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Abstract.Minimizing fluid invasion is a major issue whileilling reservoir rocks. Large invasion may creatveral
problems in sampling reservoir fluids in exploratowells. Besides, drilling fluid invasion may algoovoke
irreversible reservoir damage reducing its longnteproductivity. A common practice in the industyhie addition of
bridging agents in the drilling fluid compositiosuch as calcium carbonates. Such products woulth far low
permeability layer at the well walls which wouldnt@| invasion.

This paper presents a radial model, based on Dartagv to predict the drilling fluid invasion pradilinto an multi
layer reservoir rock saturated with a compressifildd. Results highlight that the differential psese, the fluid
compressibility, filter cake permeability and ropkoperties are important parameters that affectnffigantly the
invasion profile. The proposed methodology is d toooptimize drilling fluid design to be used imetdrilling of
reservoir sections in both exploratory and develeptiwells in Campos Basin, offshore Brazil.

The process analysis is illustrated with a seriésase studies in offshore exploratory wells ddli@ Brazil. The
analysis highlights the importance of filtration tml and of a dedicated drilling fluid design faach specific
reservoir.

Keywords: Drilling fluid invasion, fluid compressibility]Jdw through porous media

1. INTRODUCTION

Offshore oil well drilling jobs are time consumirad expensive operations in which to minimize idgil fluid
filtrate invasion and formation damage is a verpamant task to guarantee the original reservaik qgroperties.

Drilling fluids are designed to ensure a fast aiade sdrilling operation and therefore must have txiest
operational cost, to stabilize mechanically andhubelly the well walls, to keep solids in suspensituring pumps off
periods, to facilitate the separation of solidsagated by bit and facilitate geological interprietas of the material
removed from the well.

Drilling fluids must also present some basic fumes (Thomas, 2001):

» Exert hydrostatic Pressure on the formations towgmrethe native fluids influxes, which can leadsgrious
security problems for the rig team.

* Maintain the physical integrity of the well prevergt a possible collapse, especially the more feabl
formation.

e Toremove solids generated by the bit.

e Cooling drill bit and lubricating drillstring.

In a conventional drilling job, the bottom hole gsare must be kept between pore and fracture pesssuorder to
prevent undesirable influxes and formation fract®ach influxes would cause serious security probldor the rig
team, since they are usually highly flammable hgdrbons. Moreover, as the pressure differentiahftbe well to
formation is always positive, the fluid will tend invade the reservoir rock (Figurel).

The drilling fluid filtrate invasion can cause iversible damage to the reservoir, reducing itsimaigpermeability
and affecting the well and/or field production pie{Jiao and Sharma, 1992, Moreno et al., 2009).

In development wells, the quantification of dritlirfluid invasion can help to define the volume ofdato be
pumped (used to reduce the damage), reducing tich@erational costs (Pereira et al., 2007).

In exploratory wells during the sampling operatibwe drilling fluid filtrate invasion into reservoincreases the
operation time and the possibility of contaminatsagmples. Inadequate fluid sample, in exploratoglisycan lead to
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inaccurate information about the economic viabildf the reservoir development (Coelho, 2005). Iravye oil
reservoirs, oil and filtrate interaction may generatable emulsions, reducing its initial and/c fong term
productivity. Invasion in light oil reservoirs igds critical due to its good mobility propertiesh€ critical scenario is
the low permeability gas reservoirs where imbilniteffects may result in deep invasion, causingenpmenon known
as water blocking, dramatically reducing produci{ibmg, 2006).

I:)weII > I:)reservoir

Drillina Fluid

Figure 1. Drilling fluid invasion through the reseir rock

This paper aims to provide a numerical simulatiogthradology to predict the drilling fluid filtratenvasion in a
multi layer porous medium satured by compressilie fand to evaluate the impact of the main operai parameters
in the invasion profile, such as filter cake perhikdy, reservoir permeability, overbalance pressutuid density and
oil compressibility.

2. MATHEMATICAL MODELING

The mathematical modeling to represent the flovoubgh porous media is based on the continuity eonsti
represented by mass conservation equation, Ddasy'6€1856), and equations of state, which for lkitguis the equation
of compressibility. The method used for discretmatof partial differential equations describedtlire mathematical
modeling was the finite volume. In this method eaaltulated property is located in the center efdiscretized cells
and the flow is located on the borders betweercéis. In the present study, the two-phase flowgpod drilling fluid),
transient, two-dimensional cylindrical coordinatesial and radial) and isothermal was modeled amalyzed. The
differential equations shown below describe massservation in the oil phase and the global massemation,
respectively.

2.1. Mass conservation equation to oil phase

o@,p) , Apver A ), AlpVouh) _
ot or 0z (1)

2.2. Global mass conservation equation

6(¢pmv) + a(povo,rA' +pfvf,rA' ) +a(povo,zAz +pfvf,zAz) -0
ot or 0z @)

2.3. Darcy's law

For the calculation of flows in porous media Daschiw was used. Superficial velocities are dividgd axial and
radial, according to Equations 3 and 4. Potergiath (Equation. 5) is represented as a functiqore$sure and height..

Radial velocity:
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Axial velocity:
_ KK o ) dd 4
Vijor = | — | = 4)
Hipo ) dz

Potential term:
®=P-p;,,.040z

(5)
Boundary condition:
\4 =_K.K ] dp
=raio_inteo /,I dr 06

Boundary conditions in the reservoir layers for@ z= H, are zero flow, because it considerssbtated layers.
\/‘ z=0 :v‘ z=H =0 7) (
Absolute average permeability

Absolute average permeability is calculated ag afsesistance in line (Ahmed, 2002). In this ¢abe equation is
a function of: reservoir and filter cake permedisiti and well geometry.

K1) = (" )
In(ri%ma (t)j ) In(r%lj o

K K

torta reservator io

Filter cake radius

Equation 9 is a function of fluid volume invadeitef cake porosity and solids concentration of dnidling fluid
(Waldmann, 2005).

_ 2 \_ Vi (1) G 9
rw"a‘\/(r ) (1-440,@)1[(1‘@)) ()

3. NUMERICAL SIMULATION METHODOLOGY

The discretization method used to solve the padifétrential equations was the finite volume. Tfhéte volume
method is a classical approach to solve fluid flmablem. With this method it is possible to guaeanthe conservation
of the flows of input and output for each controlume. In this method, each calculated propertipésited in the
center of the discretized cells and the velocitioated on the borders between cells. Equationanti011 show the
discretization by finite volume method applied ifatential equations 1 and 2, respectively. Equati1l2 and 13 are
the discretizations of the Darcy model.

(mV—m"V ) (povo,,A o, TP A AIHM,A 2, TPYA 7]
T =0 (10)
[POVOA L TPYA ”g]{mza L PMA 7]
(o -0 ) [povo,rA o, TPNVo A 7] (11)
. _ oo oo i + 2 2 - 0
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v — | Kl,J'krflo q)l,j _(Drlj (12)
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Hiso Az, 12+40z 12

The solution of the equations is accomplished usieghods to solve nonlinear systems, such as Né&mtoethod.
Where, using equations residue 10 and 11, the ilatofatrix is generated. Jacobian matrix permitsaioe implicitly
the primary variables, pressure and oil saturatimid, also presents five-diagonal form becauserdiitéal equations as
a function of radial and axial spatial dimensioBquation 14 illustrates the format obtained bylthear system after
the completion of all procedures required by Nevgaonethod.

Vf/o,zz_[Ki'j'krqu|: Q=P :| (13)

4. RESULTS

The results are presented below and illustrate nilnmerical simulation validation for multi-layers sea the
influence of filter cake, reservoir permeabilitisd oil reservoir compressibility on drilling flufidtrate profile. Table
1 illustrates the database used in the simulations.

Table 1 - Database used in numerical simulations

Variable Values Units
Kmp 2,5 x 10 m’
K cake 2,0 x 10" m?
Uy 2,5 x 10° Pa.s
Ho 3,3 x 107 Pa.s
Fwel 2,16 x 10" m
Brop 3,50 x 10" -
Gl 4,8 x 10" -
Cs 8,0 x 10
AP 600 psi
time 12 hours

Figures 2 and 3 illustrate the numerical simulatralidation. Figure 2 shows the pressure and siararofile for
the single layer case. The porous medium simulageid20 meters of thickness and permeability o&215*m? (2500
mD). Figure 3 represents the same profiles (presand saturation) for a multi-layers porous medilmthis case, the
results were simulated for two porous media withm €hickness each and a permeability of 2.5 X*1. The results
are identical, ie, when the multi-layers case iming with the same permeabilities the results eoge to single layers
case.
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Figure 2. Numerical validation — Single layer case
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Figure 3. Numerical validation — Multi-layers Case

Figure 4 represents the 3D saturation profile.his thart, it is possible to observe the filtrad¢usation evolution
along the time and radius. In this particular exemihe filtrate invasion depth did not exceedede2ers.
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Figure 4.Saturation profile

4.1. Filter cake and reservoir permeabilities impat

Figures 5, 6, 7 and 8 illustrate the filter cakel amservoir permeabilities influence on pressuré saturation
profile in the reservoir saturated with incomprbksbil.

The results shown in Figure 5 were simulated camsid - a reservoir permeability (first layer) ab2 10" m?
(250 mD), filter cake permeability of 2.0 x ¥om?® and a second reservoir layer with permeabilit2 f x 10" m?
(2000 mD). Pressure variation profile for each psranedium presents little change once the pernigedbilare
relatively high and the difference between thenongy one order of magnitude. Physically, the resshow good
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agreement since the higher filtrate saturatiorbiseoved in the porous medium of higher permeablitr example, for
a reservoir radius of 0.3 meters, the filtrate istan on first reservoir layer (250 mD) and secoeskrvoir layer (2000
mD), respectively, are of 4% and 55%.
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Figure 5. Saturation and pressure profile.

Results shown in Figure 6 illustrate the saturatind pressure profile for three different porouslimebut with the
same database as illustrated in Table 1. The sagidsent the same physical coherence to the misdyidescribed and
detailed in Figure 5. Figures 7 and 8 illustrate 3D saturation profile for reservoir permeabititif 950 mD and 2500
mD. The results indicate the higher filtrate inwasfront is observed in the more permeable resetapeér.
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Figure 6.Saturation and pressure profile.
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Figure 8. Saturation profile — 5500 mD.

Figures 9 and 10 show the impact of filter cakenpbility on pressure and saturation profile. Tineukations
were performed considering filter cakes permeadsiiof 2.0 x 13°m? and 2.0 x 18’ m? respectively. The results
indicate that the pressure profile is significardifected by additional friction loss generatedtbg filter cake. The
results indicate that the pressure profile is digantly affected by additional friction loss geatad by the filter cake.
Lower permeability values present a higher frictiosses and consequently lower pressure valugsgaten point of
the reservoir. The saturation profile also can laseoved, filter cake permeability low values wibult lower saturation
profiles. For example, for a reservoir radius o3 Gneters, the filtrate saturation value is of 5586 filter cake
permeability of 2.0 x 1&° n?. Filter cake permeability of 2.0 x T0m?, the filtrate saturation is 49%, approximately.
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Figure 9. Pressure profile s cake= 2,0 x 106 m?
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Figure 10. Pressure profile 1l cake = 2,0 X 10*" .
4.2. Influence of oil compressibility on pressurerad filtrate saturation profile

For the simulations considering compressible big same behavior was observed, ie, the additioitdibh loss
generated by filter cake permeability changes tresgure profile in the reservoir and consequeritéy gaturation
profile. Moreover, oil compressibility increase<tfiltrate saturation profile. Oil compressibilityas determined
analyzing a typical PVT oil chart from Campos’sibas

PVT analysis provides fluid properties such as fmion volume factor, compressibility, viscosity|udality ratio
and saturation pressure. To determine the bubbiet pb a reservoir fluid, a sub-surface oil is leadat constant
pressure into the PVT cell, placed in equilibriumraservoir temperature and reservoir pressures Way, the
volumetric behavior as a function of pressure dytime tests is observed. From the bubble pressute@nsequently
the gas release, is possible to obtain valuesh®rsblubility ratio, formation volume factor and oompressibility
(Rutledge and Rajagopal, 2007). Oil density profikess determined using the following equation (AhpRaD2).
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Po = Ppref [e(co (P-Frer) (15)

Wherep, and G are oil density and oil compressibility, respeelyy p, is the density at a reference pressure and P
is the reservoir pressure.

Figures 11 and 12 show the filtrate saturationifgdbr two different oil compressibility values.eBults indicate
that high oil compressibility values will presengtn volume fraction (filtrate) at a given point the reservoir. The
results were obtained for filter cake permeabikiyual to 2.0 x 16’ m?, a reservoir radius of 100 meters and a
simulation time of 12 hours. Additional data neeeggor simulation are listed in Table 1.
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The results indicate that for the same radius etli@ reservoir, the filtrate saturation will bgtér when the oil is
more compressible. Simulated values with the aihpressibility equal to 8.0 x 1psi* and 8.0 x 17 psi* (Figures 11
and 12 - green curves) present filtrate saturatiahses equal to 42% and 50%, respectively.
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In oil and gas reservoir scenarios, the drillingdldesign to provide low filter cake permeabiigywery important,
once for the same operational conditions, theafdtinvasion front of these scenarios is more gssjve.
Figure 13 shows the 3D saturation profile consielil compressibility equals to 8.0 x 1@si* and 8.0 x 10

psi®. The results show a significant change in theratian profile for different compressibility simuéad.
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5. FINAL REMARKS

Numerical simulation methodology presented in thigk represents an useful tool for minimizing dnifj fluid
invasion into reservoir. Results show that it isgible to design drilling fluids properties to galaiee an invasion
profile at acceptable levels for reservoir engimegrfluid engineering and geology requirements.

Numerical results indicate that filter cake pernikitghis the major factor governing invasion. Seafeefforts can

be made regarding fluid composition in order toirofte this parameter. Solids size and shape caa di@od path for
that. Formation damage cause diagnosis is a majpic tto be addressed and require the establishroént
multidisciplinary teams involving: well testing,donterpretation and drilling experts.

Oil compressibility is the variable that changeg tlitrate saturation profile into reservoir. Thigay, the
consideration of these effects using data obtalmed®VT analysis is very important to predict th@asion profile
correctly. Some topics will be addressed in futtioe guarantee a more comprehensive modeling: fitizke
compressibility, fine migration and internal filteake, inclusion of shear stress in the cake fittra(dynamic filtration
approach), imbibition effects (scenarios from gaservoir and water blocking topics), reservoir aimgy, non Darcy
flows (gas reservoirs), heat transfer, comparisetwveen numerical results and data obtained bydhkig processing

and sampling data interpretation
6. NOMENCLATURE

A = Area, m?

C = Concentration, m3/m3

L = Length, in or cm

k = Permeability, mD ou m?
kr = Relative Permeability,
P = Pressure, Pa

t=Time, s

V = Volume, m3

v = Velocity, m/s
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ext = external (reservoir)
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w = water
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