heavy oil as the answer to foamy oil, which is
in the range of 5% to 15% compared to light oil inridwege of 1% to 5%. In heavy oils, this range can

be attributed to the highgressure drawdown imposed during cold production because of the high oll
viscosity, leading to the breakup and entrainment of pore teiped gas bubbles through the porous
medum.

Some of the most interesting attempts to model foamy oil are mechanistic models based on how the gas
comes out of the solution and what happens to the released gas. Such models can be divided into two
broad categories: equilibrium and kinetic moddlke equilibrium models assume complete local
equilibrium between different phases and that the fluid mobility is independent of the capillary number,
and then they cannot account for the thermodynamically unstable nature of foamy dispersions. Kinetic
modek attempt to capture the tindependent changes in the foaoiybehavior considering that the gas
dispersion in oil is not thermodynamically stable and will separate into free gas and oil phases. While the
natural tendency of the dispersion is to moveaithe segregation of phases, such segregation can be
detained by imposing flow conditions that help the regeneration of the dispersed bubbles.

Kraus, McCaffrey & Boyd (1993) propose a psednlblepoint model for primary depletion in foamy
oil reservoirs as an adjustable parameter of the fluid properties. Below this {sdadepoint pressure,
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only a fraction of the released gas remains emgiand the gas fraction decreases linearly to zero with
declining pressures. The entrained gas is treated as a part of the oil phase, but its molar volume and
compressibility are evaluated as free gas.

Other models such as Lebel (1994) intend to mdtehptoduction behavior by modifying fractional

flow curves obtained from the gas and oil relative permeabilities. The models vary in function of the
assumption of the entrainggs fraction, which converts into a match parameter of the model, and the
fractional flow increases linearly with saturation until the limiting entrained gas saturation is reached,
departing from a zergas saturation. Beyond the limiting volume fraction of gas in the foamy oil, any
further increase in gas saturation results in ffrae The gas begins to collect and flow as its saturation
increases. For foamy oil, the effective viscosity decreases slightly from that of the oil as the volume
fraction of gas increases, the density is taken as a velgighted average of the densitadghe oil and

gas componentsand a ga®il PVT is an equilibrium relationship. This fractional flow model only
captures a feature of foarmyl behavior in that some fraction of the evolved gas is entrained in the oil
phase, and requires only modifiedatele permeability and component properties to be implemented in

a reservoir simulator, but tirgeependent changes and pressure gradient changes are not considered, and
so finding the right fractional flow curve may require a trial and error process.

Othea models suggest a viscosity reduction to model feamhffow. Claridge & Prats (1995) propose a
reduced viscosity model to emulate foamy oil flow considering that the asphaltenes present in the crude
oil adhere to the gas bubbles, while the latter Ib\adry tiny. The bubble surfaces are coated by the
asphaltenes stabilizing the bubbles at small sizes. This concept of asphaltenes adsorption leading to
viscosity reduction has not been experimentally verified (Sheng, Maini, Hayes, & Tortike, 1999a).

Sheng, Maini, Hayes, & Tortike (1999a; 1999c) a8ldeng, Hayes, Maini, & Tortike, (1999%¢scribe

a dynamieflow model considering two rate processes: a rate process that controls the transfer from
solution gas to evolved gas and a process that contrdistiséer rate from evolved gas to free gas, and
two phases of foamgil and gas using the conventional tgbase relative permeabilities. The dispersed
gas flows with the oil as a part of the liquid phase with the compressibility and density of thesgas pha
and the viscosity of the liquidil phase. An empirical correlation describes the bubble growing
exponentially and the disengagement of dispegsedbubbles from the oil decaying exponentially.

PooladiDarvish & Firoozabadi (1999) and Firoozabadi (BOpropose a relative permeability approach
similar to the approach suggested by Sheng, Maini, Hayes, & Tortike (1999a; 1999c). The improved
recovery results primarily from the reduction of the gas's relative permeability as well as the increase of
the oilviscosity due to the oil pressure gradient that causes the movement of the dispersed bubbles.

Wanget al. (2001) andVang & Chen (2004) propose a thigease model to simulate the oil/gas/water
flow and to address reservoir mobility changes arising from sanding, and pressure drive changes arising
from the foamyoil flow.

Dynamicflow models account for the dispersicharacteristics with timdependent changes using
simple rate processes, controlled by the rock and fluid properties and the capillary number. The constant
rates affect the history matching at a knedepletion rate and are not valid for predicting theconte

of a new reservoir under different flow properties.

Maini (1996) suggests a model that accounts for the kinetics of physical changes occurring during the
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gas in oil dispersion, defining three neaolatile components in the oil phase: dead oil, dissbhas, and

gas dispersed in the forms of midsabbles. The dissolved gas changes to dispersed gas due to a rate
process dominated by the existing local stgsuration and the dispersed gas changes into free gas by
a secongrate process. Both rate pesses are modeled as chemical reactions.

Some researchers suchSfsenget al. (1999a; 1999c) an8henget al.(1999b)observe during solution

gas drive experiments an oil recovery increment with increasing pressure depletion rates due to the
increasing supesaturation of the oil leading to a greater number of gas bubbles and higher gas saturation.
They model the rate atlease of solution gas using the exponential decay of local-sapeation and
assuming that the gas released from solution stayed as dispersed gas in the oil. The dispersed gas
separates from the oil. Then, two sequential rated processes describeetics kf the transfer of the
solution gas to the free gas.

Maini (2001) finds two types of neaquilibrium processes involved in solution gas drive in heavy oils.
There is a norequilibrium process between solution gas and free gas that leads tpdrsaguration
of dissolved gas in the oil phase and anotherawprilibrium is related to fluid distribution in the rock.

Joseph, Kamp & B4R002)presentafoamp i | model that depends only o
law, the pressure, and thespersed gas fraction. This simple model uses an empirical relation for the
derivation of solubility isotherms obtained from PVT data and the modeling of nucleation, coalescence,
bubble drag laws, and transfer functions are avoided.

Bayon, CordelierCoates, Lillico, & Sawatzky (2002) compares two foanilynodels: one model with

two kinetic equations for mass transfer that describes how one type of gas is transformed into another:
solution gas, dispersed gas, and free gas; while a second modelxwkihegic equations for mass
transfer identifies four types of gas, including two types of dispersed gas. Each model defines originally
the mobility of each type of gas, which leads to different relative permeability models. These models are
applied to twosets of longcore depletion experiments with significantly different depletion rates and
different results.

Sahni, Gadelle, Kumar, Tomutsa, & Kovscek (2004) @aadg, Sahni, Gadelle, Kumar, & Kovscek
(2006)present a mechanistic model and experimergtuiy the gas saturation behavior, which suggests

a greater number of nucleation sites and bubbles nucleated are generated gquirésgioee depletion

rates, resulting in greater gas saturation. Most heavy oil depletion experiments evidence some non
equilibrium characteristics, which depend on viscosity and depletion. Analysis of field pressure gradients
and flow rates suggests that dispersed gas flow occurs close to the wellbore or near wormholes if they
are present. This model captures overall heavgodiition gas drive behavior in the field using a suitable
critical gas saturation and gas relative permeability curve.

uUddin (2005) proposes a kinetic model coupled with a thermal reservoir simulator via a set of pseudo
kinetic reactions that simulate tlgnamics of gas egolution and transport processes in a heavy oil
reservoir. In this model, two relatively simple types of mass transfer equations predict bubble nucleation
and growth in a live heavy reservoir.

Wang, Walters, Wan, & Settari (2005) orporate the foamwil drive into their sand production model.
Foamy oil is modeled as a dispersion of gas bubbles trapped in the oil, where these gas bubbles maintain
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below the bubble point pressure and moves with the same velocity as the oil phase. Essentially, foamy
oil is treated as a singlghase flow with a modified formation volume factor.

Chen & Maini (2005) simulate several depletion experimeamsed out in long sand packs and compare

the results with the black oil model from IMEXand a reaction rateased foamy oil model from
STARS®. This study evidences that the foamy oil model provides a more accurate matching of the
experimental results cqrared to the black oil model, and concludes that the relative permeabilities to
gas and oil and the reservoir fluids properties as mole fraction or ratio of original dissolved gas to dead
oil, the viscosity of the fluids (dead oil and the liqqpdase of gs) have significant effects on oil
production, and the distributions of oil, dissolved gas, free gas and pressure along-freckarnges
significantly with depletion rates.

Adil & Maini (2007) presents an experimental study to evaluate the rolspbiatienes in foamwil

behavior using sand packs. The results show that the presence of asphaltenes appears to facilitate bubbl.
nucleation and decreases critical supeauration, and seem to help in sustaining the dispersed gas flow

by suppressing bubblcoalescence. This study concludes that the presence of asphaltenes significantly
promotes foamyil flow and revives the concept of viscosity reduction by asphaltenes adsorption.

Riveroet al.(2010) implement in their model a foaroy model developed by Uddin (2005) at Alberta
Research Council (ARC). This model employs a sophisticated treatment of fluid PVT behavior based on
kinetic reactions and uses a total of three oil phase psmrdponats (dead oil, dissolved GHyas,
dispersed CH bubbles), one gas phase pseaedmponent (connected GHjas bubbles), and one
aqueous component (water).

Wang, Chen, Qin, & Zhao (2008) and Chen, Sun, Wang & Wu (2015) propose addanogdel based
on thepseudebubblepoint pressure concept from an experimental study, which can be adjusted for
different cases to capture the foawiyPVT data for a corresponding production process.

Kumar & Mahadevan (2012) develop an expression for inflow performareduastion of properties

of foamy oils such as density, viscosity, solution-gésatio, and formation volume factor, defining two
parameters such as the endpoint entrageei fraction and the apparent bubble point, adapted from
previous studies, to agant for the entrainedas fraction in the liquid.

The direct approach to model foamy oil is to adjust some parameters in conventional solution gas drive.
These parameters include absolute permeability, oil and gas relative permeabilities, fluid and rock
compressibilities, critical gas saturation, and oil viscosity (Gheal, 2015). The conventional models
cannot capture the atypical features of dispersed flow such as the dynamic processes involved in the
generation and collapse of dispersion.

Liu, Mu, Li, Wu, & Li (2017) develop three depletion experiments to model feainyow, in which

the foamy oil is treated as a psetgionglephase flow with the dispersed bubbles as a part of the oll,
where the effective permeability varies with the afesof pressure depletion rate, oil viscosity, and gas
saturation. A new foamgil model is proposed considering foatoy supersaturation, in which the
effective permeability is redefined assuming that the fearhyiscosity is equal to the saturated oil
under equivalent conditions and the compressibility coefficient of foamy oil is treated as a-volume
weighted compressibility coefficient of that of oil and gas, obtaining good matching with the
experimental data, when is compared to the conventional-blaokodel and the pseudmubblepoint
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model.

Similarly, Lu, Zhou, Luo, Zeng, & Peng (2019) simulates lab tests for both gas/oil production data and
pressure distribution along sand packs in a heavy oil/methane system using two different models: an
equilibrium black oil model with two sets of gas/oil relative permeability curves and a&dogponent
nonequilibrium kinetic model. The black oil model has good matching results on production data but not
good matching on pressure distribution along the -g@old, and the foucomponent nonequilibrium

kinetic model with two reactions to capture gas bubbles status presents better matching with production
data and pressure distribution simultaneously. This study indicates that a higher pressure drop rate could
cauwse stronger foamy oil flow, but the excessive pressure drop rate could shorten the lifetime of foamy
oil flow.

Recently, the foamy oil flow is considered the common drive mechanism of not only the primary
production (depl et i oredhedvy al)adat alsoafltHe gecomdany stage (eyclis a t |
gas-mostly methanenjection after primary production). Basilio & Babadagli (2020) review the optimal
conditions forsecondary recovery as a cyclic solvent injection (CtaKing into account mainlthe

foamy oil stability, and evidencing that the pressure depletion rate is the most crucial parameter to control
the process.

Chené& Leung (2021) simulates the nonequilibrium foamy oil for cyclic solvent injection (CSI) in
reservoirs after cold heavy q@roduction with sand using a fiektale model to analyze the impacts of
pressure depletion strategies, sipgfi@ge pressure depletion involving three oil solvent systems, as well
as two cycles of production processes, involving various prepased anccarbon dioxidebased
solvent mixtures. The simulation model is calibrated against detailed experimental data and upscaled
from a corescale model, including a fractal wormhole network and kinetic reactions for the
nonequilibrium gas dissolution and exdaa for foamy oil flow. The results prove that both propane
based and carbon dioxiased solvents exhibit significant nonequilibrium foamy oil characteristics,
enabling the oil viscosity to remain close to its value with dissolved solvent during predsgletion,

and the amount of nonequilibrium foamy oil flow is strongly dependent on the pressure depletion rate,
i.e., a faster depletion rate is beneficial for higher oil recovery.

2.2.3 Wormholes formation

Several field studies in Canada have shown eviglehthe development of channels of high permeability

in fields produced under cold heavy oil production with sand. Squires (1993) shows evidence of a
wormhole network during a well tracer program performed at the Elk Point Field in Alberta by Amoco
Canadareporting that the tracer traveled through a channel system of two kilometers long at speeds of
about 7 m/min. Later, Yeung (1995) presents tracer tests conducted at the Burnt Lake Field in Alberta
that evidence high permeability channels known as wolestzaused by sand production. Smith (1998)
evidences the existence of high permeability channels or-é&mae wormholes inside the reservoir
formations.

Tremblay, Sedgwick & Vu(1999) conducted laboratory experiments to illustrate the wormhole
evolution, in which oil flows through a horizontal sand pack. The formation and growth of a wormhole
are visualized using a computerized tomography (CT) scanner, revealing high perynezdnilitels that
grow predominantly within areas of higher porosity.
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Yang, Tremblay & Babchin (1999) propose a Probabilistic Active Walker (PAW) to describe wormhole
growth, in which the wormhole diameter is a function of the distance from the wellb@endtiel
calculates the mobility of the slurry of sand and oil that is used to calculate the oil and sand production
rates. The wormhole network is developed using the pressure field as a potential function and the
wormhole direction has a certain degreeasfdomness due to cohesive strength variation.

Denbina, Baker, Gegunde, Klesken, & Sodero (2001) propose a transmissibility multiplier function to
model wormhole growth, which is a function of decreasing reservoir pressure. The transmissibility is a
function of grid block geometry and permeability, allowing a dynamic and implicit permeability that
increases due to sand fluidization and production.

Wang et al. (2001) propose a wormholes model assuming that the wormholes are developed from
perforations whe pressure gradients exceed the residual cohesion of the sandstones and a 1D slurry flow
model that includes the solid phase as the fourth phase. For the wormhole propagation model, a material
balance equation is provided to characterize the slurry produdialancing the combined mass of
displaced sand from the wormhole tip and the volume of sand produced due to wormhole propagation.
A slurry transport model is used to describe the flow inside the wormholes and the slurry transport zone
is represented aswormhole network that is defined statistically from fractal theory defining a wormhole
number that initially depends on the perforation density, increases with wormhole length and its size
decreases with the length. Last, a complement of this modedssrged by Wang & Chen (2004).

The concept of a remolded zone to model wormholes has difficulties describing the initial mechanism
by which cavities would hypothetically form around the perforations. Walton, Atwood, Halleck, &
Bianco (2002) present an mriment to design a perforating strategy for unconsolidated sandstones,
which consists of a single skhpérforation in a cylindrical sample placed under highly effective stress in

a pressure vessel, and using a video probe and computerized tomograpbyaf@iEy to observe pest

shot sand production and to map the geometry of the cavity. A theoretical model of failure mode has
been developed to support the experimental results. This study concludes that the perforating does not
generate a tunnel in uncotisiated sands but instead a dilated zone around the tunnel entrance that grows
as the flow rate increases to a critical value, in which a large volume of sand is produced affecting the
sand cohesion.

Tan, Slevinsky, & Jonasson (2003) propose a frggaktatistical model to pigenerate the wormhole
network, which is incorporated into a full field thermal simulation model with a dual pohsity
permeability grid (one for the reservoir pay and one for the wormhole network) to match a steam injection
pilot.

Tremblay & Oldakowski (2003) perform lab experiments to investigate the effect of producing large
guantities of sand on the overall permeability in two sand packs with different cohesive strengths, in
which a large high porosity channel or wormhislereated from the perforation. A model of wormhole
growth simulates the experimental tests, in which the produced volumes of oil, sand, and gas, the pressure
distribution along the pack, and the final length of the wormholes are well predicted. @gis@taludes

that the sand strength did not have a significant effect on the growth of the wormholes, while the
weakening of the sand generates tensile failure bands with lower pressure gradients compared to the
critical pressure gradient predicted by athathors.
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Wan & Wang (2004b) present a coupled eroskstrassdeformation model for sand production
analysis, which is formulated within the framework of mixture theory with porosity as one of the main
field state variables. Numerical results showwwemholes as regions of very high porosities and the
wormhole propagation is captured around a perforated wellbore by localization of erosion in the vicinity
of the perforations, where high fluxes existed. It is also found that permeability anisotr@pgdibe
wormhole propagation that follows the direction of greatest permeability.

Wang & Xue (2004) propose a fully coupled geomechanical model with -phage reservoir model,
including a sand erosion model based on the degree of plastic deformasmeBthe fluid flow affects

the pressure gradient and the residual cohesion of the formation due to capillary pressure change, which
is also critical for sand control. So, the sand model displays the wormholes as a geomechanical dilation
zone that is ciracterized by a higher permeability region in the plasétding zone due to porosity
enhancement. Also, the solid flow is considered a continuous moving phase throughout the transient
multi-phasefluid flow.

Liu & Zhao (2004) propose a comprehensiemsanalytical model coupling the reservoir/wormhole

flow and using Source and Green's functions method to solve the transient flow problems through the
wormhole. This model incorporates a wormhbieraulic model with foamy oil and sand flow in terms

of the pressure drop along the wormholes. A sensitivity analysis results in a significant effect on the well
performance of the wormhole patterns, scales, diameters, and branching and relatively less effect of the
pressure drop along the wormhole.

Liu & Zhao (2005) propose a Diffusielnmited Aggregation (DLA) fractal model to describe wormhole
growth, which naturally relates a wide variety of branching growth patterns through the phenomena using
a fractal model and including the growth of a dragnagtwork, the formation of cavities, the dissolution

of the porous media and the growth of random dendrites in thin films. The wormhole diameter
distribution along the wormhole is modeled using the Area Version of Gaussian Function fixing with the
experimental results obtained from the computerized tomography (GRayXscanner.

Tremblay (2005) proposes an analytical Bingham Modbulomb model as a sand transport model to
describe the laminar flow of sand and oil along the wormholes. This model if parblal production

field model, which predicts reasonable cumulative oil and sand volumes. As a result, a sharp decrease in
the oil rate is obtained when the wormholes are stopped and the diameter of the channel within the
wormholes suddenly increasedrfrd cm to 24 cm after 10 years.

Du, Jiang, & Chen (2009) integrate an erosion model into a worrspoéading model, in which the

sand is produced from the disturbed zone and its performance depends on the wormhole spreading,
determined by the cohesiondathe pressure gradient between the tip and the reservoir. An erosion
parameter and sand concentration are two components of the model that help to represent the sand
withdrawal from the wormhole wall. Laboratory data validates reasonably the resuksnoddie.

Rivero et al. (2010) propose a coupled reservoir and geomechanical model with an approach to contain
the wormholes, which is based on a homogenized damage model where the heterogeneous and discrett
wormholes are defined by an equivalent contirucdklamaged zone with changes in porosity and
permeability during sand production. The onset and propagation of the wormholes in this damaged area
are calculated by coupling a firildement geomechanical simulator with a firdiference numerical

reservoi simulator, and the geomechanical simulator uses the pressure gradients calculated by the
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reservoir simulator to determine changes in the stress regime of the reservoir. If these changes are large
enough, the rock will fail and the wormholes will be ceelat

Sanyal & AFSammak (2011) analyze the performance of a CHOPS pilot in Kuwait using analysis of
pressure transient data, in which the productivity index increases gradually during the initial production
due to the increment of negative skin effectsealiby the sand production around the wellbore due to
the wormhole growth that contributes to the negatives skin effect. In this way, the wormhole growth is
modeled using negative skin.

Xiao & Zhao (2012) propose a novel approach using the concept ofiedfevormhole coverage with

results that show variation in the transient pressure and production responses due to the different
wormhole structures and reservoir areas. This model provides quantitative information about wormholes
by analysis of the traremt pressure, production rate, and sand production data for wells produced by
cold, neglecting the sand transport within the wormholes. Later, Xiao & Zhao (2013) propose-a radial
composite CHOPS well model, integrating a foamilyflow and complex wormholeonfigurations to
investigate how wormholes and foarmoy can affectthe pressure responses of CHOPS wells
simultaneously.

VanderHeyden, Jayaraman, Ma, & Zhang (2G&8pose a mukscale approach to model the wormhole
growth with live oil including tle effect of foamy oil and sand failuemd based on the mufthase
material point method (MMPM)This model uses a Lagrangi&ulerian methodology that permits the
simulation of multiphase flowwith fluid-structure interaction that includes material defation,
damage, and failurélso, an up-scaled pressusield-driven scheme has been developed to predict the
wormhole network structurélhe simulations of a CHOPS pilot are performed using a CartaBlanca
simulation tool from Los Alamos National Laborator

Istchenko & Gates (2011, 2014) introduces an approach to model the wormholes as a series of multi
| ater al wells using CMG STARSE. This set of we
where the slurry flow occurs, with further dilatianound the wells creating the channels through sand
erosion and dilationThis approach incorporates wormhole growth in the reservoir considering-foamy

oil flow, failure, and sand production without modifying the intrinsic reservoir properiibs.
wormhokes are modeled as an extension of a production well and grow dynamically within the reservoir
according to a growth criterion set by the fluidization velocity of sand along the existing well/wormhole.

If the growth criterion is satisfied, the wormhole exds in the appropriate direction, otherwise,
production continues from the existing well/wormhole until the criterion is met.

Fan & Yang (2016) develop a wormhole dynamic growth model and incorporate it into the CMG®
reservoir simulator to characterizeetwormhole network for CHOPS processes. The model includes a
geomechanics analysis associated with a collapsed pore and its throat structure to quantify the sand
production, a sand failure criterion, and a fdirection pressure difference analysis toed®ine the

sand production rate and the potential direction of wormhole generation and growth. A history matching
is conducted to reduce the uncertainties in estimating the critical breakdown pressure, superficial area of
collapse throats, and permealytgorosity correlation. The wormhole network model is validated using

a synthetic model.

Again, Xiao & Zhao (2017) propose an enhancement of their model using the bealaaent method
(BEM) to account for various boundary conditions, wormhole morpledo@nd effects of wormhole
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dynamic growth, which results that effective wormhole coverage and wormhole intensity within the
region dominantly affect the characteristics of pressure and rate/time behaviors, regardless of the detailed
wormhole morphologies

Yu & Leung (2020) present a novel dynamic wormhole growth model to generate a set of realistic fractal
wormhole networks during the CHOPS operations using an improvement ifthgion-Limited

Aggregation( DLA) al gor i t hm wi dcriteriorg in whach the veormhdie weuldastl i | i t
expand following the fractal pattern, provided that the pressure gradient at the tip exceeds the limit
corresponding to a sand arch stability criterio

224 Elastoplasticity

An elastoplastic material model can simulate the behavior of unconsolidated sandstones more
realistically than elastic models. Many researchers have implemented elastoplastic models in sand
production analysis as described in the follagvparagraphs:

Morita, Whitfill, Fedde, & Lavik (1989) in their sand production prediction implement plastic strain with
two types of plastic behavior: compaction with high mean stress and volumetric expansion with a high
deviatoric stress state and usesnodified kinematic model with a cap as yield surface to simulate
accurately the behavior of weak sandstones.

Morita et al.(1989) propose an analytical model with a M@wuulombtype plastic constitutive relation
with a MohrCoulomb yield surface andiaear work hardening stressrain. Additionally, a parametric
sensitivity study is conducted with analytical solutions for poroelastic and -baedlening plastic
materials.

Wan, Chan & Kosar, (1991) propose an elastoplastic model at different thmnaliiions using the
RambergOsgood function to describe the hardening/softening law, and the MatSaika failure
criterion, and Rowebs stress dilatancy equatior

Papanastasiou & Vardoulakis (1992) bpihve Cosserat continuum formulation for a stradritening
cohesivefrictional material to model cavity failure around boreholdss is the beginning to implement
the hardening/softening behavior of sandstones in sand production models and theausealization
parameter.

Geilikman, Dusseault & Dullier§1994, February; 1994, Apripropose a continuum model of sand
production coupling the fluid flow and rasensitive plastic flow of granular matr{xiscoplastic) in

which the initial granular w@trix yielding is reached as a result of pressure drawdown below some critical
level with front propagatioaway from the wellbore as the process of sanding contianesthe mass
balance analysis relates the cumulative sand production and the curidingyir®nt location.

Wan & Wang (2004a, 2004b) propose its coupled stress erosional model indudiage adequate
constitutive law based on plasticity and incorporating stress dilatancy aspects. The model is defined from
the elastoplasticity theory with a yield function based on Modwlomb and combined with a plastic

flow rule to describe yield coniitbn and plastic strains respectively. The porosity changes are divided
into two components: one related to volume changes due to sand grains erosion, and the other one due tc
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matrix deformation under stress field.

Walton, Atwood, Halleck, & Bianco (2002and Wang & Chen (2004) propose an elastoplastic
constitutive model that is extended to describe the reservoir material before seepage forces liquefy and
suspend the sand particles at the advancing tips of wormholes.

Han, Stone, Liu, Cook, & Papanastas{@005) propose a 3D elastoplastic approach solved with the
Finite Element Method in Corner Point Geometry grid cells and apply it to a commercial reservoir
simulator. The model uses both Meboulomb and DruckePrager as yield criteria, where rock belsave
elastoplastically. A workhardening rule is used for plasticity calculations, which is implemented
through the shear cohesive strength that includes two hardening relations, a hyperbolic law, and a power
law.

Many coupled models to simulate oil and dgwoduction for CHOPS wells use elastoplastic models
using the MohiCoulomb failure criterion and stralmrdening/softening as Wang & Sharma (2016). The
Mohr-Coulomb is the conventional and practical criterion used to represent a sheardailsaead
production predictionHowever, this criterion produces instability in calculations due to its lack of
dependence on the intermediate stress and the corners at the hexagon edges when the derivative of th
yield function is required at the edge. This disadage leads to considering other criteria as the Drucker
Prager criterion to model the yielding during sand production @dah, 2005).

MohamadHusseiret al.(2021) formulate an elastoplastic damage model to simulate sand production in
CHOPS wells due to rock dilation and wormhole development, using the Difeck@er failure surface

to describe the mechanical behavior of unconsolidated sand material. Thgedanuefined as the
change of total average porosity due to rock dilation and shearing during plastic flow.






Chapter 3. General Model

This chapter describes the main components of the general model to simulate cold heavy oil production
with sand including the physical model, the fluid flow model, andjfmenechanical model. The physical
model represents a 3D single well model to simulate the governing mechanisms that occur around the
well, the fluid flow model is a-phase fluid flow that includes the fluid composed of oil, water, and gas,
and the geomeeimical model or material constitutive model that is defined as an elastoplastie stress
strain relation.

3.1 Physical model

The oil production in heavy oil reservoirs generates changes in the reservoir in terms of the pore pressure
and the stress state, indug a volume change in the fluid and rock of the reservoir. The volumetric
behavior of the reservoir fluids depends on the fluid composition and the pore pressure change. The
volumetric behavior of the reservoir rock depends on the mechanical propetitibe @ombined effect

of the pore pressure and stress state changes, which is the effective stress. The physical model is a singls
well model that represents theservoir behavior of the flow in the region around the well where the
elastoplastic deformatn occursFigure 3i 1 presents schematically the physical model.
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Figure 3i 1. Physical model.

The rock deformation is governed by the effective stress change that acts on-#aicoskeleton. The

pore pressure change in the reservoir is a combined effect of two different processes: (i)
expansion/compression of the reservoir fluids because afuption/injection operations, and (ii)
expansion/compression of the porous medium because of the local stress state change.

The physical model represents a heavy oil reservoir as a cylinder with a specific height that is divided in
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its vertical axis bystrata and its horizontal plane is divided by angles with a constant length arc, with a
producer vertical well located in the center. This geometric representation suggests using a cylindrical
coordinates system.

The general model is based on the sim@ltars solution of five sets of no linear differential equations.

The governing equations describe the interaction between the pressure field and the stress field, resulting
from the coupling of two different types of models: (i) a fluid flow model thatrde=sthe pore pressure
distribution, and (ii) a stresstrain model that describes the elastoplastic deformation of the porous
medium in each direction dy z

These governing equations for coupling rock elastoplastic deformation with fluid présspogous

media are established through several publications in the rock mechanics literature. In recent years,
reinterpretations of these equations and extensions to different oil reservoir studies have been published
in the petroleum literature. The gaal model proposed here closely follows the interpretation given by
Chen, Teufel & Lee, (1995), and Osorio (1999) with two exceptions, which areptieesa fluid for the

fluid flow model and the geomechanical governing equations that take into accewlagtoplastic
behavior characteristic of heavy oil reservoirs.

The development of the governing equations is based on the following assumptions: (i) isothermal and

3-phase fluid flow (oil, gas, and water); (ii) isotropic rock mechanical propertigsjdfiormation of the

solid part of the rock behaves as an elastoplastic medium with small deformations, and; (iv) permeability

is assumed to be a function of porosity that changes as a function of the total strain and mean effective
stress.

3.2 Fluid flow mod el

Thereservoir or fluid flow modehassumes isothermal anepBase fluid composed of oil, gas, and water

in a deformable porous medium. Four basic relations constitute this model: fluid mass conservation, solid
mass conservat i on, atidhafrstaty. bhe combination ofithede fautredatiomsyyields
3-phase fluid flow equations. This flow model gives rise to one of the following threeflibwd
equations depending on the nature of the fluid: compressible, slightly compressible, oré@ssing

fluid. The governing equations describing the fluid flow model are presented below. A detailed
development can be found in Annex A and is based on the multiphase fluid flow model presented by
Abou-Kassem, Rafiqul Islam, & Farouq Ali (2020).

Difference Finite Method (DFM) is the numerical method selected for solving the differential equations

of the fluid flow model by approximating them with difference equations, in which finite differences
approximate the derivatives.

3.21 Fluid mass conservat ion

The fluid mass conservation equation is obtained from a mass balance based on the infinitesimal volume
element of a porous media as represented in Figiu2e 3
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Figure 3i 2. Infinitesimal volume element of a porous media in cylindrical coordinates.

Fluid mass conservation can be expressed as follows (Annex A, Section Al1.1),

N D %ol — — N (371 1)

n D %dl —— —— 9 (37 2)

n O %ol Y %ol Y %ol —— — Y — Y — (37 3)
3.2.2 Solid mass conservation

Solid mass conservation can be expressed as follows (Annex A, Section Al.2):
nD" p %ol ——"0p % N (371 4)

where’l is the solid real velocity vector.

3.2.3 Darcyds | aw
Darcyds | aw can baAnnexA BecterAs3d:d as foll ows (
1 Oil -phase

The oil real velocity at standawmbnditions in terms of oil pressure gradient considering gravity is given
by:

T 1 By v aa (37 5)
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Where| is the oil real velocity vector at standard conditiois, is the oil volumetric velocity
vector at standard conditions, is the solid velocity vectof is theoil permeability tensor, is the
oil viscosity,8 is the oil volume factofQis the gravitational acceleratio® o @ x O and’ is
the gravity conversion factof @ p L Yp 1T . The & direction is positive in the vertically

downward direction.

Solving for the oil real velocity, at standard conditions, in each direction:

& 6 f — — " [
6 O f — — " o
o) O f — — 7 o (37 6)

1 Water -phase

Similar to the oil phase, the water real \o#tip at standard conditions in terms of water pressure gradient
considering gravity is given by:

| T 1 By v e 371 7)

Similar to the oil phase, the water real velocitystaindard conditions, in each direction can be written
as:

o) O f— — " 1"

O O I — — " 10—

O O f — — " 1O (31 8)
1 Gas -phase

Similar to the oil and water phases, the gas real velocity at standard conditions in terms of gas pressure
gradient considering gravity is given by:

" T 1 B _ap v 1 aa 37 9)

The water real velocity at standard conditions in each direction for the gas phase can be written as:



Chapter 3. Generalm odel 55

o) O F — — 7 o
6 0 1 — — " [0
o) O F — — 7 o (37 10)

3.24 Equation of state

The equation of state (isothermal fluid compressibility) capxpressed as follow#(nex A Section
Al.4):

0 —— (37 11)
On the other hand, in terms of the fluid formation volume factor:
&) _— (37 12)

The oil and water phases are handled as slightly compressible fluids and the gas phase is handled as rec
gas. The compressibility for the oil, water, and gas phases can be expressed, respectively, as:

@ —— QEEiOOWME
@ —— QEéEETi OOED
@ _ (37 13)

3.25 Compressibility of the formation

Four different compressibilities are associated with porous media according to Zimmerman, Somerton,
& King (1986). Each of these rock compressibilities relates to changes in either the pore soarme

the bulk volumean concerning changes in the p@messurer) or the mean stress, . Annex A Section

AL.5 presents the definitions of formation compressibilities.

The compressibilities of a porous medium that express the effect of total mean stress and pore pressure
variations on pore volume den@sw andw , respectively, are defined as:

& _
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[ J— (371 14)

The compressibilities of a porous medium that express the effect of total mean stress and pore pressure
variations on bulk volume denote@s andw , respectively, are defined as:

o .
o J— (37 15)

Zimmermanet al. (1986) found the relations among these four compressibilities, the pofasénd
solid compressibilityw, defined as the compressibility of the rock matrix matefibese relations for
pore and bulk compressibilities are given by Equationsi@) and (3 17) respectively.

® ® (37 16)
O %6
0 @ — (37 17)

3.2.6 Other relations

This section presents other relations that complement the model. (Annex A, Section Al.6).

7 Saturations

The oil, water, and gas saturations must satisfy the following constraint:

Y Y Y p (37 18)
with: 1 "YRYRY p

1 Capillary Pressures

The oil, water, and gas pressurgsr] andr] can be related to the concept of capillary pressure:
n n n (37 19)
n n n (37 20)

And the derivates of these equations can be expressed as:
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e S — (3121
where:

) -

0y = (3122
where:

) -

The termg) andr] can be obtained by using the capillary pressure curves of each setpifas®
systems.

I Mean Pore Pressure

Considering three phases (oil, water, and gas) in the porous media, the mean pore pressure can be define
by:

AC YR YR YR (31 23)
3.2.7 Governing equations

Equations (3 1) through (3 23) can be combined resulting in the following fhiliolw equation Annex
A, Section A1.7):

1 Oil -phase

The governing equation of the fluid flow for the plase is given:
nof By r@ag 00— 00— 0— 0| — — A4 (37 24)

where;
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1 Water -phase

The governing equation of the fluid flow for the water phase is given:

nor By v rrag nor Ef oy o BEjy oy o o—
0 — 00— 0 | — — 1§ (37 25)
where:

o

O — p Y Y O p | ® 0 p
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1 Gas -phase

Similarly, the governing equation of the fluid flow for the gas phase is given:

wop B v e vy B v ree 1y B

» rraq not By vyr E_p oy novy By oy o0
0O— O0O— 0O— 0| — — 1§ (371 26)

where;
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3.2.8 Boundary conditions

The governingequations of the phases (oil, water, and gas) at the boundaries are affected by pressure
and saturation, the main variables. Annex A, section A2.3 presents in detail the boundary conditions and
their discretization.

1 Radial direction
0 For the wellbore boundary d internal radial boundary,

Pressure condition

The well production is defined as a botttwwie pressureonstrained well, which states that the wellbore
pressure is constant (Dirichlet boundary condition type) andistsetization at the boundary can be
expressed by:

N owr o My %hﬁ: N 'p,;n ¢ G & oo (371 27)

Saturation conditions

The well production condition is defined as a flanv condition, i.e., there is no radial flow between

‘Q mand Q p, then oil saturation at the radial boundary has no change (Neumann boundary condition
type)and its discretization at the boundary carekgressed by:

YooY (37 28)

Similarly, for gas saturation (Neumann boundary condition tyfsedliscretization at the boundary can
be expressed by:
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YooY (371 29)

d For the external radial boundary, . IO

Pressure condition

The external radial pressure condition is defined as afloancondition, i.e., there is no radial flow
between'Q ¢ and Q ¢ p (Neumann boundary condition typand its discretization at the
boundary can be expressed by:

n i N g (31 30)

Saturation conditions:

The external radial oil saturation condition is defined in terms of thdlaarcondition, i.e., there is no
radial oil saturation change betwéen ¢ andQ ¢  p (Neumann boundary condition typa)d its
discretization at the boundary cané@ressed by:

VTV (37 31)

hh hh

Similarly, for the gas saturation (Neumann boundary condition tytsejiscretization at the boundary
can be expressed by:

v oy (37 32)

hh hh

1 Tangential direction

0 For the first angular boundary ,

Pressure condition

The pressure at the first angular boundary is a Dirichlet boundary condition type that is stated as:
Nee Noss (3133)

Saturation conditions

The oil saturation at the first angular boundargtated as (Dirichlet boundary condition type):

NV (37 34)

hh h h

Similarly for the gas saturatigirichlet boundary condition type):
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v vy (37 35)

hh h h

0 For the final angular boundary,

Pressure condition

The pressure at the finahgular boundary is also a Dirichlet boundary condition type that is stated as:
e v Mo (31 36)

Saturation conditions

The oil saturation at the final angular boundiargtated a¢Dirichlet boundary condition type):

V. (31 37)

h h hh
Similarly for the gas saturatigiirichlet boundary condition type):

YooY, (371 38)

9 Vertical direction

0 For the top boundary,

Pressure condition

The vertical pressure condition at the top is defined asfeowacondition, i.e., there is no vertical flow
between the block® mandQ p (Neumann boundary condition type) and its discretization at the
boundary can be expressed by:

Nown N oae T el (37 39)

Saturation conditions

The vertical oil saturation condition at the top is defined in terms of tH®wacondition, i.e., there is
no vertical oil saturation change between ¢ and'Q ¢ p (Neumann boundary condition type)
and its discretization at the boundary can\y@essed by:

v oy (3i 40)

hh hh

Similarly, for the gas saturatigiirichlet boundary condition type), its discretization at the boundary
can be expressed by:
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v oy (37 41)

hh hh

0 For the bottom boundary,

Pressure condition

The vertical pressure condition at the bottom is defined asflawaondition, i.e., there is no vertical
flow between the blocksQ € and Q ¢ p (Neumann boundary condition type) and its
discretization at the boundary can be expressed by:

N g N g TG (31 42)

Saturation conditions

The vertical oil saturation condition at the bottom is defined in terms of thBawondition, i.e., there

is no vertical oil saturation change betw&@née andQ ¢ p (Neumann boundary condition type)
and its discretization at the boundary ta&nexpressed by:

v, Y, (371 43)
Similarly, for the gas saturatidiirichlet boundary condition type), its discretization at the boundary
can be expressed by:

v Yo (37 44)

hh hh
3.2.9 Initial conditions

The usual initial conditions of a reservoir consist to define the initial values of the primary variables of
the model such as pressure and saturation to begigirthdation. At the initial timedq 1T, all
reservoir unknowns must be specified considering that the fluids are in hydrodynamic equilibrium.

The model requires that the user defines some preliminary data to describe the case to run such as the
grid speifications (well radius, reservoir radius, and reservoir height), initial mean pressure and bubble
point pressure at reference depth, initial saturations in the reservoir (oil, water, and gas), capillary
pressure curves and relative permeability curviéafol water system and/or oil and gas systems), layers
open to production, the production log that consists to the wellbore hole pressure on time, among others.

The bubblepoint pressure and the initial mean pressure are defined at the top of theimethesvast
pressure lets to calculate each phase pressure using the initial saturation values and capillary pressure
curves, and the vertical distribution of all these pressures is done considering the hydrostatic gradient.

The initial saturation valiseare stated for all the reservoirs, i.e., for each block of the grid. There is no
gas cap or aquifer to have saturation distribution with gravity.
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3.2.10  Ternary model for the three -phase system

Direct experimental measurement of thptmase relative permeability is really difficult and implicates
rather complex techniques to establish the fluid saturation distribution along the core. Experimentally, it
is easier to measure the tywhbase relativpermeability. For this reason, the strategy consists to estimate
the threephase relative permeability from two sets of fpltase data and using a correlation. The same
strategy is used for capillary pressures.

1 Two -phase systems

Figure 3i 3 presentdte relative permeability and capillary pressure curves for the two sets-phtge
systems.

Krocw Pewo krwiro
kTOW krw
0.0 SIC SuTcr SW 1 _Tsorw 1 _fsoi?‘w 1.0
a.
krgcl
pcga krogcg
Sorg krag
Soir \
0.0 S‘IC s?c sl:g $; 1 —t:gcr 1 —*sgc 1.0
b.
Figure 3i 3. Relative permeability and capillary pressure curves. a) Oil and water system. b) Oil and
gas system.

0 Relative permeability

Toreplacethetwosetsoftytphase data, Coreyodés correlation is
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of each one of the twphase systems (Ahmed, 2010).

Oil and water system

For an oitwater system,

T 0s _— (31 45)

In Equations (3 45),"Q and™Q are oil and water relative permeability in the-wéter system,
respectivelylY is the water saturatiofiyY is the connate water saturatiovi, is the critical water
saturation,’Y is the residual oil saturation afid is the irreducible oil saturation in the -gviater
system, ad¢ and¢ are the oil and water exponents on relative permeability curves.

Oil and gas system

For an oitgas system,

Q NMs —— (37 46)
0 s (37 47)
with

Y Y Y

Y Y Y

In Equations (3 46) and (3i 47),"Q and’Q are oil and gas relative permeability in the-gals
system, respectivelyY is the gas saturatiotlY and”Y are the connate gas and water saturation,
respectively;"Y is the critical gas saturatioily is the irreducible oilsaturation in the oifas
system, andY s the residual oil saturation in the-gihs system, anél and&¢ are the oil and gas
exponents on relative permeability curves.

0 Capillary pressure

To replace the two sets of twahase data, potential law is used to estimate capillary pressure.
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Oil and water system

Taking into account an ewater system with'Y Y andY Y , the oilwater capillary
pressure in the drainage curve can be expressed as:

N n s n s —_— n s (37 48)
with:

YO P Yo

In Equation(3 7 48), 1 andn are oilwater capillary pressure and dimensionlessaaiter
capillary pressure, respectively; and is the oitwater exponent on capillary pressure.

And the capillary pressure derivative for thewdter system:

S S

(371 49)
Oil and gas system
Taking into account an ewater system withy Y and"Y Y , the gasoil capillarypressure in
the drainage curve can be expressed as,
N n s n s — n s (37 50)
where,
v oty ty

YO P Yo

In Equation (3 50),n  andn are oilgas capillary pressure and dimensionlesgad capillary
pressure, respectivelyy and"Y are the connate liquid and gas saturation, respectivelyt andis
the oilgas exponent on pdlary pressure.

And the capillary pressure derivative for thegals system:

(37 51)



66 Numerical modeling of massive sand production during cold heavy oil production

1 Three -phase system

According to the selected strategy, the relative permeability of water in gpihese system is the same

as that in a twgphase wateoil system and is a function of water saturation only. The relative
permeability of gas in the thrg#hase system is eguto the gas relative permeability in the tploase
liqudgas system and is a function of gas saturat.
a reasonable approximation to calculate the tpreese oil relative permeabilityQ , usingQ and

'Q from the two sets of twphase permeability systems (Aziz & Settari, 2002; Ahmed, 2010).

0 Qs — 0 — 0 Q0 (37 52)

Equation (3 52) allows computing the values of oil relative permeabiityfor the threegphase system,
which can be represented in the ternary diagram as shown in Figjdre 3

Sg=1

Sw=1 ;30:1
Figure 3i 4. Ternary diagram for oil relative permeability forathpeb a s e syst em usi n
model 1.

3.3 Geomechanical model

The geomechanical model is a 3D elastoplastic sgteam relationship that assumes that the solid phase
behaves as anadtoplastic medium with small strains. The basic assumptions for this geomechanical
model are that the total strain increment may be decomposed into elastic and plastic parts, with the elastic
part contributing to the stress increment using an elasticTlhe elastoplastic calculations include an
incremental stresstrain relation, a yield surface, a flow rule, and a hardening/softening law.

The numerical method selected for solving the geomechanical model is the Finite Element Method
(FEM) in cartesian coordinates, which requires the solution to a boundary value problem for partial

differential equations. The FEM formulation of the problesutes in a system of algebraic equations

and the method yields approximate values of the unknowns at a discrete number of points over the
domain. The approach to solving the problem consists to divide a large problem into smaller considering
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simpler partghat are called finite elements. The simple equations that model these finite elements are
then assembled into a larger system of the equation that models the entire problem, using variational
methods from the calculus of variations to approximate a sallty minimizing an associated error
function (Sherif, 2012). Annex B presents detailed mathematical development for implementing this
numerical solution.

3.3.1 Basic relations

9 Stress Tensor

Using indicial notation to reduce the expressions of equationsiréss tensor is given by:

e e (31 53)

1 Principal stresses

If the axes of the coordinate system are aligned with the principal stress directions, the stress tensor will
be having this simple form:

. TU T
" m ., ¢ (37 54)

m 1,
where, ,,, and, are the principal stresses. These are the proper values of the matrix and are obtained
as:
AAO Tt (31 55)

1 Principal stress invariants

The invariants of the principal stress tensor can be written as:

"O b i;, ” ” ”
0 - o1, o, sy
0 AAO ., (37 56)

The mean stress is equivalent to the first invariant divided by 3:

” o ” (371 57)
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1 Deviator stress tensor

The deviator stress tensor can be obtained by subtrdlogngean stress from the stress tensor:

~ ” ” rl
S B . (3i 58)
y : N
1 Invariants of the deviator stress tensor
In the same way, the invariants of the deviatogss tensor are obtained as:
0 T (37 59
0 -0ii o i i i i i i i
0 AA® Qi
1 Strain tensor
The strain tensor, , can beexpressed as:
T T T
i T T T (37 60)
T T T
The volumetric strairj, , can be expressed as:
T T T T 7T 7T (37 61)

whereo is the displacement vector.

 Stress -strain model
The stressstrain model is based on three basic relations (Chen & Baladi,1985):

- The equilibrium equation or the stress equilibrium equation.

- Thestraindisplacement equation is related to ge@metry caditions of the compatibility of strains
and displacements

- The constitutive relation of the material to be modeled, elasticity, or elastoplasticity, which defines
thestrainstresspressure relations.
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0 Stress -equilibrium equations
» O T (37 62)

where,

T -— — (371 63)
whereo is the displacement tensor, and,
T T

3.3.2 Elasticity

In physics, elasticity is the ability of a material to resist distorting stress and to return to its original size
and shape when the stress is removed. Then, if the material is elastic, it will return to its initial shape and
size when thesefces are removed (Chenhal, 1995).

For the model implementation, compressive stresses are positive and the principal stresses are usec
considering thag » -

9 Stress -strain relation

Hookeds | aw defi nes t hetatingthestsessesandisteaimsawith isotropicefastiena t
properties, and it can be defined as:

" Q) 0 — T (37 64)

In Equation (3 64),0 is the bulk modulus an@®is the shear modulus,andi s t he Kr onecKk:e¢
function p 1" AI® Q.

9 Stiffness matrix

The Equations (8 62) can be reduced to the following equation:
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” E T (371 65)
In Equation (3 65),E is known as the stiffness matrix or constitutive matrix.

1 Elastic strain increment

The elastic strain incremeit, , can be defined as:

QT —Q0 —Qa (371 66)
In Equation (3 66),i is the stress tensar, is the bulk modulus an®is the shear modulus.

Also:

Q- — Q0 (371 67)
And increment othe deviator elastic strain:

Q —Qa (371 68)
In Equation(371 68),] s the elastic deviator strain tensor.

i Strain -stress -pressure equations

The constitutive relation of an elastiaterial defines straistresspressure relations:

T ~ . " —1 (371 69)

In Equation (3 69),0i s Youngds smddu ls gwigtliedluidmard pressure,i s Bi ot 6
poroelastic constant aral is bulk compressibility.

Also:

P —nNe (37 70)
Equations (3 69) and (3 70) can be solved to state the stresses in terms of the strains:

., GO J 1IN (31 71)
where_i s the Lameds constanbt ¢Gat can be expresse

Effective stress, , is defined in terms of the total stress and the pore pressure as:
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" oI N (31 72)
Effective stress is a measure of the actual stress carried by the solid skeleton of the rock.

3.3.3 Elastoplasticity

Elastoplasticity is the condition of the material to show both elastic and plastic behavior, typically as a
result of being stretched beyond an elastic limit. Thus, the material behavior is elastic up to a transition
point called the yield point, in whidhhe material changes from elastic behavior to plastic behavior.

In physics, plasticity describes the deformation of a material undergoing permanentreversible
changes of shape and size in response to applied stresses. The elastoplastic ralndhtde an
incremental stresstrain relation, a yield surface, a flow rule, and a hardening / softenin@kavis &
Selvadurai2002).

9 Basic relation

To carry out strain calculations, the incremental strain is assumed linearly divided imgartsyan
elastic part, and a plastic part,

Q Q Q (37 73)
T Yield surface

If the stress exceeds a critical value, the material will undergo plastic or irreversible deformation. This
critical stress can be tensile or compressive. This critical value is known as the yield point and refers to
the onset of plastic behavior or the stress at which a material begins to deform plastically. The yield
criteria define the mathematical conditidos yielding Davis & Selvadurgi2002).

Q, I (3i 77)

In Equation (3 77),qis the yield function andl is a constant.

The yield criterion often expressed as yield surface is a hypotwegisrning the limit of elasticity under
any combination of stresses. The yield criterion defines a surface where plastic deformation occurs.

The vyield surface or failure envelope determines the plastic behavior of the material: perfectly plastic
materialor plastic material with hardening/softening. So that the stress state reaches the failure envelope,
the afterload generates plastic strains. For perfectly plastic materials, the failure envelope is a function
of the stresses and does not change with. tiraeplastic materials with hardening/softening, the failure
envelope is also a function of stresses and plastic strains, thus this implies that the failure envelope change
with the load historyHanet al, 2005).

"Q "Q, h (3178)
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whergl is the plastic strain.

Shear o tensile processes can generate failure or yield. For this reason, the yield criteria can be defined
in terms of shear or tensile.

9 Drucker and Prager yield criterion

There are different yield criteria to apply in elastoplasticity as Tresca, Von Mises;@dolomb, and
DruckerPrager, among others.

Although the MohCoulomb criterion is the conventional criterion used to represent a shear failure in
soils and rocksis disadvantages are the lack of dependence on the intermediate stress and the corners
at the hexagon edges that lead to instability on calculations when the derivative of the yield function is
required at the edgé&or these disadvantages, other critati@h as Drucker and Prager criterion are
considered to model the yielding during sand productitangt al, 2005).

The Drucker and Prager criterion is a thde@ensional pressu@ependent model to estimate the stress
state at which the rock reachis ultimate strength, determining whether a material has failed or
undergone plastic yielding. Its advantages are its simplicity and its smooth and, symmetric failure surface
in the stress space, which facilitate its implementation into numerical codedifiC 1993). The
criterion gives as much weight to each one of the three stresses (Alejano & Bobet, 2012). For this
advantage, it is established as a generalization of the-Noblomb criterion for soilsOrucker &

Prager, 1952).

The Drucker and Prag failure criterion naturally represents the frictional relation between shear and
normal stresses through a yield stress criteKdar( Gast, Pradhana, Fu, Schroeder, Chenfanfu, & Teran,
2016). This criterionis used to model frictional materials, whiare typically granulalike soils and

rock, and exhibit pressuaependent yield (the material becomes stronger as the pressure increases) and
has been applied to rock, concrete, polymers, foams, and other pigsseneglent materialéssault
SystémesSimulia Corporation, 2014).

Rock failure and degradation are mostly accepted as requisite for sand production. However, several
mechanisms are wetinown as responsible for sand production, which is mainly bast#teshear and

tensile failure, critical pressure gradient, critical drawdown pressure, critical plastic strain, and erosion
criteria (Rahmatet al, 2013). This is how the yield criterion is an important consideration for sand
production.t is also proved tat the problem of sanding onset prediction cannot be well solved by using
strength criteria that are not influenced by the intermediate principal stress because laboratory test data
indicate rock failure is dependent on intermediate principal stYesgalko & Russell, 2005).

The Drucker and Prager criterion can be expressed as:
0 I Ro (37 79)

In Equation (3 79),Ois the first invariant of the effective stress tensois the second invariant of the
deviator tensor, anfl andry are material constants usually defined from experiments.
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In terms of the principal effective stresses:

- ” ” ” ” ” ” " 6 ” ” ” (3 .I. 80)

TheDrucker and Prager yield surface is a smooth version of the-Bobulomb yield surface. Figure 3
T 5 presents a view of the Drucker and Prager yield surface in the 3D space of principal stresses.

Since the Drucker and Prager yield surface is a smoosionesf the MohCoulomb yield surface, it is
often expressed in terms of cohesidn,and the angle of internal friction,, that are used to describe
the MohrCoulomb yield surface. If itis assumed that, the Drucker and Prager yield surface aiitoesnsc
the MohrCoulomb yield surface then:

[ (37 81)

oz
Figure 3i 5. Drucker and Prager yield surface in 3D space of principal stresses.

The Drucker and Prager criterion produces a failure surface with tension cutoff, in which the shear flow
rule is norassociated, and the tensile flow rule is associated (Chen & Han, 1988; Itasca Consulting
Group Inc., 2005). Then, this criterion is expegsf terms of two generalized stress components: the
tangential stresd, and mean normal stregs,defined as:

., -0 -, ., ., (3i 82)

The shear strain incremenY , and volumetric strain incremen¥f , associated withf, and,
respectively, have the form:



74 Numerical modeling of massive sand production during cold heavy oil production

¥ ¢ Y
¥ % % ¥ (31 83)
whereYV is the second invariant of the incremental strain deviator tensor that is given by:

o o o o

Yo - % 0% I ¥ ¥ (31 84)

The total strain increments are decomposed:

$¥ ¥ ¥

¥ % 0% (37 85)

where the superscripf3andr) refer to elastic and plastic parts, respectively, and the plastic components

are nonzero during plasticity only. The increm
stresses and strains is:

¥yt or

y, 0¥ (37 86)
where"Oandv are the shear and bulk modulus, respectively.

T Yield functions

The Drucker and Prager criterion consists of two failure functions: the shear fufetiand the tensile
failure function,”Q. This criterion in the, 1 1 plane is sketched in Figurei 3. The failure envelope
is defined from poind to 6 by the yield function,

Q t o, | (37 87)
and fromd to 6 by the tension yield function,

Q o, ” (37 88)

wherer) andll are constant material properties, andis the tensile strength for Drucker & Prager
model. Note that this strength is defined as the maximum value of the mean normal stress for the material
under consideration. For a material whose propgrtys not equal to zero, the tensile strength canno

exceed the valug  given by,

, — (37 89)
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It is clear that when the stress state has overconiertioker and Pragédailure criterion by sheai©)
1, and similarly by tensile failuréQ Tt

v

Ko/ dyp
Figure 3i 6. Drucker and Prager failure criterion.

1 Plastic potential functions

The shear potential functiof relates in general to a n@ssociated flow rule, and has the form:

w ot on, (37 90)
wheren} is a material constant equalrio if the flow rule is associated.

The flow rule for tensile failure is associated and the tensile potential fufi@tisrgiven by,

"Q i (371 91)
The flow rules are given a unique definition in the vicinity of an edge of the composite yield function
using the following technique. A functioi®, ht 1 which is represented by the diagonal between
the failue criteria”™Q mand™Q Ttinthe, 71 T plane. Figure 3 7 represents the domains of the
flow rule and the definition of functioi®

The functionQcan be expressed as:

9t t | . . (31 92)

where:
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domain 1

»
>

Om
Figure 3i 7. Domains of the flow rule in the Drucker and Prager criterion.
An elastic guess violating the failure criterion is represented by a point initifeplane, placed either
in domain 1 or 2, corresponding to positive or negative domair@,offiit 11, respectively. If in
domain 1, shear failure takes place, and the stress point is brought back to tf@ cunmvasing a flow
rule derived using the potial function™Q. If in domain 2, tensile failure takes place, and the stress point
is brought back t&qQ  ttusing a flow rule derived using.
1 Flow rules and plastic corrections
The flow rule specifies the direction of the plastic strain increment vector as that normal to the potential

surface. It is called associated if the potential and yield function coincidesssoniated otherwise
(Chen & Han, 1988)in general, the plastistrain increment can be defined as:

(o QR — (37 93)

where"Qis the plastic potential surface ands the plasticity scale multiplier. For associated fl&rs
set equal to the yield criterio@which is a function of both stresses and strains, Equatio®83.

- For shear failure
For the shear failure, the flow rule has the form:
v —
r — (37 94)

where the magnitude of the shear plastic multipfiemust be determined. Using Equatiori (80) that
defines’Q and after its partial differentiation, Equations (34) can be expressed as:

i ¥
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(9]

Vooown (37 95)
Taking Equations (8 85) in Equations (3 95):

yt or o

Y, 0¥ ¥R (31 96)
Defining the stress increments in terms of new and old stress states by the subsuorihis

yr ot ot

Yo . (31 97)
Substituting Equations (395) into Equations (B8 97):

I N G &

T (31 98)

where the superscripOrepresents the elastic guess obtained by adding to the old stresses, elastic
increments computed using the total stain increments:

LI

. . UY (37 99)

The shear plastic multiplier can now be defined by requiring that the new stress point be placed on
the shear yield surface. Replacihg and,, for f and, in Equation (3 87) doing’Q 1, which

after some manipulations gise

h

¥ (371 100)

Noting that the new deviator stresses may be obtained by multiplying the corresponding deviator elastic
guesses with the ratib j , , and the new stresses can be written as:

\ R (37 101)

wherg is the Kronecker delta symbol.

- For tensile failure:

For the tensile failure, the flow rule has the form:
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gc
o3
|

K

v — (371 102)

where the magnitude of the tensile plastic multiptiestays to be defined. Using Equatiori (81) that
defines'Q and after its partial differentiation, Equations (802) can be expressed as:

¥ ¥ (37 103)
Applying a similar reason to that described above:

Tt

” ” 0¥ (37 104)

And the tensile plastic multiplier can be expressed as:
Yy — (31 105)

Replacing Equation (B 105) into Equation (8 104):

” ” (3 'I. 106)
For this failure mode, the new deviator stresses correspondétatiie guess:

» » ” by ] (371 107)

1 Implementation procedure

The geomechanical model should be at an initial fexpalibrium state before alterations can be
performed. The initial anthoundary conditions may often be defined such that the model is just at
equilibrium initially. However, it may be necessary to calculate the initial equilibrium state under the
given initial and boundary conditions, particularly for problems with compéogtries or multiple
layers. The elasticity model allows getting the initial conditions under the boundary conditions.

The implementation of the elastoplastic model using the Drucker and Prager criterion requires first
computing the elastic guess by adding the old stress components, and the increments are calculated
using Hookeds |l aw to the total strain i,nladr ement
are then derived from using Equations (B 82). If these stresse®late the composite yield criterion,

a correction must be applied to the generalized stress components to get the new stress state. In this
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position, there are two option€, ht mor'Q, ht Tt as seen in Figure (B8 10) represents
Equation (37 92). In the first option, shear failure takes place and the new generalized stresses
components are calculated from Equatioi @B) using Equation (B 100) for¥ , and the stress tensor
components are computed from the generalized stress components using Equiatid6).3In the
second option, tensile failure occurs and the new stresses are computed using Equatiohsf8y ,

and the stress tensor compotgeare computed from the generalized stress components using Equation
(37 107).

3.4 Computer model

The discretized system of equations for both models: the fluid flow model and geomechanical model
including their boundary conditions are solved using gnamm code developed in this study and written

in Fortran language. The code can solve each model separately in a full way, which means that the
eqguations of each model can be simultaneously solved for each time step using(REmpisd, Hager,

Schenk, ThiesBasermann, Bischop, Fehslk&e Wellein, 2020) Also, the code can solve the system of
equations in a fully coupled model. Figuré 8 presents the flow chart for the mypthase fluid flow

model and Figure B 9 presents the flow chart ftine geomechanical model.
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Figure 3i 8. Flow chart for the mukphase fluid flow model.
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Figure 3i 9. Flow chart for the mukphase geomechanical model.

¢ Convergence

NO—

YES

v

Results report

END






Chapter 4. CHOPS model

This chapter presents the components to complement the general msaeulae cold heavy oil
production with sand including the governing mechanisms of this technology as foamy oil, sand
production, and wormhole formation.

4.1 Foamy -oil model

The term foamy oil is often used to describe the production fluids from heavgewoas under solution

gas drive. Different from conventional oil reservoirs under solution gas drive, anomalous oil production
performances, including high oil production rate, low-gésatio, and high recovery factor, are found

in heavy oil reservog under solution gas drive. The behavior difference between conventional heavy oll
and foamy has been seen during the performanc€ohstant Composition Expansion (CCE) test using

a visual Pressure/Volume/Temperature (PVT) cell as shown in Figurg. €onventional heavy oil
behaves under thermodynamic equilibrium conditions at any pressure while foamy oil presents three
different processes during pressure depletion: bubble nucleation, bubble growth, and bubble coalescence
(Zhou, Yuan, Zeng, Zhang, &ahg, 2017).

uHE

p < Pp P = Pend
P=pp Ppp <P <Pp Ppb <P <Ppb Ppp <P <Dp = DPend
(1) (2) (3)
b.

Figure 4i 1. Schematic characteristics of the gas during the CCE test using a PVT cell. a)
Conventional heavy oil. b) Foamy oil including (1) bubble nucleation, (2) bubble growth, and (3)
bubble coalescence processes. (Modifitdr Zhou et al., 2017)
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Tiny bubbles start to generate in the crude when pressure declines lower than bubble point pressure, anc
volume changes of the fluids are discrete due to the bubble size being very small and negligible. In this
period, supersatation status in the crude reaches and volume increment of crude is principally
contributed by the liquid phase. When pressure declines to the threshold pressure, which is lower than
the bubble point pressure but higher than the psbubble point pressar numerous bubbles nucleate

and the volume of the foamy oil increases remarkably with the pressure declines, so this process is known
as bubble nucleation. Small bubbles are trapped in the crude increasing in size while the pressure declines
and the volura changes are dominated by the gas bubbles dispersed in the crude, a process known as
bubble growth. When the pressure declines to pseutible point pressure, dispersed gas bubbles
coalescent and starts to evolve out of crude, a process known as mdlbteence, in which the gas
evolution rate relates to pressure depletion rates. During this period, volume changes of total fluids
(foamy oil and free gas) are mainly controlled by free gas. If the pressure is maintained for a long time,
the system will @ach an equilibrium status, indicating that 100% of the dispersed gas transfers to free
gas and only solution gas and free gas exist in the gas (dfameet al, 2017). These three processes
exhibit the presence of another phase known as entraineggased to model the foamy oil.

Summarizing, when the reservoir pressure is above the bubble point pressure the gas exists as solution
gas in the oil phase being the oil in the saturated state. Once the reservoir pressure is below the bubble
point presste, the released solution gas is trapped and dispersed in oil, being the oil in a pseudo
undersaturated state as foamy. As the reservoir pressure reaches thebpbbiefmint pressure, the
dispersed gas in the heavy oil comes off from the oil complatel becomes a movable phase being the

oil in some part of the reservoir as dead oil and the gas is produced. In between thdopbblegmint

pressure and the bubbbeint pressure, the gas bubbles suffer three different processes: nucleation,
growth,and coalescenc€igure 61 2 represents foamy oil during reservoir depletion.

" 2
I b Ppb pressure depletion

small bubbles nucleation large bubbles growth and coalescence

saturated oil foamy oil live oil free gas in the oil dead oil and produced gas

Figure 4i 2. Foamy oil during reservoir depletion.

The foamyoil module is integrated following the model proposed by Kumar & Mahadevan (2012). This

is the first approachio include foamyoil behavior during production, i.e., the entrairgab drive
mechanism. This module states two parameters such as tHpeiehdf the entrainedas fraction and

the apparent bubbleoint pressure and integrates three elements: (i) flisviperformance as a foamy

oil with three phases: dissolved gas, oil component, and entrained gas; (ii) the fluid characterization
changing the PVT properties for a foaioy crude; and (iii) the relative permeability curves in terms of
pressure. This mea that the module works by adjusting the fluid flow component. The inflow
performance is obtained using Darcydés equation
the continuity equation and space averaging, assuming pseaalty state conbns.
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41.1 Phases and Components

A heavy oil composed of foamy oil and gas has two phases and three components:

Phases
The heavy oil system is composed of two main phases:

1 Free gasd) is the mass fraction of the free gas phase, and
1 Foamy oil ¢ isthe mass fraction of the foaroyl phase.

Components
The system has three main components:

f Dissolved gasd [ ), wherew andw are the mass fractions of dissolved gasdoh phasen the
free gas and the foaroil phase, respectively.

1 Deadoil (0 hw ), wheredd andew are the mass fraction of deadioileach phasén the free gas
and the foamyil phase, respectively.

f Entrainedgas (> fw ,wherecd andow are the mass fraction of entrained gas in each phase,
in the free gas and the foaroil phase, respectively.

Here is important to clarify thad mmandw mbecause both are components of the free gas phase.

Relationships between components

Thecomponents are related to each other:

w () p 471 1)
and
W 0w o p (471 2)

And other relations defined in terms of the solutiasoil ratio are:

v - (47 3)

VR (47 4)

The mass fraction for individual componeirtghe foamyoil phase can be expressed by:
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and,

A — (47 5)

The mass fraction for individual components in the free gas phase can be expressed by:

W T

W Tt

and,

W p (47 6)
where” and”  are the oil and gas density at standard conditions respectivelyy ands the

solution gasoil ratio for the foamyoil and’Y is the solution gasil ratio.

4.1.2 Premises and assumptions

The foamyoil system has two phases: free gas and foamgmail three components: dissolved gas, dead
oil, and entrained gas. The following are the main assumptions of this model:

1 The entrained gas has the same density as the free gas.

1 The entrained gas in the foaroyf phase travels at the same velocity asfdlany-oil phase does.

1 The free gas and foangil phases are instantaneously in thermodynamic equilibrium.

1 There is no entrainegas component present above bukgget pressure.

1 The dissolveegas component does not transfer directly into thedesephae.

1 The Kkinetics of gakubble nucleation and coalescence is neglected, and the component
concentrations are determined only by pressure and temperature at thermodynamic equilibrium.

1 The deaebil component does not contain gas that can be transferreithénficeegas phase.

1 The capillary and gravity effects are neglected.

4.1.3 Conceptual parameters

Pseudo -bubble -point

When reservoir pressure drops below the thermodynamic equilibrium badiblepressure, the solution
gas is liberated. In conventional oil, the gas bubbles coalesce and grow quickly, and form a free mobile
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gas phase. In viscous heavy oils, the solutiengantrained and needs some time to disengage and form
a continuous flowing gas phase.

Because of this analysis, Kraeisal.(1993) and other authors define an effective or pséwdbble point

as the pressure at which free gas flow starts in feailmgservoirs. Even though the bubble coalescence
starts at pressures less than the pséwdidlepoint pressure, not all the bubbles coalesce due to the
presence of natural surfactants in the liquid phase, and a fraction of entrained gas is always gresent in
solution down to a lower pressure, the pressure that could be atmospheric or notably lower than the
bubblepoint pressureTiang, Sahni, Gadelle, Kumar, & Kovscek, 206

The true bubbleoint pressure is the pressure at which bubbles start to geietlag oil phase, i.e., the
pressure at which the first small bubbles of free gas evolve from solution and nucleate as a distinct gas
phase at reservoir conditions (traditional equilibrium buiplbiet pressure). The pseutiabblepoint

pressure is therpssure at which bubbles in the oil phase start to coalesce to form a continuous gas phase.
The greater the difference between these two pressures, the greater the contribution to oil recovery from
the foamyoil drive mechanism (Wang, Qin, Chen, & Zhao02)

The entrained gas increases the effective compressibility of the oil phase and inhibits gas liberated below
the true bubblgoint pressure. Thus, the foamy oil behaves as if it had an effective or faeulule

point pressure below that measured R\A cell in the laboratory. The pseutlabblepoint works as

an adjustable parameter to match fieddatoratory performance (Kraes al, 1993).

Apparent bubble  -point and end  -point entrained  -gas fraction

The apparent bubbleoint pressure is termelde pseuddubblepoint pressure. The fraction of liberated

gas, also known as flashed gas, is the entrained gas at the reference condition that is termed as an enc
point entrained gas fraction. These two parameters characterize the behavior of thedegasafiraction

with pressure and define the fluid properties of the foamy oil. (Kumar & Mohadevan, 2012)

When pressure drops below the true bubble point in the foamy olil, the dissolved gas becomes the
entrained gas; and when the pressure reduces futiberntrained gas is released to the-frag phase.

That is why there is no direct transfer of the dissolved gas in the fodplyase to the gas in the free

gas phase.

4.1.4 Inflow performance

The presence of entrained gas can alter the oil fluid prepefor this reason, the foarmyl modeling

requires that the fluid properties take it into account as a species in the flow equations for a reservoir at
a pseudesteady state. Many authors such as Mastmann, Moustakis & Benion (2001) and Kumar &
Mahadevan(2012) report a significant effect of the entrained gas on the fluid properties such as a
reduction of the fluid density and increment of the formation volume factor, both properties have an
inflection below the bubblpoint pressure and the solution galsratio stays constant up to the pseudo
bubble pressure and then diminishes.

For modeling the inflow performance of foaraif reservoirs, the entrained gas may be considered as a
component with its equilibrium concentration determined only by pressur¢éemperature. Therefore,
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foamy oil consists of three components: dissolved solution gas, oil, and entrained gas. Under non
equilibrium conditions, the concentration of the components depends on the bubble coalescence rate and
the mass transfer. Shengayés, Maini & Tortike (1996) used this approach to describe the foamy oil
flow.

Josepklet al. (2002) present a foanwil flow model for porous media, which includes the effect of the
entrained gas on the fluid density and viscosity and considers the relaxation of the entrained gas from
initial nonrequilibrium conditions to equilibrium.

The inflowperformance reservoir with foaroyl behavior is developed including the fluid properties as
density, formation volume factor, and solution-gdgatio as a function of the entraingds fraction.
For a conventional oil inflow, the entraingds fractio is set equal to zero in the fluid property model.

The inflow performance is obtained by wusing Da
continuity equation, assuming psetgteady state conditions. (Kumar & Mahadevan, 2012)

Darcyds | aw

For the foamyoil phase,

o O

A 47 7)

In Equation (4 7),0 s the foamyoil real velocity vector at standard conditiofsjs the solid real
velocity, N1y is the pressure gradiefiis the porosity]Q is the foamyoil relative permeability’
is the foamyoil viscosity, and is the foamyoil formation volume factor.

For the freegas phase,

o) o) n (47 8)
In Equation (4 8), 0 s the gas real velocity vector at standard conditidsjs the gas's relative
permeability, is the gas viscosity, ari is the gas formation volume factor.

The expressioffor the inflow performance of foamy oils may also be used to model conventional oil
inflow by simply setting the entrained gas fraction to zero in the fluid property models.

Fluid properties of foamy -oil

Kumar & Mahadevan (2012) determine the foaoilyproperties in terms of two parameters such as the
apparent bubblpoint pressure and efpbint entraineejas fraction, i.e., defining the variation of the
entrainedgas fraction with pressure.

As mentioned before, the presence of entrained gas altdigithproperties of oils, specifically the oil
density that decreases and the formation volume factor that increases below thebuiblgeessure.
This behavior shows an inflection in both properties at the pseuidlolepoint. Also, the solution gas
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oil ratio is constant up to the pseudabblepoint and then decreases. The viscosity behavior is similar
to conventional oil (Kumar & Mahadevan, 2012).

- Equations of state of flashed -gas

Flashedgas fractior¥%o is the ratio of the volume of gas flashed to the total solution volume and is given
by:

%o (4i 9)

where’Y s the solution gasil ratio at bubblepaint pressuret) is the bubbleoint pressurea) is
the reference pressure, and is the reference temperature.

- Phase -equilibrium relationship

The entrainedyas fraction ® J w is the fraction of gas volume entrained in foamy oil per unit of
gas flashede , per unit volume of gas flashed, which varies with pressure énso, can be defined
as (Krauset al, 1993):

ph oo on
R non RN (47 10)
. | h n n

In Equation (4 10),r is the pseuddubblepoint pressurer) is the bubblegoint pressurer is
the reference pressure, and is the eneboint entraineejas fraction at the reference pressure (lower
thanr) ).

All the flashedgas are entrained between the bubble point and apparent Jpalttigoressure. The
flashedgas fraction entrained decreases linearly with pressureredoapparent bubbigoint pressure.

- Equation of state

Oil density is a function of pressure. The oil density above the biyolrié pressure varies with the oil
compressibility factor, which is constant above the bupblat pressure. Below bubbfmint pressure,
gas evolves from oil, and the oil density obgas. The density calculation is divided into two stages at
distinct pressure ranges, above and below beydilet pressure.

As the oil phase is undesaturated above the bubigeint pressure, the density change is produced by
the oil compressibility fetor because there are no gas bubbles in the oil and the foamy oil does not exist.
Therefore, the foamy oil density is similar to that of the oil:
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p Q " Q (47 11)

where’Q w | w , isthe entrainedas volume fraction in foargil defined as the ratio of entrained
gas volume in foamyil, ® , and the foamyil volume,® .

- Gas -oil ratio

Foamy oil is considered a dispersion of gas in oil stabilized byalaurfactants, in which the evolved

gas from the solution stays in the emulsion as an entrgia@domponent. The solution gaikratio is
generally defined as the volume of dissolved gas at standard conditions in a unit of volume of stock tank
oil at Pecific pressure and temperature. The solutiorogastio for foamyoil is redefined to include

the entrainedjas effect as the ratio of dissolved gas along with entragjasdvolume at standard
conditions to stock tank oil volume. The solution-gdsatio for foamy oil is related to a conventional
solution gasoil ratio because the volume of gas in oil includes entrained gas and dissolved gas. So, the
behavior of the solution gasl ratio for foamyoil displays a constant value up to the apparenbleub

point pressure even though this pressure is less than the ipadttigoressure. The foargjl solution

gasoil ratio can be expressed as:

YooY Y Y (47 12)

In Equation (4 12),"Y s the solution gasil ratio at the bubblgoint pressure an¥ is the solution
gasoil ratio at any pressurg .

- Formation volume factor

The formation volume factor is the ratio of the volume of phase with the dissolved gas in solution at
prevalent temperature and pressure to the volume of phase at standard conditions. The formation volume
factor for conventional oil can be defined by applying a material balance approach (Ahmed, 2010):

5 8 8 (47 13)

In Equation (4 13),” is the conventional oil density at pressqréy is the solution gasil ratio and
I andr are the oil and gas specific gravity at standard conditions, respectively.

Similarly, the formation volume factor for foamy oil can be expressed as:

5 8 8 (47 14)

In Equation (4 14),” s the foamyoil density at pressung, 'Y s the solution gasil ratio for
foamy-oil, and; is the specific gravity for foamy oil at standard conditions.
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The specific gravity for foamy oil at standard conditions can be expressed by,

i (47 15)

In Equation (4 15), is the flashegjas volume at standard conditiohs, and”  are the water
and gas densities at standard conditions, respectively.

- Viscosity

Viscosity and density are the major parameters for heavy oil characterization. Several correlations for
heavy oil viscosity are available in the literature (Mehrotra, 1991&bjtagunta, Miadonye, & Singh,
1992); (Puttagunta, Singh, & Miadony&993). These correlations are mainly a function of density (or
°API) and temperature. However, when these correlations are used for other oils from other regions with
different characteristics, the results are usually not accurate, and certain modffieaiomeeded to
obtain satisfactory viscosity predictions.

Another alternative to calculating the viscosity of foamy oil is considering the foam rheology using the
Einstein equation (Kumar & Mohadevan, 2012):

% TP A% (47 16)

In Equation (41 16),° %o is the foamyoil viscosity at a flashedas fraction%., * 1 is the oll

viscosity at zero flashedas fraction andi is a constant. Therefore, the variation of the foam viscosity
depends on the gasattion linearly, expecting that the viscosity increases as the gas fraction increases.

Goodarzi, Bryan, Mai, & Kantzas (2005) and Mastmanhal. (2001) in their investigation consider the
foamy oil as foam, i.e., a mixture of gas and liquid, and shaiiscosity does not change noticeably
under various experimental conditions, and does not follow the Einstein equation.

Abivin, Hénaut, Argillier, & Moan (2008) present results of viscosity measurements for heavy oil crudes
using Xray imaging that detrmine two main parameters affecting their viscosity: the gas bubbles
formation and the heavy oil composition, and conclude that the fo@miscosity increases with the

gas bubbles presence. Though the evidence of the dynamic of gas bubbles coaldéscenoposed
viscosity correlation is a simple function of pressure.

Generally, all correlations used to calculate the oil viscosity below the bpbisiepressure for heavy

and extraheavy oils are a function of the deaiflviscosity*  and solution gasil ratio’Y (see Annex

C). An alternative way to calculate the viscosity of foamy oil is using the selected correlation and
replacing the solution gastio’Y by the solution gasil ratio for foamy oil'Y

4.1.5 Relative perm  eability

The inclusion of the foampyil effect requires including the relative permeability variation with pressure
to influence the IPR curve. The relative permeability of a phase is not directly a function of pressure but
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a function of saturation of thghase and is mostly termed by an exponential relationship. Handy (1957)
presents a method to obtain the relationship between the pressure and the relative permeability for
solution gas drive at pseudteadystate conditions. Applying this method to foamy Brill &
Mukherjee (1999) find the following equation (Kumar & Mohadevan, 2012):

oYY 4i 17)

where'Y s the producing gasil ratio, 'Y is the solution gasil ratio,* and‘ are the gas and
foamy-oil viscosity, andd and0 are the gas and foarnyl formationvolume factors, respectively.
This equation assumes that the total-gi&satio is constant with distance and is nearly equal to the
producing ga®il ratio, which is reasonable because it is a characteristic of CH@&#HS low and
constant gasil ratio during the producing life.

So, the producing gasl ratio that includes the foargil condition can be calculated by the equation:
Y Y — —_ — (47 18)

The relation ofQ j'Q is usually obtained from experimental measurements of gas and oil relative

permeability as a function of saturation, but without experimental data, the Corey correlation can be used
to generate the gas andafoy-oil relative permeability curves. The foaroy relative permeability can
be expressed by:

T Q0 p — (47 19)
wheret is a Corey exponent afd is the connate water saturation

The free gas relative permeability is expressed by:

Q QO ¢ — — (47 20)
whered is a Corey exponent.

And the relative permeability rati® j 'Q , can be obtained with Equationsi(49) and (4 20).

C (47 21)

4.1.6 Module implementation

The implementation of the foamy oil module attempts to integraténfluev performance, the fluid
properties, and the relative permeability of the new fluid as foamy oil. This module interacts basically
with the fluid flow model, as a modification of the fluid in the pressure range in between the-bubble
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point pressure antthe pseuddoubblepoint pressure. Figurei43 presents a flow chart of the foamy oil
model.

Start

Input Data
Pb Ppb

Calcuate kt

A

Calculate gas variables
o.Mg, Xega

'

Calculate PVTs R
roperties
properties  [@—NO—<_ Ppb<p<Pb >——YESP FI):o:i)my oil
Heavy oil crudes ’
Yy Rsto, Bro, ” fo, >fo,
Calculate K8
Calculgte K2 Foamy oil
Heavy oil crudes
Ko

! !

Calculate oil veloci
Foamy oil
Vfo

) FLUID FLOW MODEL ¢
Pressures and saturations

Results report

END

Calculate oil veloci
Conventional oil

Figure 4i 3. Flow chart of the foamy oil model.

4.2 Sand production model

Cold heavy oil production with sand requires a sand production model, in which critical conditions can
be applied to simulate the massive and continuous sanding. A sand production model based on the



94 Numerical modeling of massive sand production during cold heavy oil production

elastoplastic model is proposed integrating two primammonents: a sanding onset to determine when
the sand production initiates, and a sand production criterion to quantify the produced sand.

42.1 Sanding onset

The sanding onset determines the initiation point for sand production in terms of a productimm criter
such as a pressure gradient or a production rate. The onset sanding prediction consists of evaluating a
yield criterion such as MoHCoulomb or Drucker and Prager at the stress state to determine the pressure
gradient or production rate at which thendgroduction occurs. In this work, the yield criterion to be

used is Drucker and Prager criterion as stated previously in Chapter 3.

4.2.2 Sand production criterion

There are several mechanisms responsible for sand production, which are mainly basedean émel sh
tensile failure, critical pressure gradient, critical drawdown pressure, critical plastic strain, and erosion
criteria. The sand production criterion defines the sand production rate as a function of governing
mechanisms such as elastoplastic beftaand erosion. However, it is very difficult to consider all
mechanisms for the sand production critereamd commonly the dominant mechanism is used.

Risnes & Bratli (1979) propose a sand production criterion in terms of the tensile failure foatu@nfo

tunnel inner shell collapse. Then, Bratli & Risnes (1981) and Weingarten & Perkins (1995) propose a
sanding criterion based on the pressure gradient. Morita, Whitfill, Massie & Knudsen (1989) propose a
sanding criterion that can be initiated by ertkhear failure or tensile failure. Vardoulakis, Stavropoulou

& Papanastasiou (1996) present a sanding criterion in terms of surface erosion that is accompanied by
high changes in porosity and permeability close to the free surface. This approach lesassotheory

is defined by:

N " _p %09NS (47 22)

wherer] is the sand production mass raids the concentration of solid grains in the fluid phasis,
an experimental parameter, afdhe mixture volume discharge rate. This approach does not consider
formation characteristics as the Uniaxial Compressive Strength (UCS).

Detournay (2009) introduced a critical specific discha@rgeas a critical condition for sand production
initiation, which depends on the mechanical resistance of the solid as a function of the residual cohesion,
T , the residual friction angle, , and the surface tangent effective stress,tensile o compressive.

For tensile stress, it is assumed that particles do not offer any resistance to being produiced, and

For compressive stress, the critical specific discharge has the following equation:

n &o——1 g sOAI (47 23)

whereQis permeability%ois porosity,O is the dynamic fluid viscosity, is the mean particle radius,
and® is a dimensionless coefficient determined experimentally.
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Finally, Nouri, Vaziri, Belhaj, & Islam (2006) propose a sand production criterion that is quite similar to
Vardoul aki sé proposal, but the dif fremamnthelecali s i
boundary surfacéy.

N " p %9 N1 sY (47 24)

wherer] is the local specific discharge (normal to the wellbore wall) and it must be higher than a critical
specific dischargg to occur sand productiof( 1 ).

A sand productin model is also integrated to determine the sanding onset and sand production criterion.
The sand production onset is defined as the initiation point for sand production in terms of a production
criterion such as a pressure gradient or wellbore pressiirea] borehole pressure). The onset sanding
prediction consists of evaluating a yield criterion at the stress state to determine the pressure gradient or
production rate at which the sanding occurs. In this work, the yield criterion to be used is¢kerDr

Prager criterion. A sand production criterion is integrated to quantify the sand production rate based on
the rock plastic deformation, in which the vertical and radial stresses are increased independently, and a
high radial flow rate is produced (N, Vaziri, Belhaj, & Islam, 2006).

Araujo, AlzateEspinosa & Arbelaetondofio (2015) proposed a new criterion to quantify the sand
production rate based on the rock plastic deformation using experimental data from a sand production
test, in which the wéical and the radial stresses are increased independently, and a high radial flow rate
is produced. A function to quantify the level of sand production is presented by Aaeajoero (2015),

which is based on the level of plastic faill§e,. Here, t is proposed that the amount of sand available

to produce is proportional to the level of plastic failure caused by the pressure drop and the change of
stresses required to have affected the porous medium. To produce sand, a minimum value of flow velocity
is defined for which a free grain can be transported by the fluid. In this way, sand production is defined
as:

¢
—n
—n

Tt
& (47 25)

¢
O
@]

In Equation (4 25),1 is solid mass discharde, is the equivalent plastic strain, is the critical
plastic strain needed to initiate the sandig, is the critical fluid velocity required to erode the sand
grains, andQis an experimental parameter, iath relates to the sand production and the plastic strain
increments at the cavity surface. The parametas the sangbroducing area perpendicular to the flow
direction and is the area perpendicular to flow. The inclusion of the area is impbeeatise it allows
having a nominal sand production value that can be extrapolated to cases such-lasleopen
perforations. The real fluid veloci® i s cal cul ated from the pressur
mean value in terms of saturations @n improvement of the model, it is proposed that the sand should
be produced up to the critical poros#y , which is the porosity above which gramgrain contact is

lost and the rock can exist as a suspension. Remember that porosity is upthatddmges in efforts,
pressures, strains, and sand production.

The critical fluid velocity responds to an erosion criterion. The yielded sands will stay in the formation
until the hydrodynamic force exceeds the frictional resistance force. The kioreticdonsists of form
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drag and friction drag, while the resistance force is the gravitational force on the sand grains. The
equilibrium of force is a balance between the kinetic force and the resistance force on the sand with the
critical fluid flow velocty as shown in Equation {426). Once the fluid velocity is larger than the critical
velocity on the failed sand grains during production, sand will be eroded and transported to the well.

10 -7 7 (41 26)

In Equation (4 26),° and” are the fluid viscosity and density, theis the sand density. is the
sand particle radius ari@is the gravitational acceleratiol) o @ x AQ® . The critical fluid can be
defined from thiequation as:

o) -— (41 27)

The sand production model implemented as a module in the coupled model for CHOPS already includes
the erosion component. The coupled model itself is an erosional mechanics model because it couples a
fluid flow model and geomechanical model, capturing sofitbe key mechanisms that are involved in

sand production. First, sand is assumed to be produced when the material is fully degraded and
hydrodynamic forces are high enough to remove the particles and the model shows that sand production
initiates from tke perforation tip and propagates to the top and sides of the perforation cavity. A dynamic
drag force leads to internal and surface erosion that results in the liberation and transport of particles.

4.2.3 Equivalent plastic strain calculation

The equivalent lastic strain is a scalar quantity that describes the degree of work hardening in the
material or the plastic history or the shear strain intensity and its calculation is dependent on the chosen
yield criterion, in particular its coefficient. Considerirttat the equivalent plastic strain is a positive
guantity and possesses the dimension of strain, the equivalent plastic strain increment can be defined as
(Ding, & Zhang, 2017):

Q Aaa A Q Q Q (47 28)

In Equation (4 28),Q s the equivalent plastic strain incremehis the coefficient of the equivalent
plastic strainQQ are components of the plastic strain increment.

When the Mises yield criterion is used, the coédfic of equivalent plastic strain equals;fo.
Considering the associated flow of the DrueReager criterion, the coefficient of equivalent plastic
strain is no longer a constant and decreases gradually with the plastic deformation, and its valug is alway
less than ¢¥o. If this coefficient based on the associated flow of the DruBkager criterion is taken

as c¢Jfo, which is a conventional practice and a basis of many finite element software, the computed
value of the equivalent plastic strain will sigo#ntly deviate from the actual value. Then, the coefficient
of equivalent plastic strain based on the associated flow of Drucker and Prager criterion is defined as:
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p2)

(47 29)

In Equation (4 29),n) is the coefficient of pressure sensitivity, a Drucker and Prager material constant
defined by Equation (B 81).

4.2.4 Module implementation

The implementation of the sand production module attempts to integrate the onset and rate of sanding
into the general model. That is how the sand production module interacts with the fluid flow model and
the geomechanical (elastoplastic) model, which are coupled by the pore pressure and the elastic and
plastic deformation and share plastic deformation and gatliction rate. Figure 44 presents a flow

chart of the sand production model.
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Figure 4i 4. Flow chart of the sand production model.
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4.3 Wormholes methodology

A new methodology is proposed as a conceptual model to takeraaifathe wormhole initiation and
propagation, which includes the governing mechanisms such as the elastoplastic behavior of the
formation, the dynamic changes in stresses around the well and in the reservoir itself, the failure criteria,
the pressure gdegent, the hydrodynamic erosion and the changes on petrophysical properties of the
formation during the cold heavy oil production with sand.

The dynamic of the massive and continuous sand defines four zones around the well: liquefied zone,
yielded zonefransition zone, and intact zone, each one with different mechanical and petrophysical
properties, which are changing during the oil and sand production.

It is proposed as a methodology because-a@lpled model (Phase fluid flow model and elastoplasti
model) is used as the tool to get the critical conditions to initiate and propagate the wormhole as the
natural phenomena, including the different components of CHOPS. However, wormhole growth is the
key parameter of this methodology.

This conceptual mdel statesthe steps to formate a wormhalefining zones that extend according to

the changes suffered by the properties of the reservoir due to the redistribution of efforts and refining
during productionDuring the cold production due to the geomeaterthehaviorthe formation failed

and defines a yielded zone, if this zone passes the sand production criteria then the sanding occurs anc
the sand grains travel to the wellbore, defining a sandingdrahts sanding zon€hese geomechanical
changes dumg the production and massive sanding increase petrophysical properties poocbsdy

and permeabilityup to the porosityass the threshold a wormhole or channel is created, defining a
liquefaction zoneor wormhole zoneFigure 41 5 presents the dyndac zones and wormholes during

cold production with massive sand.

transition zone

yielded zone

sanding zone :
liquefied zone intact zone

et

liquefied zone sanding zone yielded zone transition zone intact zone

Figure 4i 5. Dynamic zones and wormhole formation during cold heavy oil production with sands.
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Usually, the wormhole growth is modeled using probabilistic methods or a faililegion at the

wor mhol edéds tip such as a critical pressure grac
critical pressure gradient at its tip and needs huge and precise information on geomechanical properties
such as cohesion of the graist each point, accurate failure criteria considering the impact of the-foamy

oil on strength properties and rock cohesion, and others at the field scale. This complex process requires
an additional model to include the wormhole effect on production singyuhe coupled model (fluid

flow and geomechanics), considering the different components such as fluid flow,-ddamagd
elastoplastic stresstrain behavior.

43.1 Module implementation

The dynamic wormhole growth depends on the sand production aglcdgtinditions, in which the
pressure gradient and thesitu stress state drive the initiation and propagation of the wormholes. So,
the maximum stress will define the direction of propagation of the wormhole while the effective radial
stress in the latal wall of a wormhole is more compressive with a smaller gradient. Following the
sanding process, the wormhole is assumed that initiates usually at the wellbore sand face and will enlarge
as long as a critical tip pressure gradient is exceeded radigdyni@aximum stable crossectional area,

after which its diameter is assumed stable. And the wormhole only propagates forward from the tip,
where pressure gradients are elevated by the-ghrage fluid flow and foamy oil behavior.

The oil production gesrates pressure gradients high enough to overcome cohesion and frictional forces
that hold the sand grains together, leaving them free to be transported.

Two conditions to maintain the wormhole growth are that the pressure gradient at the tip may be high
enough to displace the solid grains and that the pressure gradient along the wormhole moves toward the
wellbore. So, the wormholes are a consequence of massive sanding, and cause a significant improvemen
in porosity and permeability, resulting in drainageas increment and production increment. The onset

of sand production is assumed to occur when the formation fails according to the yield criterion used
(Drucker & Prager).

The elastoplastic model uses the pressure gradient that is calculated by the reservoirphade! {{8id

flow model) to estimate the changes in the stress state of the reservoir. If these changes are large enough
the rock will fail and the wormhole Wibe initiated. The yielding zone and the intact zone (reservoir)
are defined in terms of plastic deformatien, using the elastoplastic model with the yield criterion
(Drucker & Prager), i.e., the yield zone meets the condiion 1 and the intact ane meets the
condition- 1. Also, the sand production zone or sanding front is defined inside the yielding zone
using the sand production criterion, i.e., where the critical plastic deformation is obtained. Finally, the
liquefaction zone or wormhole me is defined in terms of the critical porosig, , meeting the condition

%0 %o , where is a slurry flow or ngrainto-grain contact as defined by Dusseault (2002). The critical
porosity for unconsolidated sandstones is 0.52. Following Deto(208Q), when porosity reaches the
critical value %o %o ), the grid block collapses and is removed physically from the model, and the
sanding remaining in it is produced instantaneously as follows:

™M p % " w (47 30)



100 Numerical modeling of massive sand production during cold heavy oil production

As the coupled model does not have an adaptive mesh, the removal of the block occurs only in sand, it
provides instantaneous sand and the flow of fluids continues with the critical porosity and its associated
permeability.

For a fieldcase, in each time step, the fully coupled model integrates the component of the process and
evaluates if a wormhole is created defining the blocks of the grid with failure and critical porosity. A
wormhole map is traced with the blocks that meet the Gondifor a wormhole.

Figure 4i 5 presents the flow chart for the wormhole formation model. The previous step to implement
the wormhole formation model:

Definition of the critical conditions for CHOPS from the production history of the field cases.
1 Definition of study case.
1 Drawdown to produce massive sand to generate wormholes.
1 A positive value of the dilatancy angle guarantees sand production while the porosity increases.
Foro ¢:
1. Define the yielding zone and the intact zone (reservoir):
Elastoplasticity model with Drucker & Prager:
Yielding zone: If T
Reservoir zone: ff L1

2. Define the sand production zone (front) inside the yielding Zone:

3. Define the liquefaction zone (wormhole%s %o , and wherféo %o calculatethe instantaneous
sand production.
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Figure 4i 6. Flow chart of the wormhole formation model.






Chapter 5. Model Validation

This chapter describes the validation of the coupled model for cold heavy oil production with sand. The
strategy for the validation of the coupled model consists to validate separately each one of the
components of the model by comparing the results adddmthe numerical simulation with the results
obtained with commercial software such as ABAQUS® and CMG®, aligning the models as much as
possible and runninthe several cases. There are two basic components: the fluid flow model and the
geomechanical ndel (elastoplastic).

The validation protocol considers verification as the first step that consists to verify the boundary
conditions and the trend of the validation variables for each model. And the second step is the validation
step itself, in which théehavior of the main variables is compared for both software, the numerical
simulator, and the commercial software. The variables of comparison are selected according to the basic
model to be validated and their comparison is done using the graphicdredra/the root mean squared

error that quantifies the difference in results between the models.

The fluid flow model is validated using the CMG® software simulator and the geomechanical model is
validated using ABAQUS® software. Finally, the coupled niadevalidated using CMG® as a
commercial simulator.

5.1 Fluid flow model

The strategy of validation for the 3D thrpkase fluid flow model in cylindrical coordinates consists to
compare the results obtained in the numerical model with the results obtained in the commercial
simulator CMG®, aligning the models as much as posshb running the same cases. The validation
takes into account three basic models:-phase, twephase, and thrgghase. The foamgil model is

not included because the CMG® model is in terms of kinetic equations, a very different strategy. First,
the ore-phase model is validated by considering the two possible cases: oil and gas. Similarly, the
validation of the twephase model considers the two possible casesabdr and oHgas. The validation

of the thregphase model considers a basic case witketbhases (oil, gas, and water) as a bdaldkuid.

The validation protocol considers verification as the first step that consists to verify the boundary
conditions and the trend of the validation variables. And the second step is the validatitseBtep i

which the main variables of comparison are the oil pressure, the phase saturations, the production rate,
and thecumulativeproduction. The comparison of the variables is done using the graphic behavior and
the root mean squared error (RMSE) tipadntifies the difference in results between the models.

There are significant differences between the CMG® simulator and the numerical model that do not
allow for completely aligning these models. For example, the CMG® simulator uses a mean pressure
instead of oil pressure and the saturations are not variables per se, while in the numerical model, the
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saturations are mean variables. PVT properties are different correlations in both simulators and also the
external boundary condition is different.

5.1.1 One -ph ase model

The validation of the onphase model takes into account just the oil case as the base case, comparing
the results obtained in the numerical model with the results obtained using the CMG® simulator. The
variables of validation for these basic cases areith@essure, the saturations, the production rate, and
the cumulativeproduction.

Oil case
The validation of the onphase model for oil is performed by comparing the results obtained with the
CMG® simulator using a field case. The characteristick@féservoir of the field case awemnarized

in Table 5 1 and the productioschedulgo run this case is presented in Tablek

Table 5i 1. Field case for the validation of the goigase model for the oil case.

RESERVOIR CHARACTERIS VALUE
Depth (ft) 3000
Wellbore radius (in) 25
Reservoir radius (ft) 500
Reservoir thickness (ft) 30
Reservoir pressure (psi) 1500
Temperature (F) 150
Porosity (fractiof 0.30
Horizontal permeability (mD) 300
Vertical permeability (mD) 30
API| Gravity API) 20
Gasspecific gravity 0.7
Bubble point pressure (psi) 500
Oil saturation fraction) 0.95
Water saturation ffaction) 0.05
Gas saturationf(action) 0.00

Table 5i 2. Productiorscheduldor the validation of the onphase model for the ailase.

PRODUCTION TIME (day WELLBORE PRESSURE
30 1480

60 1460

90 1440

120 1420

150 1400

180 1380

Figure 51 1 presents the relative permeability curve for thenaiter system for the validation of the
onephase model for the oil case usthg CMG® simulator and the numerical model.
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Figure 51 1. Relative permeability for the eivater system for validation.

Figure 5i 2 presents the results of the radial pressure profile for each production time and Figure 5
presents the results tife production of oil, water, and gas during simulation time for the oil validation
case using the CMG® simulator and the numerical model.

Table 5 3 presents the root mean squared error to quantify the oil pressure differences and oil saturation
differences between the results of the CMG® simulator and the numerical model for the validation of
the onephase model for the oil case.

1550 0.9502

0.9500 - p—

Oil pressure (psi)

" NM-0Odays * NM-30days |
& 1350 — NM-60days = NM -90 days

& NM-120days & NM - 150 days
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i ) « NM - 0 days NM - 30 days
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© CMG - 150 days © CMG - 180 days| © CMG - 150 days © CMG - 180 days
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Figure 5i 2. Radial pressure and saturation profiles for each production time for the validation of the
onephae model for the oil case. a) Oil pressure profile. b) Oil saturation profile.

Table 5/ 3. Root mean squared error (RMSE) for oil pressure and oil saturation for each production
time for the validation of the ofRghase model for the oil case.

PRODUCTIONME RMSE
(days) Oil pressure (psi) Oil saturation fraction)
0 6.32 1.19E08
30 9.90 3.67E05
60 16.00 9.08E05
90 24.39 1.54E04
120 34.35 2.24E04
150 45,56 2.99E04
180 57.67 3.78E04
Mean 27.74 1.69E04

Figure 5i 3 presents the resulb$ the production of oil, water, and gas during simulation time for the
oil validation case using the CMG® simulator and the numerical model.
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Figure 5i 3. Production (oil, water, and gas) during simulation time for the validation of thgharse
model for the oil case. ®roduction rate. b) Cumulatiywoduction.

Table 51 4 presents the root mean squared error to quantify the differeangeeduction rate and
cumulativeproduction between the results of the CMG® simulator and the numerical model for the
validation of the ong@hase model for the oil case.

Table 5/ 4. Root mean squared error (RMSE) ffooduction rate and cumulatipeoduction for oil,

water, and gas for the validation of the gi@se model for the oil case.
VARIABLE RMSE
Oil production rate (STB/d) 25.34
Water production rate (STB/d) 0.00
Gas production rate (SCF/d) 120544
Cumulativeoil production (STB) 2838.71
Cumulativewater production (STB) 0.00
Cumulativegas production (SCF) 135107.38

Remark: Fortheresults of the onphase model for the oil cgdbe root mean square erriocreases

with time. In termsof oil pressure are acceptab¥eh aroot mean square errof 27.74 psi. In terms of
saturation, the results are adequate, and the root mean square errors for saturation are small enough, witl
a mean value of 1.6984. The results in terms of production rate aodhulativeproduction have
reasonable differences considering the existing differences between the two models, the behavior trends
are similar in both models with no differences in water production, and high differences in oil and gas
production. The external boundary conditions manalge trend in terms of pressure affecting
significantly production variables. In conclusion, the results of thepbase model for the oil case are
acceptable in terms of oil pressure, saturation, and production variables and allow us to verify and
validate the numerical model for this case.

Gas case

The validation of the onphase model for gas is performed by comparing the results obtained with the
CMG® commercial simulator using a field case. The characteristics of the reservoir of the field case are
summarizedm Table 5 5 and the productioscheduldo run this case is presented in Table%

Figure 5i 4 presents the relative permeability curve for thega system for the validation of the ene
phase model for the gas case using the CMid®&ilator and the numerical model.
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Table 5i 5. Field case for the validation of the epigase model for the gas case.

RESERVOIR CHARACTERIS VALUE
Depth (ft) 3000
Wellbore radius (in) 25
Reservoir radius (ft) 500
Reservoir thickness (ft) 30
Reservoir pressure (psi) 1500
Temperature (F) 150
Porosity fraction) 0.30
Horizontal permeability (mD) 300
Vertical permeability (mD) 30
API Gravity API) 20
Gasspecific gravityftaction) 0.7
Bubble point pressure (psi) 1700
Oil saturation fraction) 0.05
Water saturation ffaction) 0.00
Gas saturationf(action) 0.95
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Figure 5i 4. Relative permeability for the ejlas system for validation.

Figure 5i 5 presents the results of the radial pressure profile for each production tifRgyared5i 6
presents the results of the production of oil, water, and gas during simulation time for the gas validation
case using the CMG® simulator and the numerical model.

Table 5 6 presents the root mean squared error to quantify the oil prefffemendes and gas saturation
differences between the results of the CMG® simulator and the numerical model for the validation of
the onephase model for the gas case.

Table 51 7 presents the root mean squared error to quantify the differences in production rate and
cumulativeproduction between the results of the CMG® simulator and the numerical model for the
validation of the ong@hase model for the gas case.
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Figure 5i 5. Radial pressure and saturation profiles for each production time for the validation of the

onephase model for the gas case. a) Oil pressure profile. b) Gas saturation profile.

Table 5 6. Root mean squared error (RMSE) for oil pressurd gas saturation for each production
time for the validation of the oqghase model for the gas case.

PRODUCTION TIME RMSE
(days) Oil pressure (psi) Gas saturatior(fraction)
0 1.32 7.45=10
30 14.72 3.99=05
60 29.22 8.00505
90 44.42 1.21E04
120 59.60 1.62504
150 74.77 2.03&04
180 89.89 2.44504
Mean 44.85 1.22604
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Figure 5i 6. Production (oil, water, and gas) during simulation time for the validation of thgharse
model for the gas case. a) Production rat€ujulativeproduction.

Table 5/ 7. Root mean squared error (RMSE) for production ratecandilativeproduction for oil,
water, and gas for the validation of the goi@se model for the gas case.

VARIABLE RMSE
Oil production rate (STB/d) 0.0
Water production rate (STB/d) 0.0
Gas production rate (SCF/d) 1.64E07
Cumulativeoil production (STB) 0.0
Cumulativewater production (STB) 0.0
Cumulativegas production (SCF) 1.47E09
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Remark: For theresults of the onphase model for thgascase the root mean square errorcreases

with time. In termsof oil pressure are acceptabl@gh aroot mean square errof 44.85psi. In terms of
saturation, the results are adequate too, and the root mean square errors for saturation are small enougt
with a man value of 22E-04. The results in terms of production rate aanchulativeproduction have

high differences considering the existing differences between the two models, the behavior trends are
similar in both models with no differences in oil and wateydpcction, and high differences in gas
production. The gas production is significantly low for the CMG® simulator and the gas saturation has

a reverse trend, i.e., it is increasing. The external boundary conditions manage the trend in terms of
pressure aécting significantly production variables In conclusion, the results of theloage model

for the gas case are acceptable in terms of oil pressure, saturation, and production variables that allow us
to verify and validate the numerical model for thisecas

51.2 Two -phase model

The validation of the twghase model takes into account two basic cases: the oil and water case and the
oil and gas case, comparing the results obtained in the numerical model with the results obtained using
the CMG® commercial simator. The variables of validation for these basic cases are the oil pressure,
the phase saturations, the production rate, andutmellativeproduction.

Oil and water case

The validation of the twhase model for the oil and water case is performed by comparing the results
obtained with the CMG® simulator using a field case. The characteristics of the reservoir of the field
case arsummarizedn Table 5 8, the productioscheduleo run this case is presented in Table5

and the relative permeability curve for the-wdter system is presented in Figure b.

Figure 5i 7 presents the results of the radial pressure profile for each production time and Figure 5
presents the results of the production of oil, water, and gas during simulation time for {pleatseo
model for the oil and water case using the CMG® simulator and the numerical model.

Table 5 9 presents the root mean squared error to quantify theesgyre differences and oil saturation
differences between the results of the CMG® simulator and the numerical model for the validation of
the twephase model for the oil and water case.

Table 57 10 presents the root mean squared error to quantify the¥eites in production rate and
cumulativeproduction between the results of the CMG® simulator and the numerical model for the
validation of the twephase model for the oil and water case.
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Table 5i 8. Field case for the validation of the twbasemodel for the oil and water case.

RESERVOIR CHARACTERIS VALUE
Depth (ft) 3000
Wellbore radius (in) 2.5
Reservoir radius (ft) 500
Reservoir thickness (ft) 30
Reservoir pressure (psi) 1500
Temperature (F) 150
Porosity fraction) 0.30
Horizontalpermeability (mD) 300
Vertical permeability (mD) 30
API Gravity @API) 20
Gasspecific gravityftaction) 0.7
Bubble point pressure (psi) 500
Oil saturation fraction) 0.80
Water saturation ffaction) 0.20
Gas saturationf{action) 0.00
1550 0.8005
0.8000 +
> aabes?,
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Figure 5i 7. Radial pressure and saturation profiles for each production time for the validation of the
two-phase model for the oil and water case. b) Oil saturation profile.

Table 5 9. Root mean squared error (RMSE) for oil pressure arghtuitation for each production
time for the validation of the twphase model for the oil and water case.

PRODUCTION TIME RMSE
(days) Oil pressure (psi) Oil saturation {raction)
0 6.65 1.19E08
30 8.01 9.45=05
60 11.60 2.5204
90 16.47 3.46204
120 23.09 5.17504
150 30.20 6.86504
180 38.75 8.81504
Mean 19.25 3.97504
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Figure 5i 8. Production (oil, water, and gas) during simulation time for the validation of thpitase
model for the oil and water case. a) Production rat€umulativeproduction.
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Table 51 10. Root mean squared error (RMSE) for production rateamdilativeproduction for oil,
water, and gas for the validation of the tploase model for the oil and water case.

VARIABLE RMSE
Oil production rate (STB/d) 9.77
Water production rate (STB/d) 1.42E01
Gas production rate (SCF/d) 466.38
Cumulativeoil production (STB) 1070.33
Cumulativewater production (STB) 12.67
Cumulativegas production (SCF) 50998.82

Remark: The results of théwo-phase model for the oil and water case in terms of oil pressure are
acceptablavith aroot mean square errof 1925 psi. In terms of satation, the results are adequate

and the root mean square errors for saturation are small enough, with a mean @00E-0#. The

results in terms of production rate andnulativeproduction are reasonable differencessidering the
existing differences between the two models, the behavior trends are similar in both models, and
differences in oil, water, and gas production. In conclusion, the resultstaftfpase model for the oil

and water case are adequate in tesfral pressure, saturation, and production variables that allow us to
verify and validate the numerical model for this case.

Oil and gas case

The oil and gas case in the numerical simulator just gets adequate adjustment for low gas saturation,
values aound the critical gas saturation, so the gas flow is not guaranteed. For the rest of the cases,
numerical stability is not achieved, and behavior responds to the high mobility relation of the gas with

respect to the liquid and the high aspect ratio ofjtite Then, the validation of the twghase model for
the oil and gas case is not presented.

5.1.3 Three -phase case

The threephase model in the numerical simulator just gets adequate adjustment for low gas saturation,
values around the critical gasturation, so the gas flow is not guaranteed. For the rest of the cases,
numerical stability is not achieved, and behavior responds to the high mobility relation of the gas with

respect to the liquid and the high aspect ratio of the grid. Then, thati@iidf the thregphase model
is not presented.
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5.2 Geomechanical model

The strategy of validation for the 3D elastoplastic model consists to validate two basic models: the elastic
and the elastoplastic model, and considering two well settings:-taygreset and a muliayer set,
comparing the results obtained in the numerical model with the results obtained with commercial
software (ABAQUS® and CMG®), aligning the models as much as possible and running the same cases.

First, the elastic model is validated for a dager set considering both isotropic and anisotropic
horizontal stress conditions for a mechanical case coupled with the fluid flow; this model is validated by
comparing the results obtained from the numémeadel with the results obtained from ABAQUS®.
Then, a multlayer set is validated in a similar way to the tenger case. Second, the elastoplastic model

is validated as an extension of the elastic model considering just one model: mechanical cade coupl
with the fluid flow that allows evaluating the pressure contribution on the stit@ss relationship,
considering two cases: ofeyer and multlayer case, both under isotropic and anisotropic horizontal
stresses condition. Also, these cases ardatald by comparing the results obtained from the numerical
model with the results obtained with ABAQUS®.

The validation protocol considers verification as the first step that consists to verify the boundary
conditions and the trend of the validation vhles. And the second step is the validation step itself, in
which the main variables of comparison are the displacements, strains, and stresses in their three
directions. The comparison of the variables uses the graphic behavior and the root mean squared e
that quantifies the difference in results between the models.

There are significant differences between the geomechanical model and the commercial simulator
ABAQUS® that do not allow for completely aligning these two models as the grid features.

Finally, the coupled model is validated by comparing the results with the numerical model with results
obtained with a commercial simulator as CMG®, considering two casefaysreand multlayer cases.

5.2.1 Elastic model

For an adequate process, the valataof the elastic model considers two well settings:layer set and
multi-layer set, both considering a mechanical case coupled with fluid flow, under two different
conditions, isotropic and anisotropic horizontal stress conditions. The comparisablesrfor
validation are the displacements, strains, and stresses in three diredtibasdd, i.e., under the FEM

grid, and evaluating these variables at three different angles: 0°, 45°, and 90°.

One -layer set

The onelayer set consists of a 3physical model in which the wellbore connects just one lateral layer
that works as a reservoir layer and supports the regional stresses.



Chapter 5. Model Validation 113

0 Mechanical case coupled with fluid flow under isotropic horizontal
stresses condition

A onelayer mechanical case woled with fluid flow under isotropic horizontal stresses condition
evaluates strain and stress behavior in terms of displacement, stress, and strain considering the couplec
pressure effect by fluid flow in the porous media.

The validation of the elastimodel for a ondayer mechanical case coupled with fluid flow under
isotropic horizontal stresses condition is performed by comparing the results obtained with the numerical
model with the results obtained with the ABAQUS® software using a field casee3émoirfeatures

of the field case arimmarizedn Table 51 11.

Table 5 11. Field case for validation of the elastic model for alager mechanical case coupled
with fluid flow under isotropic horizontal stresses condition.

RESERVOBHARACTERISTIC| VALUE
Depth (ft) 1000
Reservoir height (ft) 20
Wellbore radius (in) 3
Reservoir radius (ft) 100
Reservoir pressure (psi) 500
Wellbore pressure (psi) 500
Vertical stress gradient (psi/ft) 1
Horizontal stress gradient (psi/ft) 1
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25

Figure 5i 9 presents the validation results of the elastic model for dagee mechanical case coupled
with fluid flow under isotropic horizontal stresses condition in terms of the displaceprefites incfth

and & directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.
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Figure 5i 9. Displacement profiles for each direction for the validation of the elastic modebher a
layer mechanical case coupled with fluid flow under isotropic horizontal stresses condition. a) Profiles
at 0°. b) Profiles at 45°. c) Profiles at 90°.

Figure 5i 10 presents the validation results of the elastic model for-ageemechanical casmupled
with fluid flow under isotropic horizontal stresses condition in terms of the strain profiléshand &
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directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the numerical
model.

Figure 5 11 presents thealidation results of the elastic model for a ¢ager mechanical case coupled
with fluid flow under isotropic horizontal stresses condition in terms of the stress profitashand &
directions at three different angles: 0°, 45°, and 90°, usa@dBAQUS® software and the numerical
model.
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Figure 5i 10. Strain profiles for each direction for the validation of the elastic model for-yere
mechanical case coupled with fluid flow under isotropic horizontal stresses coralitlnofiles at 0°.
b) Profiles at 45°. c¢) Profiles at 90°.
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Figure 5i 11.Effective dress profiles for each direction for the validation of the elastic model for a
onelayer mechanical case coupled with fluid flow under isotrbpiizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 51 12 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the ABAQUS® simuladdhamumerical model for the validation

of the elastic model for a oflayer mechanical case coupled with fluid flow under isotropic horizontal
stresses condition.
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Table 5i 12. Root mean squared error (RMSE) for displacements, strains, and stetses
validation of the elastic model for a etegyer mechanical case coupled with fluid flow under isotropic
horizontal stresses condition.

RMSE Displacement (ft) Strain Stress (psi)
° 2.368E06 1.019E06 7.164E01
@0 « 1.055E07 8.531E06 2.829E00
) 4.118E06 2.074E07 7.808E01
° 1.825E06 1.413E07 1.923E01
@ 45 « 1.747E06 1.413E07 1.923E01
) 4.368E06 2.236E07 3.696E01
° 1.055E07 2.631E06 2.829E00
@ 90 « 2.368E06 1.019E06 7.164E01
) 4.118E06 2.218E07 7.808E01

Remark: The results of the elastic model for a dager mechanical case coupled with fluid flow under
isotropic horizontal stresses condition in terms of displacements follow the expected trend and the root
mean square errors for displacemarg small enough, errors less than 4.368Ht; in terms of strains

also follow the expected trend and the root mean square errors for strains are small enough, errors less
than 8.531ED6; and in terms of stresses also follow the expected trend andtheean square errors

for strains are small enough, errors less than 2.829 psi. The results in terms of strain and stress at the
boundary conditions, internal and external, are adequate showing that these conditions are well imposed.
In conclusion, the nuerical model obtains adequate results in terms of displacements, strains, and
stresses with a good approach.

0 Mechanical case coupled with fluid flow under anisotropic horizontal
stresses condition

A onelayer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition
evaluates strain and stress behavior in terms of displacement, stress, and strain considering the couplec
pressure effect by fluid flow in the porous mediae validation of the elastic model for a eager
mechanical case coupled with fluid flow under anisotropic horizontal stresses condition is performed by
comparing the results obtained with the numerical model with the results obtained with the cainmerci
simulator ABAQUS® using a field case. The reservoir features of the field cassrararizedn Table

51 13.

Table 5/ 13. Field case for validation of the elastic model for alager mechanical case coupled
with fluid flow under anisotropic horizdal stresses condition.

RESERVOIR CHARACTERISTICS VALUE
Depth (ft) 1000
Reservoir height (ft) 20
Wellbore radius (in) 3
Reservoir radius (ft) 100
Reservoir pressure (psi) 500
Wellbore pressure (psi) 500
Vertical stress gradient (psi/ft) 1.0
Maximum horizontal stress gradient (psi/ft) 1.0
Minimum horizontal stress gradient (psi/ft) 0.9
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
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Figure 5 12 presents the validation results of the elastic model for-tageemechanical case coupled
with fluid flow under anisotropic horizontal stresses condition in terms of the displacements profiles in
ofvhand & directions at three differg angles: 0°, 45° and 90°, using the ABAQUS® simulator and the
numerical model.

Figure 5i 13 presents the validation results of the elastic model for-$agremechanical case coupled

with fluid flow under anisotropic horizontal stresses conditioteims of the strain profiles mhuhand
adirections at three different angles: 0°, 45° and 90°, using the ABAQUS® simulator and the numerical
model.
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Figure 5i 12. Displacement profiles for each direction for the validation oélhtic model for a ore
layer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 51 14 presents the root mean squared error to quantify the diffenendisplacements, strains,

and stresses between the results of the ABAQUS® software and the numerical model for the validation
of the elastic model for a ofl@ayer mechanical case coupled with fluid flow under anisotropic horizontal
stresses condition.
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Figure 5i 13. Strain profiles for each direction for the validation of the elastic model for-kaygere
mechanical case coupled with fluid flow under anisotropic horizontal stresses condition. a) Profiles at
0°. b) Profiles at 45°. c) Hiles at 90°.

Figure 5i 14 presents the validation results of the elastic model for-$agremechanical case coupled

with fluid flow under anisotropic horizontal stresses condition in terms of the stress profilesand

a directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the numerical
model.



Chapter 5. Model Validation 117

1200 1200 1200
Abaqus - Sx @ 0° Abaqus - 5x @ 45°

Abagus - Sx @ 90°
Abagus - Sy @ 0° Abaqus - Sy @ 45° Abaqus - Sy @ 90°
[ —Abagqus -Sz @ 0° 1 —Abaqus - 5z @ 45° 1 —Abaqus - Sz & 90°
1000 NVI-Sx @ 0 1000 NM - 5x @ 45° 1000 NM - Sx @ 90°
NM -5y @ 0° M MM -Sy @ 507
NM-S: @ 0° * NM-Sz . g
. .8 a0 L a00 L + NM-52.@ 90°

o0
=}
=}

600 +

Stress (psi)

o

o

3
Stress (psi)

@

(=]

3
Stress (psi)

N
=}
=3

400 + 400

I~
=}
=}

200 + 200 +

[

- - - 0 - - - 0 t t
0.1 1 Radius(ft) 10 100 01 1 Radius (ft) 10 100 0.1 1 Radiusift) 10 100

a. b. C.
Figure 5i 14.Effective dress profiles for each direction for the validation of the elastic model for a
onelayer mechanicatase coupled with fluid flow under anisotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 5i 14. Root mean squared error (RMSE) for displacements, strains, and stresses for the
validation of theelastic model for a orkayer mechanical case coupled with fluid flow under
anisotropic horizontal stresses condition.

RMSE Displacement (ft) Strain Stress (psi)
° 2.572E06 1.009E06 8.616E01
@0 « 6.693E08 1.249E06 1.184E00
4.149E06 2.182E07 3.673E01
° 2.128E06 1.744E06 2.965E01
@ 45 « 1.105E06 3.010E06 2.601E01
4.427E06 1.083E09 2.252E01
° 1.252E07 3.545E06 3.926E00
@ 90 « 1.848E06 9.055E07 6.445E01
) 4.268E06 2.249E07 1.112E00

Remark: Theresults of the elastic model for a elager mechanical case coupled with fluid flow under
anisotropic horizontal stresses condition in terms of displacements follow the expected trend and the root
mean square errors for displacement are small enoughs &rss than 4.42786 ft; in terms of strains

also follow the expected trend and the root mean square errors for strains are small enough, errors less
than 3.545E06; and in terms of stresses also follow the expected trend and the root mean square errors
for strains are small enough, errors less than .4 psi. The results in terms of strain and stress at the boundar
conditions, internal and external, are adequate showing that these conditions are well imposed. In
conclusion, the numerical model obtains Hssin terms of displacements, strains, and stresses with a
good approach.

Multi -layer set

The multilayer set consists of a 3D physical model, in which the wellbore connects four different lateral
layers: the deepest one works as a bottom, the secenid a reservoir or producing layer, the third one

is an overlayer and the last one is the top layer that works as a caprock. Each layer has different
petrophysical and mechanical properties and all support the regional stresses.
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0 Mechanical case coupled with fluid flow under isotropic horizontal
stresses condition

A multi-layer mechanical case coupled with fluid flow under isotropic horizontal stresses condition
evaluates strain and stress behavior in terms of displacement, stress, and strdanicgrihe coupled
pressure effect by fluid flow in the porous media. The condition of isotropy of horizontal stresses is stated
for all layers.

The validation of the elastic model for a miétyer mechanical case coupled with fluid flow under
isotropic horizontal stresses condition is performed by comparing the results obtained with the numerical
model with the results obtained with the commercial simulator ABAQUS® using a field case. The
reservoir features of the field case suenmarizedn Table 5 15.

Table 5i 15. Field case for validation of the elastic model for a riajter-mechanical case coupled
with fluid flow under isotropic horizontal stresses condition.

RESERVOIR CHARACTERIST LAYER 1 LAYER 2 LAYER 3 LAYERA4
Denpth (ft) 1000 1020 1040 1060
Reservoir height (ft) 20 20 20 20
Wellbore radius (in) 3 3 3 3
Reservoir radius (ft) 100 100 100 100
Reservoir pressure (psi) 500 500 500 500
Wellbore pressure (psi) 500 500 500 500
Vertical stress gradient (psi/ft) 1 1 1 1
Horizontalstress gradient (psi/ft) 1 1 1 1
Young modulus (psi) 1.2E06 1.0E06 1.0E06 1.0E06
Poisson ratioftaction) 0.30 0.30 0.25 0.30

Figure 5 15 presents the validation results of the elastic model for alay#r mechanical case coupled
with fluid flow under isotropic horizontal stresses condition in terms of the displacements prafiigs in

and & directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 5i 16 presents the validation results of the elastic model for the-lawy#tii mechanical case
coupled with fluid flow under isotropic hiaontal stresses condition in terms of the strain profil@sin

and & directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 51 17 presents the validation results of the elastic modeh# multilayeri mechanical case
coupled with fluid flow under isotropic horizontal stresses condition in terms of the stress prefit&s in

and & directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the
numericalmodel.
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Figure 51 15. Displacement profiles for each direction for the validation of the elastic model for a
multi-layer mechanical case coupled with fluid flow under isotropic horizontal stresses condition. a)
Profiles at 0°. bProfiles at 45°. c) Profiles at 90°.
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Figure 5i 16. Strain profiles for each direction for the validation of the elastic model for alaydti
mechanical case coupled with fluid flow under isotropic horizontal stresses condifyofilgs at 0°.
b) Profiles at 45°. c¢) Profiles at 90°.

Table 51 16 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the ABAQUS® software and the numerical model fordkiervalid

of the elastic model for a muliayer mechanical case coupled with fluid flow under isotropic horizontal
stresses condition.
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Figure 5i 17.Effective dress profiles for each direction for the validation of the elastic model for a
multi-layer mechanical case coupled with fluid flow under isotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Table 5i 16. Root mean squared error (RMSE) for displacements, strains, and stresses for the
validation of the elastic model for a muléiyer mechanical case coupled with fluid flow under
isotropic horizontal stresses condition.

RMSE Displacement (ft) Strain Stress (psi)
° 5.232E06 1.434E06 1.155E00
@0 « 3.691E06 2.465E06 2.642E00
) 1.095E05 1.293E06 1.482E00
° 2.697E05 2.176E06 4.661E00
@ 45 « 3.031E05 2.176E06 4.661E00
) 4,950E05 6.747E06 1.051E01
° 3.691E06 2.465E06 2.640E00
@ 90 « 5.231E06 1.434E06 1.157E00
) 1.095E05 1.293E06 1.108E00

Remark: The results of the elastic model for the midfferi mechanic case coupled with fluid flow

under isotropic horizontal stresses condition in terms of displacements follow the expected trend and the
root mean square errors for displacement are small Bneuars less than 4.95dI5 ft; for strain are

small enough, errors less than 6.74Eft; for stress are small enough, errors less than 10.51 psi. The
results in terms of strain and stress at the boundary conditions, internal and external, are adequat
showing that these conditions are well imposed.

0 Mechanical case coupled with fluid flow under anisotropic horizontal
stresses condition

A multi-layer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition
evaluatesstrain and stress behavior in terms of displacement, stress, and strain considering the coupled
pressure effect by fluid flow in the porous media. The condition of anisotropy of horizontal stresses is
stated just for the production layer, and the othegrlagre stated under the isotropic horizontal stresses
condition.

The validation of the elastic model for a muétyer mechanical case coupled with fluid flow under
anisotropic horizontal stresses condition is performed by comparing the results obtdmete
numerical model with the results obtained with the commercial simulator ABAQUS® using a field case.
The reservoir features of the field casesamamarizedn Table 5 17.

Figure 51 18 presents the validation results of the elastic model for a-lay#ti mechanical case coupled
with fluid flow under anisotropic horizontal stresses condition in terms of the displacements profiles in
afuhand & directions at three diffent angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 5 19 presents the validation results of the elastic model for a-faydtr mechanical case coupled

with fluid flow under anisotropic horizontal stresses conditioterms of the strain profiles mhuhand
adirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the numerical
model.

Figure 5i 20 presents the validation results of the elastic model for the-laydtii mechanial case
coupled with fluid flow under anisotropic horizontal stresses condition in terms of the stress profiles in



Chapter 5. Model Validation 121

afuhand & directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Table 5i 17. Fidd case for validation of the elastic model for the mlalyier mechanical case coupled
with fluid flow under anisotropic horizontal stresses condition.

VARIABLE LAYER 1 LAYER 2 LAYER 3 LAYERA4
Depth (ft) 1000 1020 1040 1060
Reservoir height (ft) 20 20 20 20
Wellbore radius (in) 3 3 3 3
Reservoir radius (ft) 100 100 100 100
Reservoir pressure (psi) 500 500 500 500
Wellbore pressure (psi) 500 500 500 500
Vertical stress gradient (psi/ft) 1.0 1.0 1.0 1.0
Maximum horizontal stress gradient (psi/ft) 1.0 1.0 1.0 1.0
Minimum horizontal stress gradient (psi/ft) 1.0 1.0 0.9 1.0
Young modulus (psi) 1.2E06/ 1.0E06 1.0E06 1.0E06
Poisson ratioftaction) 0.30 0.30 0.25 0.30
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Figure 5i 18. Displacement profiles for each direction for vh&dation of the elastic model for a
multi-layer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Figure 51 19. Strain profiles for eadttirection for the validation of the elastic model for a mlalier
mechanical case coupled with fluid flow under anisotropic horizontal stresses condition. a) Profiles at
0°. b) Profiles at 45°. c) Profiles at 90°.
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Table 51 18 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the ABAQUS® software and the numerical model for the validation
of the elastic model for the mulyeri mechanial case coupled with fluid flow under anisotropic
horizontal stresses condition.

Table 5i 18. Root mean squared error (RMSE) for displacements, strains, and stresses for the
validation of the elastic model for a mdléiyer mechanical case coupled wilind flow under
anisotropic horizontal stresses condition.

RMSE Displacement (ft) Strain Stress (psi)

° 5.971E06 1.415E06 1.142E00

@0 « 1.312E06 2.084E06 2.192E00
) 8.656E06 1.276E06 1.392E00

° 8.227E05 6.069E06 6.436E00

@ 45 « 6.790E05 5.964E06 3.283E00
3.086E05 3.923E06 4.666E00

° 4.019E06 2.706E06 2.908E00

@ 90 « 3.431E06 1.084E06 7.045E01
) 7.215E06 5.064E07 8.731E01

Remark: The results of the elastic model for a midtyer mechanic case coupled with fluid flow under
anisotropic horizontal stresses condition in terms of displacements follow the expected trend and the root
mean square errors for displacement are small eneugiis less than 8.2275 ft; for strain are small
enough, errors less than 6.060& ft; for stress are small enough, errors less than 6.5 psi. The results in
terms of strain and stress at the boundary conditions, internal and external, are adequadgetisab

these conditions are well imposed.

5.2.2 Elastoplastic model

For an adequate process, the validation of the elastoplastic model considers the main case: mechanica
case coupled with fluid flow under two different conditions: isotropic and anisotropic horizontal stress
conditions. The comparison variables for validatare the displacements, strains, and stresses in three
directions,chuhandd, i.e., under the FEM grid, and evaluating these variables at three different angles:
0°, 45°, and 90°.



Chapter 5. Model Validation 123

One -layer set

Similar to the elastic model, the ofeer setconsists of a 3D physical model in which the wellbore
connects just one lateral layer that works as a reservoir layer and supports the regional stresses.

0 Mechanical case coupled with fluid flow under isotropic horizontal
stresses condition

The onelayermechanical case coupled with fluid flow under isotropic horizontal stresses condition
evaluates strain and stress behavior in terms of displacement, stress, and strain including plasticity, and
considering the coupled pressure effect by fluigvfio the porous media.

The validation of the elastoplastic model for the-tay@ri mechanical case coupled with fluid flow
under isotropic horizontal stresses condition is performed by comparing the results obtained with the
numerical model with the ralis obtained with the commercial simulator ABAQUS® using a field case.
The reservoifeatures of the field case asammarizedn Table 5 19.

Table 5i 19. Field case for validation of the elastoplastic model for thday®si mechanical case
coupledwith fluid flow under isotropic horizontal stresses condition.

RESERVOIR CHARACTERIST VALUE
Depth (ft) 1000
Reservoir height (ft) 20
Wellbore radius (in) 3
Reservoir radius (ft) 100
Reservoir pressure (psi) 500
Wellbore pressure (psi) 500
Vertical stress gradient (psi/ft) 1
Horizontal stress gradient (psi/ft) 1
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
Cohesion (psi) 100
Friction angle (°) 15
Dilation angle (°) 15

Figure 51 21 presents the validation results of the elastoplastic model for tHay@mté mechanical

case coupled with fluid flow under isotropic horizontal stresses condition in terms of the displacements
profiles inaiuhand d directions at thredifferent angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.

Figure 5i 22 presents the validation results of the elastoplastic model for tHay@mé mechanical

case coupled with fluid flow under isotropic horizontal stressendition in terms of the elastic strain
profiles inatuhand adirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.
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Figure 5i 21. Displacement profiles for each directionttoe validation of the elastoplastic model for
the onelayeri mechanical case coupled with fluid flow under isotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Figure 51 23 presents the validation results of the elastoplastic model for tHaymré mechanical

case coupled with fluid flow under isotropic horizontal stresses condition in terms of the stress profiles
in afuhand G directions at three diffent angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 51 24 presents the validation results of the elastoplastic model for tHay®mté mechanical

case coupled with fluid flow under isotropic horizontal stresses ttondn terms of the plastic strain
profiles inaiuhand @ directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.

Table 51 20 presents the root mean squared error to quantify the differenceplaceisents, strains,

and stresses between the results of the ABAQUS® software and the numerical model for the validation
of the elastoplastic model for the elageri mechanical case coupled with fluid flow under isotropic
horizontal stresses condition.
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Figure 51 22. Elastic strain profiles for each direction for the validation of the elastoplastic model for
the onelayeri mechanical case coupled with fluid flow under isotropic horizontal stresses condition.
a) Profiles at 0°. bprofiles at 45°. c) Profiles at 90°.
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Figure 51 23. Effective sress profiles for each direction for the validation of the elastoplastic model
for the onelayeri mechanical case coupled with fluid flow under isotropic horizontal stresses
condition. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

0.1 1 Radius (ft) 10 100 0.1 1 Radius (ft) 10 100 0.1 1 Radius (ft) 10 100
3.0E-03 Y T 3.0E03 T 3.0E-03 e
Abaqus - Epx @ 0" Abaqus - Epx @ 45° Abaqus - Epx ® 90°
Abaqus - Epy @ 0” Abaqus - Epy @ 45° Abaqus - Epy @ 90°
—Abaqus - Epz @ 0° ——Abaqus - Epz @ 45° —Abaqus - Epz @ 90°
2.0E-03 + NM - Epx @ 07 20603 1 NM - Epx @ 45° 2.0E-03 + NM - Epx @ 90°
NM - Epy @ 0° NM - Epy @ 45" NM - Epy @ 90°
c = NM - Epz @ 0° + NM - Epz @ 45° © NM - Epz @ 90°
£ < c
£ LOE-03 ‘g LOE-03 + ‘g L.OE-03 +
] % 8
i g 8
@ £ =1
Z0.0e+00 1 = 0.0E+00 | & 0.0E+00 +
: z =
-1.0E-03 + -1.0E-03 1 -1.0E-03 +
-2.0E-03 -2.0E-03 -2.0E-03

Figure 5i 24. Plastic strain profiles for each direction for the validation of the elastoplastic model for
the onelayeri mechanical case coupled with fluid flamder isotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 5i 20. Root mean squared error (RMSE) for displacements, elastic strains, and stresses for the
validation of the elastoplastic model for theedayeri mechanical case coupled with fluid flow under
isotropic horizontal stresses condition.

RMSE Displacement (ft) = Elastic strain Stress (psi) Plastic strain

° 4.480E06 2.368E05 1.088E01 3.349E05

@0 « 2.566E07 2.947E05 6.283E00 3.607E05
4.723E06 3.661E07 6.440E00 3.459E06

° 5.435E06 6.245E06 7.074E00 2.431E06

@ 45 « 5.474E06 6.245E06 7.074E00 2.431E06
4.909E06 4.238E07 5.876E00 2.239E06

° 2.566E07 2.947E05 6.283E00 3.607E05

@ 90 « 4.480E06 2.368E05 1.088E01 3.349E05
) 4.723E06 3.661E07 6.440E00 3.459E06

Remark: The results of the elastoplastic model for the-ayeri mechanic case coupled with fluid

flow under isotropic horizontal stresses condition in terms of displacements follow the expected trend
and the root mean square errors for displacement are sroafjle errors less than 5.470E ft; in terms

of elastic strains also follow the expected trend and the root mean square errors for strains are small
enough, errors less than 2.940U€; in terms of stresses also follow the expected trend and the root mean
square errors for strains are small enough, errors less than 11 psi; and in terms of plastic strains also
follow the expected trend and the root mean square errors for strains are small enough, errors less than
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3.607E06. The results in terms of straindastress at the boundary conditions, internal and external, are
adequate showing that these conditions are well imposed. In conclaklmygh the error grew in
magnitude for deformation and stressmparedto the elastic case¢he numerical model stilbbtains
results in terms of displacements, strains, and stresses with a good approach, even for plasticity.

0 Mechanical case coupled with fluid flow under anisotropic horizontal
stresses condition

The onelayermechanical case coupled with fluid flow undisotropic horizontal stresses condition
evaluates strain and stress behavior in terms of displacement, stress, and strain including plasticity, and
considering the coupled pressure effect by fluid flow in the porous media.

The validation of the elastoplastic model for the-tay@ri mechanical case coupled with fluid flow
under anisotropic horizontal stresses condition is performed by comparing the results obtained with the
numerical model with the results obtained with¢benmercial simulator ABAQUS® using a field case.

The reservoir features of the field casesamamarizedn Table 5 21.

Figure 5i 25 presents the validation results of the elastoplastic model for tHaymaré mechanical

case coupled with fluid flownder anisotropic horizontal stresses condition in terms of the displacements
profiles inatutand adirections at three different angles: 0°, 45°, and 90°, using the ABAQUS® software
and the numerical model.

Figure 51 26 presents the validationsidts of the elastoplastic model for the dageri mechanical

case coupled with fluid flow under anisotropic horizontal stresses condition in terms of the elastic strain
profiles inaiuhand ¢ directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.

Table 5i 21. Field case for validation of the elastoplastic model for thday®si mechanical case
coupled with fluid flow under anisotropic fipontal stresses condition.

RESERVOIR CHARACTERISTICS VALUE
Depth (ft) 1000
Reservoir height (ft) 20
Wellbore radius (in) 3
Reservoir radius (ft) 100
Reservoir pressure (psi) 500
Wellbore pressure (psi) 500
Vertical stress gradient (psi/ft) 1.0
Maximum horizontal stress gradient (psi/ft) 1.0
Minimum horizontal stress gradient (psi/ft) 0.9
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
Cohesion (psi) 100
Friction angle (°) 15
Dilation angle (°) 15

Figure 5i 27 presents the validation results of the elastoplastic model for tHay@mré mechanical
case coupled with fluid flow under anisotropic horizontal stresses condition in terms of the stress profiles
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in afuhand ¢ directions at three diéirent angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 51 28 presents the validation results of the elastoplastic model for tHaymaré mechanical

case coupled with fluid flow under anisotropic horizontal stresseditton in terms of the plastic strain
profiles inchuhand ddirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.
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Figure 5i 25. Displacement profiles for each direction for vaédation of the elastoplastic model for
the onelayeri mechanical case coupled with fluid flow under anisotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Figure 5i 26. Elastic straimprofiles for each direction for the validation of the elastoplastic model for
the onelayermechanical case coupled with fluid flow under anisotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 51 22 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the ABAQUS® software and the numerical model for the validation
of the elastoplastic model for the elageri mechanical case cpled with fluid flow under anisotropic
horizontal stresses condition.
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Figure 51 27.Effective dress profiles for each direction for the validation of the elastoplastic model
for the onelayer mechanical case coupled with fluid flamder anisotropic horizontal stresses
condition. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Figure 5i 28. Plastic strain profiles for each direction for the validation of the elastoplastic model for
theonelayermechanical case coupled with fluid flow under anisotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 5i 22. Root mean squared error (RMSE) for displacements, strains, and stresses for the
validation of the elastoplastic model for the dageri mechanical case coupled with fluid flow under
anisotropic horizontal stresses condition.

RMSE Displacement (ft) | Elastic strain Stress (psi) Plastic strain

° 8.979E06 3.856E05 1.018E01 3.760E05

@0 « 2.195E07 3.589E05 3.619E00 3.584E05
» 7.161E06 8.075E07 3.701E00 2.602E06

. 7.493E06 5.144E06 7.817E00 1.765E06

@ 45 « 5.213E06 6.990E06 3.204E00 7.107E06
» 6.242E06 7.412E07 5.538E00 3.537E06

° 2.509E07 2.813E05 7.147E00 3.536E05

@ 90 « 9.014E06 2.667E05 1.027E01 3.602E05
» 5.534E06 6.772E07 5.684E00 3.592E06

Remark: The results of the elastoplastic model for the-layermechanial case coupled with fluid

flow under isotropic horizontal stresses condition in terms of displacements follow the expected trend
and the root mean square errors for displacement are small enough, that errors less th&6 3tpiME

terms of elastic stras also follow the expected trend and the root mean square errors for strains are small
enough, errors less than 3.856%; in terms of stresses also follow the expected trend and the root mean
square errors for strains are small enough, errors less 1thpsi;land in terms of plastic strains also

follow the expected trend and the root mean square errors for strains are small enough, errors less than
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3.760E06; the results in terms of strain and stress at the boundary conditions, internal and external, are
adequate showing that these conditions are well imposed. In conclaklmygh the error grew in
magnitude for deformation and stress with respect to the elastidlvaseimerical model still obtains
results in terms of displacements, strains, aressés with a good approach, even for plasticity.

Multi -layer set

Similar to the elastic model, the mdiliyer set consists of a 3D physical model, in which the wellbore
connects four different lateral layers: the deepest one that works as a botsgoptidone is a reservoir

or producing layer, and the third one is an overlayer and the last one is the top layer that works as a
caprock. Each layer has different petrophysical and mechanical properties and all support the regional
stresses.

0 Mechanical case coupled with fluid flow under isotropic horizontal
stresses condition

A multi-layer mechanical case coupled with fluid flow under isotropic horizontal stresses condition
evaluates strain and stress behavior in terms of displacement, stressraamdncluding plasticity,
considering the coupled pressure effect by fluid flow in the porous media. The condition of isotropy of
horizontal stresses is stated for all layers.

The validation of the elastoplastic model for a mlalfier mechanical cas®upled with fluid flow under
isotropic horizontal stresses condition is performed by comparing the results obtained with the numerical
model with the results obtained with the commercial simulator ABAQUS® using a field case. The
reservoir features of tHeeld case arsummarizedn Table 5 23.

Table 5i 23. Field case for validation of the elastoplastic model for a #ayi-mechanical case
coupled with fluid flow under isotropic horizontal stresses condition.

RESERVOIR CHARACTERIST LAYER 1 LAYER @ LAYER 3 LAYERA
Depth (ft) 1000 1020 1040 1060
Reservoir height (ft) 20 20 20 20
Wellbore radius (in) 3 3 3 3
Reservoir radius (ft) 100 100 100 100
Reservoir pressure (psi) 500 500 500 500
Wellbore pressure (psi) 500 500 500 500
Vertical stresgradient (psi/ft) 1 1 1 1
Horizontal stress gradient (psi/ft) 1 1 1 1
Young modulus (psi) 1.2E06 1.0E06 1.0E06 1.0E06
Poisson ratioftaction) 0.30 0.30 0.25 0.30
Cohesion (psi) 1000 1000 100 1000
Friction angle (°) 15 15 15 15
Dilation anglg°®) 15 15 15 15

Figure 51 29 presents the validation results of the elastoplastic model for alaygitimechanical case
coupled with fluid flow under isotropic horizontal stresses condition in terms of the displacements
profiles inatuhand adirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.
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Figure 51 30 presents the validation results of the elastoplastic model for thelayeltimechanical
case coupled with fluid flow under isotrapnorizontal stresses condition in terms of the elastic strain
profiles inchuhand ¢ directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software

and the numerical model.
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Figure 5i 29. Displacement profiles faach direction for the validation of the elastoplastic model for
a multilayer mechanical case coupled with fluid flow under isotropic horizontal stresses condition. a)
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Figure 5i 30. Elastic strain profiles for each direction for the validation of the elastoplastic model for a
multi-layer mechanical case coupled with fluid flow under isotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Figure 51 31 presents the validation results of the elastoplastic model for thelayeltimechanical
case coupled with fluid flow under isotropic horizontal stresses condition in terms of the stress profiles
in ahuhand & directions at three different angles: 0°, 45° and 90°, using the ABAQUS® software and the

numerical model.

Figure 51 32 presents the validation results of the elastoplastic model for thelayeitimechanical
case coupled with fluid flow under isotropnorizontal stresses condition in terms of the plastic strain
profiles inahuhand adirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software

and the numerical model.
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Figure 5i 31. Effective stess profilesor each direction for the validation of the elastoplastic model
for a multtlayer mechanical case coupled with fluid flow under isotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 51 24 presents theoot mean squared error to quantify the differences in displacements, strains,
stresses, and plastic strains between the results of the ABAQUS® software and the numerical model for
the validation of the elastoplastic model for a mlalyier mechanical cascoupled with fluid flow under
isotropic horizontal stresses condition.
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Figure 5i 32. Plastic strain profiles for each direction for the validation of the elastoplastic model for
the onelayermechanical case coupled with fluid flamader isotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 5 24. Root mean squared error (RMSE) for displacements, elastic strains, stresses, and plastic
strains for the validation of the elastoplastiodel for a multiayer mechanical case coupled with fluid
flow under isotropic horizontal stresses condition.

RMSE Displacement (ft) | Elastic strain Stress (psi) Plastic strain

° 2.049E03 7.784E05 8.120E01 0.000E00

@0 ‘ 3.696E06 3.243E05 8.840E01 1.050E04
2.292E03 2.404E04 1.737E01 0.000E00

° 2.151E03 6.161E05 7.857E01 4.255E06

@ 45 « 2.153E03 6.161E05 7.857E01 4.255E06
» 2.528E03 2.451E04 3.051E01 4.234E06

. 1.479E02 3.243E05 8.840E01 1.497E05

@ 90 « 1.242E02 7.784E05 8.120E01 2.496E05
» 2.292E03 2.404E07 1.737E01 5.738E06
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Remark: The resultof the elastoplas model for the multiayermechanial case coupled with fluid

flow under isotropic horizontal stresses condition in terms of displacements follow the expected trend
and the root mean square errors for displacement are small enough, errors less tha@21t4 79E

elastic strain are smalheugh, errors less than 2.4508 ft, however for stresss, the differences are
higher with root mean squasgrors less than 88 psi; and in terms of plastic strains also follow the
expected trend and the root mean square errors for strains are smghl,eroors less than 3.76db.

The higher differences in stress can be explain by the differences in displacements and elastic strains in
the zdirection.The results in terms of strain and stress at the boundary conditions, internal and external,
are adquate showing that these conditions are well imposed. In concladibaygh the error grew in
magnitude for deformation and stress with respect to the elastidlvasaimerical model still obtains
results in terms of displacemeratisd strains with agood approach, even for plastigityut the stresses

have hidp differences

0 Mechanical case coupled with fluid flow under anisotropic horizontal
stresses condition

A multi-layer mechanical case coupled with fluid flow under anisotropic horizetredses condition
evaluates strain and stress behavior in terms of displacement, stress, and strain including plasticity,
considering the coupled pressure effect by fluid flow in the porous media. The condition of anisotropy
of horizontal stresses is &d just for the production layer, and the other layers are stated under the
isotropic horizontal stresses condition.

The validation of the elastoplastic model for a mlaljier mechanical case coupled with fluid flow under
anisotropic horizontal stressesndition is performed by comparing the results obtained with the
numerical model with the results obtained with the commercial simulator ABAQUS® using a field case.
The reservoir features of the field casesamamarizedn Table 51 25.

Table 5i 25. Field case for validation of the elastoplastic model for the fhaykr mechanical case
coupled with fluid flow under anisotropic horizontal stresses condition.

RESERVOIR CHARACTERISTICS | LAYER 1 LAYER 2 LAYER 3 LAYER/
Denpth (ft) 1000 1020 1040 1060
Reservoir height (ft) 20 20 20 20
Wellbore radius (in) 3 3 3 3
Reservoir radius (ft) 100 100 100 100
Reservoir pressure (psi) 500 500 500 500
Wellbore pressure (psi) 500 500 500 500
Vertical stress gradient (psi/ft) 1.0 1.0 1.0 1.0
Maximum horizontal stress gradient (psi/ft) 1.0 1.0 1.0 1.0
Minimum horizontal stress gradient (psi/ft) 1.0 1.0 0.9 1.0
Young modulus (psi) 1.2E06 1.0E06 1.0E06/ 1.0E06
Poisson ratioftaction) 0.30 0.30 0.25 0.30
Cohesion (psi) 1000 1000 100 1000
Friction angle (°) 15 15 15 15
Dilation angle (°) 15 15 15 15

Figure 5 33 presents the validation results of the elastic model for alaydti mechanical case coupled
with fluid flow under anisotropic horizontal stresses condition in terms of the displacements profiles in
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afuhand & directions at three diffent angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 5i 34 presents the validation results of the elastoplastic model for alaygitimechanical case
coupled with fluid flow under anisotropic horizontal stresses itiondin terms of the elastic strain
profiles inchuhand ddirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.

Figure 5i 35 presents the validation results of the elastoplastic model for thelayelti mechanical

case coupled with fluid flow under anisotropic horizontal stresses condition in terms of the stress profiles
in afuhand G directions at three fierent angles: 0°, 45° and 90°, using the ABAQUS® software and the
numerical model.

Figure 51 36 presents the validation results of the elastoplastic model for thelayeltimechanical
case coupled with fluid flow under anisotropic horizontal stressedition in terms of the plastic strain
profiles inchuhand ddirections at three different angles: 0°, 45° and 90°, using the ABAQUS® software
and the numerical model.
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Figure 5i 33. Displacement profiles for each directiontloe validation of the elastoplastic model for
a multilayer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition.
a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Figure 5i 34. Elastic straiprofiles for each direction for the validation of the elastoplastic model for a
multi-layer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition. a)
Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.

Table 51 26 presents the root mean squared error to quantify the differences in displacements, strains,
stresses, and plastic strains between the results of the ABAQUS® software and the numerical model for
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the validation of the elastoplastic model for a mialjier mechnical case coupled with fluid flow under
isotropic horizontal stresses condition.
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Figure 5i 35. Effective dress profiles for each direction for the validation of the elastoplastic model
for the multilayer mechanical case coupled wiilid flow under anisotropic horizontal stresses
condition. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Figure 5i 36. Plastic strain profiles for each direction for the validation of the elastoplastic model for

themulti-layer mechanical case coupled with fluid flow under anisotropic horizontal stresses condition.

a) Profiles at 0°. b) Profiles at 45°. ¢) Profiles at 90°.

Table 5 26. Root mean squared error (RMSE) for displacements, elastic strains, strespkssti@nd
strains for the validation of the elastoplastic model for a Aayer mechanical case coupled with fluid
flow under isotropic horizontal stresses condition.

RMSE

@0

@ 45

@90

Displacement (ft)

° 4.210E04
« 1.324E04
) 2.150E03
° 8.691E04
« 4.802E03
2.581E03

° 1.241E02
« 1.048E02
) 2.345E03

Elastic strain
3.868E05
6.766E05
2.420E04
3.868E05
6.766E05
2.420E04
1.870E05
1.221E04
2.464E04

Stress (psi)
1.032E02
6.485E01
1.164E01
1.052E02
5.514E01
2.619E01
1.034E02
5.931E01
2.967E01

Plastic strain
0.000E00
9.556E05
0.000E00
4.670E06
4.270E06
4.428E06
3.193E05
1.743E05
5.757E06

Remark: The results of the elastoplastic model for a malermechanial case coupled with fluid

flow under anisotropic horizontal stresses condition in terms of displacements follow the expected trend

and the root mean square errors for displacement are small enough, errors less tha@2l{B4bE
elastic strain are smatinough, errors less than 2.46@%& ft; however for stresss, the differences are
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higher with root mean squaegrors less thad05 psi; and in terms of plastic strains also follow the
expected trend and the root mean square errors for strains arerssogh eerrors less than 9.956k;

the results in terms of strain and stress at the boundary conditions, internal and external, are adequate
showing that these conditions are well impoddéowever, the displacements in thelirection present

high differerces, which affects the elastic strain and stresdesrdsults in terms of strain and stress at

the boundary conditions, internal and external, are adequate showing that these conditions are well
imposed. In conclusiomlthough the error grew in magniifor deformation and stress with respect to

the elastic casdehe numerical model still obtains results in terms of displacenatstrains with a

good approach, even for plasticagd horizontal anisotropy, but the stresses have high diffetences

5.3 Coupled model

The coupled model that consists of the fluid flow model coupled to the geomechanical model is validated
by comparing the results obtained with the numerical model with the results obtained with the CMG®
commercial simulator, running the saceses and aligning the models as much as possible. The fluid
flow model is a black oil simulator considering a tploase case for odnd waterand while the
geomechanical model considers the elastic and the elastoplastic case under isotropic hdaresmtal s
conditions.

5.3.1 Two -phase and elastic case

The validation of the twqphase and elastic case has an oil and water case for the fluid flow model and
an elastic case under isotropicd anisotropitiorizontal stress conditigrior the geomechanical model

for a onelayer set, comparing the results obtained in the numerical model with the results obtained using
the commercial simulator CMG®. The variables of validation for these basic cases are the oil pressure,
the saturationsthe production rate, and tlemulativeproduction for the fluid flow model, and the
displacements, the strains, and the stresses for the geomechanical model.

0 Under isotropic horizontal stresses condition

This section presents theo-phase and elasticaseunder isotropic horizontal stress conditiombe
characteristics of the reservoir of the field casesanemarizedn Table 5 27, the productioschedule
to run this case is presented in Tableband the relative permeability curve for thewdter system is
presented in Figureb1.

Figure 5i 37 presents the results of the radial pressure profile for each production time and Figure 5
38 presentghe results of the production of oil, water, and gas during simulation time for thehtvee

and elastic validation case under isotropic horizontal stress condition using the CMG® software and the
numerical model.

Table 51 28 presents the root mean soptherror to quantify the oil pressure differences and oil
saturation differences between the results of the CMG® software and the numerical model for the
validation of the twephase and elastic case under isotropic horizontal stresses condition.



136 Numerical modeling of massive sand production during cold heavy oil production

Table 5i 27. Field case for the twphase and elastic case under isotropic horizontal stresses condition.

RESERVOIR CHARACTERIS VALUE
Depth (ft) 1000
Wellbore radius (in) 2.5
Reservoir radius (ft) 100
Reservoir thickness (ft) 30
Reservoir pressure (psi) 500
Temperature (F) 120
Porosity fraction) 0.30
Horizontal permeability (mD) 300
Vertical permeability (mD) 30
API| Gravity @API) 20
Gasspecific gravity 0.7
Bubble point pressure (psi) 100
Oil saturation fraction) 0.85
Water saturation ffaction) 0.15
Gas saturationf{action) 0.00
Vertical stress gradient (psi/ft) 1.0
Horizontal stress gradient 1.0
Biot fraction) 1.0
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
Cohesion (psi) 1000
Internal friction angle™() 15
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Figure 51 37. Radial pressure and saturation profiles for each production time for tphase and
elastic case under isotropic horizontal stresses. a) Oil pressure profile. b) Oil saturation profile.

Table 5i 28. Root mean squaredror (RMSE) for oil pressure and oil saturation for each production
time for the twephase and elastic case under isotropic horizontal stresses condition.

PRODUCTION TIME RMSE
(days) Oil pressure (psi) Oil saturation raction)
0 6.60 2.38E08
30 19.25 2.95=04
60 33.03 3.10E04
90 49.48 4.48E04
120 64.05 6.58=04
150 80.33 8.92E-04
180 94.94 1.22E03
Mean 49.67 5.46E04
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Table 57 29 presents the root mean squared error to quantify the differences in production rate and
cumulativeproduction between the results of the CMG® software and the numerical model for the
validation of the twephase and elastic case under isotropic horizontal stresses condition.
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Figure 5i 38. Production (oil, water, and gas) during simulation time for theptvase and elastic case
under isotropic horizontal stresses condition a) Production ra@urbylativeproduction.

Table 5 29. Root mean squared error (RMSE) for production rateamdilativeproduction for oil,
water, and gas for the twghase and elastic case under isotropic horizontal stress conditions.

VARIABLE RMSE
Oil production rate (STB/d) 9.06
Water production rate (STB/d) 1.29E02
Gas production rate (SCF/d) 64.18
Cumulativeoil production (STB) 961.60
Cumulativewater production (STB) 0.75
Cumulativegas production (SCF) 6805.95

Remark: The results of the twphase and elastic validation caseder isotropic horizontal stress
conditions in terms of oil pressure are acceptalifle root mean square errav§49.67psi. In terms of
saturation, the results are adequate, and the root mean square errors for saturation are small enough, witl
a mean glue of 5.4E-04. The results in terms of production rate auodhulativeproduction have
reasonable differences considering the existing differences between the two models, the behavior trends
have differences in both models with no differences in watafymtion, and high differences in oil and

gas production. In conclusion, the results of the-plvase and elastic validation case under isotropic
horizontal stress conditions aseceptablen termsof oil pressureandadequate in termsf saturation,
andproduction variables that allow us to verify and validate the numerical model for this case.

Figure 5 39 presents the validation results of the-ptase and elastic validation case under isotropic
horizontal stress conditions in terms of the displacemerofiles incithand & directions at three
different angles: 0°, 45° and 90°, using the CMG® software and the numerical model.

Figure 5i 40 presents the validation results of the elastic model for theiase and elastic case under
isotropic lorizontal stress conditions in terms of the strain profileeithand & directions at three
different angles: 0°, 45° and 90°, using the CMG® software and the numerical model.
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Figure 5i 39. Displacement profiles for each directatrthe early production for the twghase and
elastic case under isotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at
90°.
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Figure 5i 40.Elastic $rain profiles for each direction #élte early production for the twghase and
elastic case under isotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at
90°.

Figure 5 41 presents the validation results of the-ptase and elastic case under isotropic horizontal
stress conditions in terms of the stress profileghithand & directions at three different angles: 0°, 45°,
and 90°, using the CMG® softwaaad the numerical model.

Table 51 30 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the CMG® software and the numerical model for the validation of the
two-phase and elasti@lidation case under isotropic horizontal stress conditions.
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Figure 5i 41. Effective sress profiles for each directi@the early production for the twyohase and
elastic case under isotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at
90°.

Table 5 30. Root mean squared error (RMSE) for displacements, strains, and stréisséso-
phase and elastic case under isotropic horizontal stress conditions.

RMSE Displacement (ft) Strain Effective $ress (psi)

° 6.734E03 2.489E04 3.908E02

@0 « 6.238E04 2.689E04 3.944E02
5.010E03 1.329E04 3.933E02

° 3.942E03 1.089E04 3.285E02

@ 45 « 4.633E03 1.138E04 3.331E02
> 1.666E03 2.809E06 3.311E02

° 2.767E04 2.152E04 3.905E02

@ 90 « 7.552E03 1.983E04 3.966E02
) 1.974E03 1.329E04 3.933E02

Remark: The results ofthe twophase and elastic validatiarase under isotropic horizontal stress
conditionsin terms of displacements follow the expected trend and the root mean square errors for
displacement are small enough, errors less than ©035E in terms of strains also follow the expected
trend and th root mean square errors for strains are small enough, errors less than(2.8a8& in
terms of stresses also follow the expected therighresent high differences withot mean square errors
for stressekess than 397 psi. The results in terms @istand stress at the boundary conditions, internal
and external, are adequate showing that these conditions are well imffsddsplacements GMG®
change insignificathy and their trend is not adequadéferent behavior in the numerical simulateith
adequate displacemenénd; inCMG®, the strains ithex and y direction semto be changed at 0° and
the stresses hiathe same behavior at 90h conclusion, the numerical model obtains results in terms
of displacementandstrains with a goodpproactwith high differences in stresses

0 Under anisotropic horizontal stresses condition

This section presents tio-phase and elastic casader anisotropic horizontal stress conditiofise
characteristics of the reservoir of the field case anensarizedn Table 5 31, the productiorschedule
to run this case is presented in Tableband the relative permeability curve for thewdter system is
presented in Figurei51.

Figure 51 42 presents the results of the radial pressure profiledch production time and Figuré 5

43 presents the results of the production of oil, water, and gas during simulation time for-fiieatseo
and elastic validation case undetsotropic horizontal stress condition using the CMG® software and
the numecal model.

Table 51 32 presents the root mean squared error to quantify the oil pressure differences and oil
saturation differences between the results of the CMG® software and the numerical model for the two
phase and elasti@lidationcase under isatpic horizontal stresses condition.

Table 51 33 presents the root mean squared error to quantify the differences in production rate and
cumulativeproduction between the results of the CMG® software and the numerical model for the two
phase and elasti@lidationcase undeansotropic horizontal stresses condition.
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Table 5i 31. Field case for the twphase and elastic case under anisotropic horizontal stresses

condition.
RESERVOIR CHARACTERISTICS VALUE
Depth (ft) 1000
Wellbore radius (in) 25
Reservoir radius (ft) 100
Reservoir thickness (ft) 30
Reservoir pressure (psi) 500
Temperature (F) 120
Porosity fraction) 0.30
Horizontal permeability (mD) 300
Vertical permeability (mD) 30
API Gravity API) 20
Gasspecific gravity 0.7
Bubblepoint pressure (psi) 100
Oil saturation fraction) 0.85
Water saturation fraction) 0.15
Gas saturationfaction) 0.00
Vertical stress gradient (psi/ft) 1.0
Maximum horizontal stress gradie(si/ft) 1.0
Minimum horizontal stress gradient (psi/ft) 0.9
Biot fraction) 1.0
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
Cohesion (psi) 1000
Internal friction angle ) 15
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Figure 5i 42. Radial pressure and saturation profiles for each production time for thghase and
elastic case undarisotropic horizontal stresses. a) Oil pressure profile. b) Oil saturation profile.

Table 51 32. Root mean squared error (RMSE) for oil presanckoil saturation for each production
time for the twephase and elastic case under anisotropic horizontal stresses condition.

PRODUCTION TIME RMSE
(days) Oil pressure (psi) Oil saturation {raction)
0 6.60 2.38E08
30 19.25 2.95=04
60 33.03 3.10E04
90 49.48 4.48E04
120 64.05 6.5804
150 80.33 8.2E04
180 94.94 1.22E03
Mean 49.67 5.46E-04
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Figure 51 43. Production (oil, water, and gas) during simulation time for thephase and elastic case
underanisotropic horizontal stresses condition a) Production ratgubyjulativeproduction.

o

Table 5 33. Root mean squared error (RMSE) for production ratecantulativeproduction for oil,
water, and gas fdhe twephase and elast@ase undeanisotropichorizontal stress conditions.

VARIABLE RMSE
Oil production rate (STB/d) 9.06
Water production rate (STB/d) 1.29E02
Gas production rate (SCF/d) 64.18
Cumulativeoil production (STB) 961.60
Cumulativewater production (STB) 0.75
Cumulativegas production (SCF) 6805.95

Remark: The results of the twphase and elastic validation case ura@sotropic horizontal stress
conditions in terms of oil pressure are acceptalifle the root mean square errors for pressurd9o87

psi. In terms of saturation, the results are adequate, and the root mean square errors for saturation are
small enough, with a mean value of @404. The results in terms of production rate andhulative
production have reasonable differences considdhia existing differences between the two models, the
behavior trends have differences in both models with no differences in water production, and high
differences in oil and gas production. In conclusion, the results of thehase and elastic validati

case undeanisotropic horizontal stress conditions aeeptable in terms of oil pressure aaquate

in terms of saturation, and production variables that allow us to verify and validate the numerical model
for this caseThere is no difference ietms of production in both simulators for the tpltase and elastic

case in botlunderisotropic and aisotropic horizontal stress conditions

Figure 5 44 presents the validation results of the tpltase and elastic validation case uradesotropic
horizontal stress conditions in terms of the displacements profilekiimand & directions at three
different angles: 0°, 45° and 90°, using the CMG® software and the numerical model.

Figure 5i" 45 presents the validation results of tiestéic model for the twphase and elastic validation
case undeanisotropic horizontal stress conditions in terms of the strain profilesiinand & directions
at three different angles: 0°, 45° and 90°, using the CMG® software and the numedelal mo

Figure 5 46 presents the validation results of the {pltase and elastic validation case urafesotropic
horizontal stress conditions in terms of the stress profilegxihand & directions at three different
angles: 0°, 45°, and 90°, using the CMG® software and the numerical model.
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Figure 5i 44. Displacement profiles for each directiatthe early production for the twghase and
elastic case undamisotropichorizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c¢) Profiles
at 90°.
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Figure 5i 45. Elastic $rain profiles for each directioat the early productiofor the twephase and
elasticcase undeansotropic horizontastress conditions. a) Profiles at 0°. b) Profiles at 45°. c) Profiles
at 90°.

Table 51 34 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the CMG® software and the numerical model forphasesvand
elasticvalidationcase undearisotropic horizontal stress cditions.
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Figure 5i 46. Stress profiles for each directiatthe early production for the twghase and elastic
case under isotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c) Profiles at 90°.
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Table 5i 34. Root mean squared error (RMSE) for displacements, strains, and stresses for the two
phase and elastic validation case uratesotropic horizontal stress conditions.

RMSE Displacement (ft) Strain Stress (psi)
° 1.505=02 2752604 4.04E02
@0 « 6.23%&-04 1.619E04 6.054202
) 4142603 2.77M104 5.05%02
° 8.88803 2.30%E04 4.226E02
@ 45 « 5.42&-03 2.36&04 4.26%E02
) 3.48%03 2.809E06 4.25ZF02
° 2.772E04 2746504 4.03&02
@ 90 « 8.89F03 1.57F&04 6.06E02
) 41403 277104 5.054202

Remark: The results othe twophase and elastic validation case una@sotropic horizontal stress
conditionsin terms of displacements follow the expected trend and the root mean square errors for
displacement are small enough, errors less 1tBOHE-02 ft; in terms of strains also follow the expected
trend and the root mean square errors for strains are snwalgh, errors less than 2.809%& and in

terms of stresses also follow the expected therigbresent high differences withot mean square errors

of 607 psi. The results in terms of strain and stress at the boundary conditions, internal and esegernal, a
adequate showing that these conditions are well imp&sedar to the isotropic case, the displacements

in CMG® change insignificathy and their trend is not adequate, different behavior in the numerical
simulator, adequate displacement trendCMG®, there is no difference between the isotropic and
anisotropic case in terms of strains, the strairtseéx and y direction seems to be changed at 0° and the
stresses hee the same behavior at 9ah conclusion, the numerical model obtains resulteeims of
displacementandstrains with a good approawhth high differences in stresses

5.3.2 Two -phase and elasto plastic case

The validation of the twghase aneélast@lastic case has an oil and water case for the fluid flow model
and an elastic case under isotropia anisotropitorizontal stress conditions for the geomechanical
model for a ondayer set, comparing the results obtained in the numerical model witkstiits obtained

using the commercial simulator CMG®. The variables of validation for these basic cases are the oll
pressure, the saturations, the production rate, anduthelativeproduction for the fluid flow model,

and the displacements, the strasns the stresses for the geomechanical model.

0 Under isotropic horizontal stresses condition

This section presents tio-phase anelastglastic casaunder isotropic horizontal stress conditions.
The characteristics of the reservoir of the field casesamamarizedin Table 51 35, the production
scheduldo run this case is presented in TableZand the relative permeability curve for thewdter
system is presented in Figuré 8.

Figure 5i 47 presents the results of the radial pressure profile for each production time and Rigure 5
48 presents the results of the production of oil, water, and gas during simulation time in-{bhieaseo
andelastglastic validation case under isotroficrizontal stress condition using the CMG® software
and the numerical model.
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Table 5i 35. Field case for the twphase anélastglastic case under isotropic horizontal stresses

condition.

RESERVOIR CHARACTERIST VALUE
Depth (ft) 1000
Wellbore radiugin) 25
Reservoir radius (ft) 100
Reservoir thickness (ft) 30
Reservoir pressure (psi) 500
Temperature (F) 120
Porosity fraction) 0.30
Horizontal permeability (mD) 300
Vertical permeability (mD) 30
API Gravity API) 20
Gasspecific gravity 0.7
Bubble point pressure (psi) 100
Oil saturation fraction) 0.85
Water saturation ffaction) 0.15
Gas saturationf{action) 0.00
Vertical stress gradient (psi/ft) 1
Horizontal stress gradient (psi/ft) 1
Biot fraction) 1
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
Cohesion (psi) 100
Internal friction angle™ 15
Dilation angle () 15

Table 51 36 presents the root mean squared error to quantify the oil pressure differences and oil
saturation differences between the results of the CMG® software and the numerical model for the two
phase anélastglastic validation case under isotropic horizontedst conditions.

Table 57 37 presents the root mean squared error to quantify the differences in production rate and
cumulativeproduction between the results of the CMG® software and the numerical model for the two
phase anélastglastic validation casunder isotropic horizontal stress conditions.

Table 51 36. Root mean squared error (RMSE) for oil pressure and oil saturation for each production
time for the twephase anelastglastic case under isotropic horizontal stress conditions.

PRODUCTIONME RMSE
(days) Oil pressure (psi) Oil saturation {raction)
0 6.60 2.38E08
30 19.25 2.95=04
60 33.05 3.09504
90 4952 4.46204
120 64.16 6.54504
150 80.59 8.87T=04
180 95.80 1.21E03
Mean 49.85 5.44504
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Figure 5i 47. Radial pressure and saturation profiles for each productiorfdintiee twephase and
elastlasticcase under isotropic horizontal stress conditions. a) Oil pressure profile. b) Oil saturation

profile.
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Figure 5i 48. Production (oil, water, and gas) during simulation time for thephase and
elast@lastic case under isotropic horizontal stress conditions. a) Production 1@temblative
production.

Table 5i 37. Root mean squared error (RMSE) for production ratecantulativeproduction for ail,

water, and gas for the twghase anélast@lastic case under isotropic horizontal stresses condition.
VARIABLE RMSE
Oil production rate (STB/d) 6.98
Water productionrate (STB/d) 9.03E03
Gas production rate (SCF/d) 49.33
Cumulativeoil production (STB) 819.51
Cumulativewater production (STB) 0.56
Cumulativegas production (SCF) 5792.00

Remark: The results of the twphase anélastglastic validation casender isotropic horizontal stress
conditions in terms of oil pressure are acceptalifle root mean square errors of 89psi. In terms of
saturation, the results are adequate too, and the root mean square errors for saturation are small enougt
with a men value 06.44E-04. The oil saturation for the numerical model has a better trend and looks
more stable. The results in terms of production rate @ndulative production have reasonable
differences considering the existing differences between the two models, the behavior trends have
differences in both models with no differences in water production, and high differences in oil and gas
production. In conclusiorthe results of the twphase an@lastglastic validation case under isotropic
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horizontal stress conditions ageceptable in terms of oil pressure and adequate in terssgwhtion,
and production variables that allow us to verify and validate the meathenodel for this case.

Figure 57 49 presents the results of the twpbase anclastlastic validation case under isotropic
horizontal stress conditions at early production (30 days) in terms of the displacements prafdés in
and a directiors at three different angles: 0°, 45° and 90°, using the CMG® software and the numerical
model.

Figure 51 50 presents the results of the plastic model for thepivase anélastglastic validation case
under isotropic horizontal stress conditions atygarbduction (30 days) in terms of the strain profiles in
ofuhand & directions at three different angles: 0°, 45° and 90°, using the CMG® software and the
numerical model.
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Figure 5i 49. Displacemat profiles for each direction #te early production for the twghase and
elast@lastic case under isotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c)
Profiles at 90°.
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Figure 51 50. Stran profiles for each direction #he early production for the tyohase and
elastelastic case under isotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c)
Profiles at 90°.

Figure 51 51 presents the results of the plastic model for thepgh@ase anélastglastic validation case

under isotropic horizontal stress conditions at early production (30 days) in terms of the stress profiles in
ofthand & directions at three different angles: 0°, 45°, and 90°, using the CMG® software and the
numerical model.
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Figure 51 52 presents theesults of the plastic model for the typbase anélastglastic validation case
under isotropic horizontal stress conditions at early production in terms of the mean plastic strain profiles
at three different angles: 0°, 45° @@#, using the CMG® software and the numerical model.

Table 51 38 presents the root mean squared error to quantify the differences in displacements, strains,
and stresses between the results of the CMG® software and the numerical model forpthasssnad
elastglastic validation case under isotropic horizontal stress conditions.
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Figure 5i 51. Effective gress profiles for each directi@ithe early production for the twghase and
elastglastic case under isotropic horizorgtess conditions. a) Profiles at 0°. b) Profiles at 45°. c)
Profiles at 90°.
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Figure 5i 52. Plastic strain profiles at the early production for the-phase aneélastglastic case
under isotropic horizontal stress conditionsPe)files at 0°. b) Profiles at 45°. ¢) Profiles at 90°.

Table 5i 38. Root mean squared error (RMSE) for displacements, strains, and stresses for the
validation of the twephase anélast@lastic case under isotropic horizontal stress conditions.

RMSE Displacement (ft) Strain Stress (psi) Plastic strain

° 1.362E02 3.365E04 5.026E02

@0 « 1.689E03 2.948E04 5.067E02 2.343E04
» 3.780E03 2.535E04 5.057E02
° 8.029E03 2.612E04 4.225E02

@ 45 « 9.541E03 2.343E04 4.270E02 2 411E04
» 3.181E03 2.132E06 4.254E02
° 3.152E04 3.290E04 4.968E02

@ 90 « 1.541E02 2.872E04 5.026E02 2.619E04
» 3.780E03 2.535E04 5.002E02

Remark: The results othe twephase and plastic case under isotropic horizontal stresadgionin

terms of displacements follow the expected trend and the root mean square errors for displacement are
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small enough, errors less than 1.54XFft; in terms of strains also follow the expected trend and the
root mean square errors for straing amall enough, errors less than 3.3@8Eand in terms of stresses
also follow the expected trerahd present high differences witbot mean square erroo§507 psi. The
results in terms of strain and stress at the boundary conditions, internal tanthlexare adequate
showing that these conditions are well imposihilar to the elastic case, the displacemenGNG®
change insignificathy and their trend is not adequate, different behavior in the numerical simulator,
adequate displacement tremd,CMG®, the strains inthex and y directios seen to be changed at 0°
and the stresses\athe same behavior at 9ah general, the trends in geomechanical variables look
better in the numerical model than in the CMG® software, with lower valuesains@nd stresses,
especially in the plastic strairin conclusion, the numerical model obtains results in terms of
displacementandstrainswith a good approacénd high differences istresses.

0 Under anisotropic horizontal stresses condition

This section presents th&o-phase aneélastglastic caseinder anisotropic horizontal stress conditions.
The characteristics of the reservoir of the field case amargrizedin Table 57 39, the production
scheduldo run this case is presented in TableZand the relative permeability curve for thewdter
system is presented in Figuré 8.

Figure 51 53 presents the results of the radial pressure profile for each production time and Rigure 5
54 presentghe results of the production of oil, water, and gas during simulation time in thehase
andelastlastic validation case undarisotropic horizontal stress condition using the CMG® software
and the numerical model.

Table 5i 39. Field case for thisvo-phase anélastglastic case under anisotropic horizontal stresses

condition.

RESERVOIR CHARACTERISTICS ' VALUE
Depth (ft) 1000
Wellbore radius (in) 25
Reservoir radius (ft) 100
Reservoir thickness (ft) 30
Reservoir pressure (psi) 500
Temperature( F) 120
Porosity fraction) 0.30
Horizontal permeability (mD) 300
Vertical permeability (mD) 30
API Gravity API) 20
Gasspecific gravity 0.7
Bubble point pressure (psi) 100
Oil saturation fraction) 0.85
Water saturation ffaction) 0.15
Gassaturation {raction) 0.00
Vertical stress gradient (psi/ft) 1.0
Minimum horizontal stress gradient ift) 0.9
Maximum torizontal stress gradient (psi/ft) 1.0
Biot fraction) 1.0
Young modulus (psi) 1.0E06
Poisson ratioftaction) 0.25
Cohesior(psi) 100
Internal friction angle 15
Dilation angle () 15




Chapter 5. Model Validation 149

Table 51 40 presents the root mean squared error to quantify the oil pressure differences and oll
saturation differences between the results of the CMG® software and the numerical model for the two
phase anélastglastic validation case undanisotropic horizontastress conditions.

Table 57 41 presents the root mean squared error to quantify the differences in production rate and
cumulativeproduction between the results of the CMG® software and the numerical model for the two
phase anélast@lastic validation ase undearisotropic horizontal stress conditions.

Table 5i 40. Root mean squared error (RMSE) for oil pressure and oil saturation for each production
time for the twephase anelastglastic case under anisotropic horizontal stress conditions.

PRODUCTION TIME RMSE
(days) Oil pressure (psi) Oil saturation {raction)
0 6.60 2.38E08
30 19.25 2.9504
60 33.04 3.09504
90 49,51 4 404
120 64.12 6.54504
150 80.50 8.89E04
180 95.57 1.21E03
Mean 49.80 5.44504
550 0.8503
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Figure 5i 53. Radial pressure and saturation profiles for each productiorfamtiee twephase and
elastplasticcase undearisotropic horizontal stress conditions. a) Oil pressure profile. b) Oil
saturation profile.

Table 5 41. Root mean squared error (RMS&) production rate andumulativeproduction for oil,
water, and gas for the twghase anélast@lastic case under anisotropic horizontal stresses condition.

VARIABLE RMSE
Oil production rate (STB/d) 7.40
Water production rate (STB/d) 9.68203
Gasproduction rate (SCF/d) 52.32
Cumulativeoil production (STB) 854.84
Cumulativewater production (STB) 0.60
Cumulativegas production (SCF) 6044.06
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Figure 5i 54. Production (oil, water, and gas) during simulation time for thepghase and

elast@lastic case undamisotropic horizontal stress conditions. a) Production rat€umulative

production.

Remark: The results of the twphase anctlastglastic validation case undarisotropic horizontal

stress conditions in terms of oil pressure are accepiathigoot mean square errors foif pressure of

4985 psi. In terms of saturation, the results are adequate too, and the root mean squafererrors
saturation are small enough, with a mean value #4-04. The oil saturation for the numerical model

has a better trend and looks more stable. The results in terms of production ratemahative
production have reasonable differences considén@gxisting differences between the two models, the
behavior trends have differences in both models with no differences in water production, and high
differences in oil and gas production. In conclusion, the results of thephase ancelastglastic
validation case undamrisotropic horizontal stress conditions aczeptable in terms of oil pressure and

adequate in terms of saturation, and production variables that allow us to verify and validate the
numerical model for this case.

Figure 57 55 presentdhe results of the twphase anelastelastic validation case underisotropic
horizontal stress conditions at early production (30 days) in terms of the displacements prafdés in

and a directions at three different angles: 0°, 45° and 9@gubke CMG® software and the numerical
model.
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Figure 5i 55. Displacemat profiles for each direction #te early production for the twghase and
elastglastic case undamisotropic horizontal stress conditions. a) Profiles at OPrbljiles at 45°. c)

Profiles at 90°.

Figure 5 56 presents the results of the plastic model for thepivase anélastglastic validation case
underanisotropic horizontal stress conditions at early production (30 days) in terms of the strain profiles
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in afuhand ¢ directions at three different angles: 0°, 45° and 90°, using the CMG® software and the
numerical model.
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Figure 5i 56. Stran profiles for each direction #te early production for the twghase and
elastelastic case undamisotropic horizontal stress conditions. a) Profiles at 0°. b) Profiles at 45°. c)
Profiles at 90°.

Figure 51 57 presents the results of teastglastic model for the twphase and plastic validation case
underarisotropic horizontbstress conditions at early production (30 days) in terms of the stress profiles
in afuhand & directions at three different angles: 0°, 45°, and 90°, using the CMG® software and the
numerical model.

Figure 51 58 presents theesults of theslastglastic model for the twphase and plastic validation case
underansotropic horizontal stress conditions at early production in terms of the mean plastic strain
profiles at three different angles: 0°, 45° and 90°, using the CMG® software and the dunatea

Table 51 42 presents the root mean squared error to quantify the diffexrém displacements, strains,
and stresses between the results of the CMG® software and the numerical model forphasesvand
elastoplastivalidation case undemisotropic horizontal stress conditions.
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Figure 5i 57. Effective gress profiles for each directi@the early production for the twghase and
elastlastic case undamisotropic horizontal stress conditions. a) Profiles at 0°. H)I&sa@t 45°. c)
Profiles at 90°.



















































































































































































































































































































































































































































