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Abstract

Many challenges have been presented in the oil well
drilling including preventing gas migration afteementing
operations. The phenomenon is potentially dangesinse
the gas can migrate to the surface causing the lannu
pressurization or lead to a blowout with catastioplesults
and loss of the well.

The well cementing involves several parameters
evaluation: the fluid density definition, the topce@ment to be
reached, the displacement efficiency optimized eérms of
density hierarchies and friction losses, the cemeaste,
washers and spacers design, pipe centralizatioon@mthers.
Even if all these parameters are controlled androped yet
the gas migration may occur due to hydrostatic quesloss
during the cement slurry transition period.

The static gel strength development associated fluitdi-
loss and chemical shrinkage are the main fact@porgsible
for this hydrostatic pressure loss. If the hydristaressure in
front of the gas zone becomes less than the peessuhis
zone the gas will invade the well.

The objective of this work is to present a compretive
methodology to evaluate the gas migration after esgéting
operations taking into account the critical staged strength
concept associated with time dependent viscositaber. A
mechanistic model based on a force balance actiripe gas
bubble was proposed to predict the bubble displaceém
through the cement slurry while it gels and evaluiitthe
hydraulic isolation will be affected allowing projeoperation
changes to ensure well construction safely.

Introduction

The cementing operation is very important for thellw
construction and if it is not successful may reguorrections
which in many cases is difficult to solve. One bé& tmain
functions of the cement slurry is the hydraulic lasion
between zones containing fluid. This is achievecenvithe
annular space between the casing and formatioongpletely
filled with cement slurry with optimized properties

To improve the displacement efficiency is necessgyd
casing centralization and drilling fluid treatmeatreduce its
rheological properties improving its removal. Othaations
that help to remove and can be implemented aree pip
movement, either by rotating or reciprocating (aléting
cycles of vertical movement); usage of rubber pling&ie the
casing to separate mechanically the fluids involeed the

pumping of chemically compatible and optimized dkiito
separate the drilling fluid from the cement sluayoiding its
contamination.

If the drilling fluid displacement by cement sluny not
efficient it will create a fluid channel formed Hye remaining
fluid that intercommunicate two zones damaginghidraulic
isolation as shown in Fig. 1.
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Fig. 1- Canalization generated by inefficient dés@ment of
drilling fluid (modified from Nelson and Guillot 2®).

The hydraulic isolation is important to ensure aoly the
produced fluid control but also the injected oné.tHe
hydraulic isolation is deficient during well stination the
flow can be redirected to another zone and in ndoastic
situations promote the casing collapse, trappihgha& tools
that are below this collapsed point and consequédedd the
loss of the well.

Even if all the casing positioning procedures andudar
space cleaning through efficient drilling fluid rewal have
been made there are other processes that takedplaog the
cement setting that can influence the perfect hydra
isolation.

Changes that occur in the cement slurry

The cement slurry physical state progresses frdiguid
immediately after its positioning in the well tramgting its
hydrostatic pressure and gelling after a certametiunder
static conditions. Cement particles create cohesikgctures
that support part of their weight getting the ilitifluid
hydrostatic pressure trapped within the cementgoratrix.
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The main factor controlling the pore pressure oé th
permeable interval becomes pore pressure withincémeent
matrix and as this pressure is greater than the pone (e.g.,
the gas zone) this gas will not be able to invénike dtructure.
However, the pore pressure within the cement magia
function of its water volume and its reduction esponds to
the pore pressure reduction allowing the gas iovasihe
fluid-loss can occur in two main ways: the cemeydrhtion
and the fluid-loss to the zone (Cheung and BeitG&5).

Additives for oil well cementing

The cement slurry should be designed to provide
optimized physical and chemical properties botlthi liquid
and solid state. In the liquid state the cementrglahould
have density and rheological properties that mdet t
operational window and the drilling fluid replaceme
requirements. Also present thickening time long ugo to
complete the pumping operation to the desired jposit the
well and the resistance development within the tieguired
to resume operation. In addition, the cement slorogst have
fluid-loss control and be resistant to fluids migra such as
water and gas. In the solid state have low pernigabind be
resistant to pressure and temperature downhole it@omsd
(Rocha, 2010).

The additives aim to modify the cement slurry prtips
according to well conditions. They are classifiatbivarious
roles based on performance, such as, accelerateighting
agents, lost circulation prevention agents, antifpa
dispersants, extenders, fluid-loss controller, roses, gas
migration controller, among others.

Cement slurry without proper fluid-loss control cant
transmit the hydrostatic pressure in its entiretyrebefore the
start of setting. Moreover the application of diffitial
pressure at the beginning or end of the setting reaylt in
microcapillaries that can allow the gas migratidinerefore
the cement slurry project should include maximunidfloss
control to minimize gas migration. Field resultsvdandicated
that values of approximately 50cc/30min have shewrcess
in combating gas migration (Christian et al., 1976)

The gas migration can be avoided in many ways. firee
step is to optimize the removal process and in lighrto
optimize the cement slurry properties. There areneso
additives that act by preventing the entry of fotiora fluids
after placing the cement slurry blocking the cemslotry
matrix in the setting process; or by creating cenmsarry
volume expansion due to gases release chemicaiamaor
by foam generating if gas get in cement slurry matr

The most common additives are the waterproofing /
blockers which are usually typical polymeric miamgsions
as latex styrene / butadiene or polyvinyl alcolinladdition
formulations should have fluid-loss control, retnsl and
dispersants that help in obtaining the other reglproperties.
The migration control can also be achieved by tiiditeves
incorporation during the cement slurry preparatitrat
generate in-situ hydrogen gas bubbles through aami
reactions or through the blocking process usingy Viare
particles (e.g., as microsilica) (Nelson and Gui#l606).

Rheology

The cement slurry rheological behavior is crucialdil
well cementing operations design. Cement slurry sokd
suspensions of solid / liquid formed by uniform tihes
through a liquid medium without significant disstdu of the
particulate material as a function of time.

The main factors affecting the viscosity are: solid
volumetric concentration; liquid characteristicsisfosity,
density, etc.) and temperature. When the solidgemnation
is very low, the collisions frequency between mdes is
relatively low and the suspension still behavea &wtonian
fluid. When the solids concentration is greatereriattion
begins to occur between the particles and the olgéxl
behavior is no longer Newtonian. In this case other
characteristics also affect the rheology: partigleysical
characteristics (size distribution, density, shappecific
surface area, roughness, etc.) and type of interabetween
particles (repulsion and attraction).

The concentration of dispersant in the liquid mediu
chemical composition, molecular weight and thiclenegthe
adsorbed dispersant layer around the particles Idhba
evaluated (Oliveira, 2000).
Parameters that influence the cement
rheological behavior

The main parameters that influence the cement yslurr
rheological behavior are listed below (Dubois, 1999

slurry

Water content

The increased amount of water acts on the cemeamsgr
dispersion reducing the intergranular friction whim turn
reduces the cement slurry viscosity. The water atgwes to
lubricate the grains. There are practical limit$hle upper and
lower water content that can vary from a very viscdo an
unstable cement slurry with solids sedimentation.

Cement characteristics

Chemical composition, specific surface and partiize
are one of the most important characteristics ef ¢dbment
that affect the cement slurry rheology. The higther content
of C3A (Tricalcium Aluminate) the more reactive ike
cement and may require higher dispersant concenisat
Colloidal forces and gravity which are functionsnafture and
size of grains also affect the rheological behavior

Temperature and pressure

The temperature has a greater effect on the ceshemy
rheology than the pressure. Influences the hydrataie of
cement components and an error in its determinatonresult
in premature set or thickening time extension.hia first with
the risk of the operation be interrupted before pleted its
positioning. In the second it promotes the delaydrilling
continuity with the risk of fluids migration intdhvé¢ well due to
the longer cement slurry exposure causing its coimation.

Other properties such as fluid-loss, rheology, freser,
stability and compressive strength development also
influenced by temperature.
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Methodology

The methodology developed in this work comprises th

following steps and is represented by Fig. 2.
a) Determination of the equation that relates the lgubble
position as a function of fluid viscosity and terrgtere which

are time dependents among others fluid and particle

parameters;

b) Experiment to evaluate the rheological model tred
time dependent fluid viscosity behavior;

c) Experiment to determine the critical time, iteme
required to reach critical static gel strength fremich the gas
invasion occurs;

d) Determination of the model to representativeatign
from the time dependent fluid viscosity behaviod arse it in
the item "a)".

Positionversus

viscosity, temperature| =
and time. hb f(,7f ,T,t,X) <+
Experiment
Experiment
Experiment SGS=f (‘[)
SGSversustime
SGSn’t. ;tcn't,
n:y = f(t)

Model:
viscosityversustime

Fig. 2- Gas migration evaluation methodology.
The details to obtain the equations are descrileéuib

Gas bubble expansion
The hydrostatic pressure exerted by the fluid igivaen
depth is expressed by Eq. 1.

Where:

pn = hydrostatic pressure;
pr = fluid density;

g = gravity acceleration;
h; = vertical depth.

For a spherical bubble at a given depth, therens a
interface between the bubble and the fluid thategmtes a
capillary pressure resulting from the interfaciahdion. The
capillary pressure (Pellicer, 1999) can be defimgéq. 2:

Where:

p. = capillary pressure;
O = surface tension;
r, = bubble radius.

And the total pressure inside the bubble would be

according to Eq. 3:

For the application to which this methodology detis
capillary pressure did not influence significantlye total
pressure when comparing with hydrostatic pressuee
wells) and in this case will be neglected. In addit on
cement slurry composition antifoam additive is udbdt
reduces the surface tension further reducing tfaeince of
this factor.

The relationship among the pressure, volume and

temperature on gases kinetic theory gives Eq. 4.

PV, PV
% = T— ............................................... (4)
0
Where:

Po; Vo; To= pressure, volume and temperature at initial time;
P; V; T = pressure, volume and temperature at final time;

The bubble volume is defined by Eg. 5.

The air pressure inside the bubble is the presguesto
fluid column. If we assume that the air is an idga$ we have
substituting and solving Eg. 1 and 5 in 4 the Eq. 6

4 4
P Gho Tty prghy
T, - T

Being"rpo " the bubble radius in depth,,' when enters in
the well both defined for a given initial conditioRearranging
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the above equation we can determine how the buisllieis
changes with depth and temperature according t@ Eq.

Figure 3 represents the bubble in its depths.

T hy

Fig. 3 - Change in bubble size with depth.

Forces acting on gas bubble

In the case of a bubble rising through a fluidxperiences
a frictional force"Fr" which is proportional to the fluid
density, particle projection aré&p" and the square of the
speed according to Eq. 8.

Where:
Cr = friction coefficient or flow resistance.

For a small bubble with spherical geometry ascatd is
sufficiently slow so that the flow is laminar andokes law
can be applied and friction coefficient is defilgdEq. 9:

Where:
Re=Reynolds number

In the laminar flow region it can make a correctiarthe
Stokes law for non-Newtonian fluids (Kawase and Moo
Young 1986) through Eq. 10 and the friction coééfnt
becomes:

B (10)
Re
Where:
X= factor deviation of friction coefficient, defideby Eq. 11:
—7n2 —4n +
X =g TN ZAn+ 260 (11)
5n(n + 2)
Where:

n = index behavior for 0.75 < n <1. When n = 1 (Newan
fluid), X = 1.

The friction force for a Newtonian fluid is defindy Eq.
12:

The correction proposed for non-Newtonian fluidsegi
Eq. 13:

Fo =671, 7 XV e, (13)

The second force acting on the bubble is the budmoe
"E". According to Archimedes' principle it is a vedidorce
from the bottom to up applied at the fluid volumeagty
center displaced equal to weight of the volume loidf
displaced as defined by Eq. 14.

Figure 4 illustrates the forces acting on a bubble.

-

Fr

Fig. 4- Forces acting on a bubble.
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Equation of motion

The Newton's Second Law says that when a net fbfte
is present in a particle it acquires an accelemdi#q " in the
same direction of force according to an inertialie defined
by Eq. 15.

Where:
m = particle mass

Considering the bubble weight negligible and theige
moves through a viscous fluid in laminar regimeeiaf time
reaches a constant limit velocity and the resultorges acting
on this particle is zero. Assuming that the bubiglmains at
steady state the buoyancy and frictional forcensaly equal
and opposite and the bubble reaches each timéntitespeed

although it changes with time (Vermillon, 1975gtforces
acting on the bubble will be as Eq. 16.
E+F =0 (16)

Substituting and solving Eqgs. 7, 13 and 14 in Eqjit is
obtained Eq. 17.

213
_2p 9 (h T) o
97 X h Ty
Separating variables and integrating with the coolithat

it starts at timea = 0 the instant at which the bubble enters the
well in depth hy' it is obtained the Eq. 18.

b

2
_2'10f 'g'rbo2 hbo-T 3
9an. X | T,

hbt

J‘ hb2/3-dho —
th

_t[ dt...(18)
0

Solving the above equation it can determine how the
bubble position changes with time by Eq. 19.

2 s
h, = |heo - 037.0; 91y’ [ h, T :
N nex U T, )

.(19)

In the case of time dependent viscosity fluids ldeanent
slurry it must determine a function that represettis
behavior. This can be obtained through rheolodiesis and
then evaluate a representative function for theehod

Considering that the gas will enter into the wellyosome

time after the cement slurry placement, time relate a
reduction in hydrostatic pressure that will alldwetgas zone
pore pressure overlaps the hydrostatic pressutbeofvell, a
correlation between the cement slurry viscosityl@von with
the gel strength concept will be made to deterrttieecritical
time, i.e. time that the cement slurry reachesitical static
gel strength from which any pressure decay in tled will
allow the gas invasion. This time will be used &eimine the
initial viscosity of the model.

The temperature changes with well depth and time
beginning at BHCT and tends to BHST. The circulatio
temperature in cementing operations is obtainedguspecific
guidelines (API, 1997). In order to automate thestte
conditions determination there is a computer pnogitaat
develops tables simulating the cement slurry hgatmd
pressurization after placed in the well.

Hydrostatic pressure reduction of cement slurry
during the transition time

After the cement slurry placement is noted a rddncin
the hydrostatic pressure (Tinsley, 1980; Cooke,4198d
Reddy, 2009). This is caused by the volume redodiige to
filtration for the adjacent formations and the shkéage
resulting from the cement hydration reactions corabiwith
the pressure restriction caused by cement slutatige.

The pressure drop resulting from the volume change
depends on the compressibility of the mediunt “@nd is
expressed by Eq. 20.

Where:
V,, = volume reduction by hydration;
V;= volume lost by filtration.

The maximum hydrostatic pressure restriction iatesl to
the resistive force development to cement slurrywenment
called static gel strength which increases graguhiting the
transition period. Egq. 21 shows this relationshipalfins,
1982).

Where:

Apan = pressure drop in the annulus;

SGS= static gel strength of cement slurry;

Aqn = annular space area in front of the cement sldefined
by Eq. 22.

A, ==n(D

an

well — Dc) hvert.slury

And:
Ay = hydrostatic area defined by Eq. 23.



6 Gustavo H. V. P. Pinto, José Marcelo S. Rocha and André L. Martins.

AADE-12-FTCE-40

well c

A, :%(D2 D30 T (23)

Where:
Duwei = open hole diameter in front of gas zone;
D. = casing diameter;

N ertsiury = CEMeNt column height.

Substituting Egs. 22 and 23 in 21, Eq. 24 is oletdin

P, = ASCI NSy ..o, (24)
(Dwen —D¢)

The volume loss in the bottom of the well causes th
cement slurry movement downwards. In response i® th
motion a shear stress in the cement slurry agélmstasing
walls is generated. Considering that there is ehaugvement
the shear stress at the contact surface betweemetient
slurry and casing starts to support the cementnaol(Bonett
and Patifis 1996).

Critical Static Gel Strength

It is the gel strength value that allows supporfimgssure
decay in the well equivalent to overbalance pressuntil to
equal the value of the gas pore pressure. Withegahbove
the critical static gel strength gas may invade wed. The
behavior is defined by Eq. 25.

SGS, = BPob(Puwe ZDc) .o, (25)
" 4hvert.s|urry

Where:

SGRiit = critical static gel strength
Apoy = difference between the hydrostatic pressure é&ed t
pore pressure.

The smaller the value of critical static gel strgngiore
critical is the possibility of gas invasion duritige gelation
process. With this critical static gel strengthueait is possible
determine the critical time by a gel strength ekpent and
then use that time to determine the initial visgosif the
rheological model.

Experimental Procedure

Cement slurry used

For this work were considered two types of ceméantys
that represent different rheological charactesstaffecting
mainly the gel strength development: cement sldrgnd B.
The formulation includes the use of various addgiv
especially the gas migration controller.

Rheology
Rheology test was performed to determine the rlybcdb

model and its parameters. The model parametergebtavill
be used in calculating the deviation factor of fiietion
coefficient for non-Newtonian fluids.

Time dependent viscosity

The rheological tests should simulate real downhole
conditions after the cement slurry placement beogducted
at a strain low enough to allow gel growth withbueaking it
and the methodology should include a schedule aatgnals
to minimize interferences, for example, use of gsmb
geometries to reduce sample slippage.

Dinamic oscillatory rheological tests were conddcte
evaluate the time dependent cement slurry vischshavior.
First it was performed a strain sweep test withzZlfldquency
and strain scan of 0to 102 & to determine the linear
viscoelastic region. The sample was replaced ard ime
rotational mode at 107 sfor 1 minute to break any gel and
then evaluated the viscosity behavior in dynamiciliatory
mode over time with 1 Hz and $Gs*, rate low enough to
allow gel formation. It was then possible to obtaifunction
that relates the viscosity over time to be usedhim bubble
position equation.

Gel Strength

Gel strength tests were performed in MACS |l anatyo
evaluate the gel strength behavior along the tiih this
test is possible to obtain the time required toddment slurry
reach critical static gel strength SGSat which is considered
the initial condition for the gas migration processdescribed
before.

Results and Discussion

Rheology

The model characteristic of cement slurry was pohaer
as shown by Figure 5. To adjust the model was made
nonlinear regression and the behavior index for cement
slurries A and B was obtained.

Shear stress, Pa

0 50 100 150 200 250 300 350 400

Shearrate, §*

‘ o Slury B a Slurry A ——Power law slurry B —— Power law slurry A‘

Fig. 5 — Rheological model for slurries A and B.
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Time dependent viscosity
Figure 6 shows experimental result for time depahde
viscosity behavior for cement slurries A and B.

5,0E+04
4,5E+04 a
4,0E+04
3,5E+04 o
3,0E+04
2,5E+04
2,0E+04 =
1,5E+04 2.
1,0E+04 - Lo a8
5,0E+03
0,0E+00 ‘
00 1,0 2,0 3,0 4,0

Viscosity, Pa.s
o

o ,a
oQ,ab
mmm‘nmmmﬂﬂERRR‘AA

,,,,,,,,,

Fig. 6 - Viscosity changing over time.

The behavior is characteristic of cement slurry rehbey
remain fluid for some time and then quickly gelso T
determine the moment that the gas migration stésts
necessary to evaluate the critical time, i.e. theetto reach
critical static gel strength by gel strength expent.

Gel Strength
Figure 7 shows the gel strength development vetigues
for cement slurries A and B.

1200
& 1000 - .
8 -
S 800 .
o 600 " a
-
400 - 5 a "
(O] L BV
@ 200 4 1 24
g3 o2l
T e e e e ;
0 1 2 3 4
Time, h
[a SlurryA = Slurry B |

Fig. 7 - Static gel strength changing over time.

The behavior is similar to that obtained for vistos
because they have similar characteristics. Forpttogposed
cement project it was calculated the $S70 1b/100 ff and
determined the.#; for each cement slurry. In this work we
considered the valueg;t = 0,4 h and 0,5 h for the cement
slurries A and B.

Model

Figure 8 shows the model application for represgnti
experimental result after discarded the data pdot,; and
reset the scale to start from time 0.

5,E+04
5,E+04
4,E+04
4,E+04 A
3,E+04
3,E+04
2,E+04
2,E+04
1,E+04
5,E+03
0,E+00 T T T u T T T

0,0 0,5 1,0 15 2,0 25 3,0 35

Viscosity, Pa.s

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 8 - Comparison between experimental and model.

The model can represent the experimental data using
26.

Where:

Mo = initial viscosity obtained from the rheologidaist for
tcrit.;

A ek = parameters that modify the viscosity growth msigy.

t = elapsed time during the analysis;

Case Study

It was considered in this study the depth of the pane
1,590 m and there are two oil-producing zones &0(L —
1,503)m and (1,510 — 1,513)m. Figure 9 shows thebleu
displacement when using the 2 cement slurries.

Time, h

0,0 0,5 1,0 15 2,0 25 3,0 35

1420 - - - - - - :
1440 -
1460 -

e 1480 +
& 1500
1520 -
1540
1560 -
1580 -
1600

Dee|

{——SlurryA —— SlunryB |

Fig. 9 - Bubble displacement for cement slurrieandl B.

Figures 10 and 11 show gas migration inside the
oilwell.
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Legend
drilling fluid
washer
-spacer
slurry
0 gas bubble
|| |
0] 0 | Gas after migration 1,486 m
8] 8]
Qil zone o} o] Qil zone (1,501 -1,503) m
u} u}
1} 1}
o o
u} u}
o o
Qil zone 0 0 Qil zone (1510-1513)m
0 0
0 0
0 0
a a
a a
Gas zone o o Gas zong 1,590 m

Fig. 10 — Gas migration using cement slurry A.

Legend
drilling fluid
washer
-spacer

slurry

O gas hubble

il zone

Qil zone (1501 -1,503) m

Qil zone

Qil zone (15810-1513) m

] 0 | Gas after migration 1538 m

o
Gas zone

Gas zone 1,890 m

a
o

Fig. 11 — Gas migration using slurry B.

Conclusions

The oil well construction is a complex activity thiaquires
the previous simulation of the operations to bequared to
ensure the technical and economic project featsibilihe gas
migration is potentially dangerous because it can
intercommunicate interest zones or migrate to thdase
resulting in a blowout with catastrophic resultsl doss of the
well. It is necessary that the slurries transmé ttydrostatic
pressure in order to keep it above the gas zorsspre. This
is achieved by keeping the gel strength below theal value
and after reaching this value the viscosity mustréase
quickly. With the methodology developed it was polesto
evaluate the gas migration criticality and makengjes in the
slurry design getting the more appropriate onénéoscenario,
in this case the slurry B, which despite allowirte tgas
migration, the bubble displacement wasn’'t enoughaffect
the interest zones isolation.

Nomenclature

A = parameter that modify the viscosity growth irgigy
Aan = @annular space area, m?

Ay = hydrostatic area, m2

Cr = friction coefficient or flow resistance.

D. = casing diameter, m

Duen = open hole diameter, m

g = gravity acceleration, m/s2

h; = vertical depth, m

hvert. sury= cement column height, m

k = parameter that modify the viscosity growth irgiéy
m = particle mass, kg

n = index behavior, dimensionless

pr = hydrostatic pressure, psi

P = pressure at initial time, psi

p. = capillary pressure, psi

Py = pressure at initial time, psi

r, = bubble radius, m

Re= Reynolds number, dimensionless

SGS = static gel strength, 1bf/100ft2

SGS,. = critical static gel strength, Ibf/100ft2

t = elapsed time during the analysis, s

V), = volume at initial time, m3

Vs = volume lost by filtration, m3

V,, = volume reduction by hydration, m3

T = temperature at final time, °C

To= temperature at initial time, °C

X= factor deviation of friction coefficient, dimaosless
Apan = pressure drop in the annulus, psi

Apyp= overbalance pressure, psi

Mo = jnitial viscosity, Pa.s
pr = fluid density, kg/m3
O = surface tension, N/m

For the proposed project using slurry A gas migratvas
significant to damage the hydraulic isolation cogniout at
1,590 m and reaching 1,486 m communicating theimterest
zones so the slurry B must be selected.
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