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Abstract. Minimizing fluid invasion is a major issue whilgilting reservoir rocks. Large invasion may creagveral problems in
sampling reservoir fluids in exploratory wells. @hable sampling may lead to wrong reservoir eviadumaand, in critical cases, to
wrong decisions concerning reservoir exploitahility

Besides, drilling fluid invasion may also provokeeirersible reservoir damage, reducing its initrad or its long term productivity
(Ladva et al., 2000). Such problem can be critinaheavy oil reservoirs, where oil and filtratedrdaction can generate stable
emulsions. Invasion in light oil reservoir is lesstical due to its good mobility properties. Otheritical scenario is the low
permeability gas reservoirs where imbibition ef§actay result in deep invasion.

A common practice in the industry is the additidrbodging agents, such as calcium carbonateseardtiiling fluid composition.
Such products would form a low permeability layérttee well walls which would control invasion. Amlequate drilling fluid
design requires bridging agent size distributiod eoncentration optimization. The ability of thaifl system to prevent invasion is
normally evaluated by standardized static filtratexperiments. In these tests, the fluid is préssdrithrough a filter paper or into a
consolidated inert porous medium. The volume whitisses the porous core is monitored along the time

This article presents the Darcy flow modeling ohremmpressible cakes to reproduce adequatelyItregin of a Non Newtonian
fluid + particulate system through porous mediund aon Newtonian radial flow modeling to predict tinwasion profile into
reservoir. Pressure differential, rheological bétavilter cake permeability proved to be relevparameters affecting the invasion
profile.
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1. INTRODUCTION

In petroleum engineering, well drilling is an arefcontinuous development in order to improve therent
technologies and look for new ones which can bdiegppgo the adverse conditions faced nowadays arable
operations that were only conceptual some decagies@il well drilling involves costly operations wte avoiding
reservoir damage and minimizing operational time \ary important issues. The drilling operation eyally occurs
through weight and rotation of a string which emiity is connected to a bit. Simultaneously, a gl fluid is
circulated through the well according to the follog path: the fluid is injected into the columnspas through the bit
nozzles and returns through the annular space tbbpehe wellbore and drilling column. Figure 1 tilights the fluid
circulation scheme.

Figure 1 - Fluid circulation system



Different types of fluid are used in the several thilling phases of an offshore well. In its ialtphases, the well is
drilled without fluid return, with sea water or watwith clay when higher densities are requiredeBaed and high
angle sections are normally drilled with fluids éa®n synthetic oils with good lubricity and lovacotivity with shales.
Reservoir rocks are drilled with a fluid family kno as drill-in, composed by saline polymeric sauos with bridging
agents.

One of the drilling fluid basic functions is to ekbéydrostatic pressure over the permeable formatto avoid the
formation fluid invasion to the well while the dirlg operation takes place. The fluid pressureosmally kept above
the formation pore pressure to prevent from kickras (formation fluid invasion to the well), that,some cases, can
lead to an uncontrolled influx (blowout). This cept, called overbalanced drilling, is traditionadi;nployed in most of
the drilling operations worldwide and in Brazil.

As the bit penetrates the reservoir rock, the idglifluid invades the formation due to the positipeessure
differential between the well and the reservoirkcoortions of the liquid phase of the drillingifluare lost to the
adjacent formation while part of the solids presdrih drilling fluid, constituted by particles srealthan the formation
pore size, penetrate the rock during the fluid lossod, rapidly plugging the region around thelv@#lartins, 2004).
Larger particles accumulate on the wellbore watlisiating an external cake formation. The filtrated solid particles
invasion during this process cause damage to fasmatound the well.

The main purpose this paper is to describe a mattiesh formulation which allows the estimation dfefr cake
permeability and non Newtonian invasion profileoitihe reservoir rock. The final goal is to coupkperimental filter
cake permeability data obtained from linear flogt¢eand radial flow modeling to optimize drillingifi designed.

2. FUNDAMENTALS

Consider a static filtration experiment, where aid] when submitted to constant differential pressidlows
through a porous medium previously saturated with $ame fluid. The fluid volume that passes over fbrous
medium is monitored through the time and its rhgigial properties evaluated at the test temperakigeire 2 shows
the experimental scheme.

Figure 2 shows the experimental scheme

The fluid flow through to the porous media is nolijndescribes by Darcy (1856):
M Jk Ep - -
| ci‘ P q =(p-1,9) @
luef

Where the k is the porous medium permeabilityis the fluid viscosity, c is the Forchheimer (1p@bnstant and
Re is the Reynolds number that can be describes by:

Jk[qlp
Re= ﬂ (2)
/uef
and q is the superficial velocity that can be deditvy:
e

When the fluid flow is very slow i.e

Re<<1 (4)
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Quadratic expression given by Eq. (1) can be apmrated by:
Hi
k

—

q= ) ®)

3. LINEAR UNIDIRECIONAL FLOW MODELING (LAB CONFIGURATION)

During the reservoir rock drilling is normally useddrilling fluid type known as drill-in fluids. Tse fluids are
composed by an aqueous base (normally brine) wittiuon carbonate (adding different particle siz&trithution) and
polymer additives that determine non-Newtonian bidra Calcium carbonate and polymer additives Hhelgorm a
low permeability filter cake and minimize drill ftuid invasion into reservoir.

A filtrate sample was collected and taken as amgia for the rheological characterization using% 600 Haake
rheometer, using cone plate geometry. Figure 3 shine flow curve and the power law approach td dhilfluid
filtrate.
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Figure 3 - Drill in fluid rheological behavior

Figure 3 shows the power law approach with cori@tatoefficient () approximately equal to 1. Consistency
index (M) and behavior index (n), respectively esuequal to 0.3227 (P9.sand 0.54, characterizing the non-
Newtonian behavior of the filtrate sample evaluated

To obtain a model able of predicting the filter egitoperties, monitoring the filtration parametavere considered
the following assumptions:

» Filter cake thickness is defined by the solids emiation in the fluid and invasion volume.
» Filter cake permeability is constant.

» Hydrostatic effects are negligible.

*  Fluid filtrate presents Power Law behavior.

e There is no solids invasion into the porous medium.

Non Newtonian linear modelingntegrating the Eq. (5) along the filter cake gmatous medium, considering
incompressible filter cake and neglecting the hgthtic effects:

- |h t
Ap = Uy m _pm 4 hCLE() (6)
kpm kcake
Filtrate viscosity of a non Newtonian fluid candsimated by a Power Law approach:
— -1
U =M./ @

The shear rate in the porous medium can be estimaiecording to Massarani (1999), as a functionthef
superficial velocity (q):

_ g (®)
VE R

Inserting the Eq. (8) in the Eq. (7):

_ ©
dy =M [ i3 j

o]l




Inserting the Eqg. (9) in the Eq. (6):

n—1% pm h:akit)_
(F) l:kpm"‘a_ (10)

Rearranging the Eq. (10):

| Mo, Pt
Ap M (r) Pm|: pm ke::ake (11)
(@p) =M F)w/ )] 12)
kcake
(%)F(K%)m)% q hcake() (13)
kpm kcake
Where:
= _0Q 19V _  dhge
q=§=4% =-"% 9
Porosity is defined by:
- V%
Epom™= VsV, (15)
Porous volume can be obtained by:
V _ spm.VS
p - (1_£pm) (16)
Filter cake volume can be defined by:
Ahcake:Vs +Vp (17)
Substituting the Eq. (16) in the Eq. (17):
Ahcake_ s (18)
or
Ahcake = Vs' (1—gpm) (19)
Differentiating Eq. (19) in relation to time:
dRake — dV% 1
A dtk ~dt - 1—€pm) (20)
Solids Concentration is now defined by:
j— VS
= ——
V,+V, 21)
Vf - VS [(1_ CS)
C (22)
or
V, [C,
(1 C.) 23)
Substituting the Eq. (23) in the Eq. (19):
hcake V (C) l (24)
AL-C)|1-¢,,
Substituting the Eq (24) in the Eq (13):
1
IR .(ﬁ) CAdt= [L + 1_ dV, (25)
Defining:
a=l (26)
=2 (2% (27)
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M \/m \/m mp Korta f

Integrating the Eq. (28) and applying the initahdition (4 =0 em t =0) in the Eq. (28), resulting in C = 0.

= ooy |la gl (R Y 29

Equation (29) (presented by Andrade et. al, 209[?93 to the Newtonian linear model presented bydwahn et.
al. (2004), when:
* n=1 (behavior index)
* M = (consistency index equal to viscosity)

3.1 Linear Unidirecional Flow Validation

To evaluate the flow through consolidated porouslimea commercial equipment (FANN - High PressuighH
Temperature Press Filter Series 387) was usedhisntést, a fixed volume of fluid is set over a téytic porous
medium saturated with the same fluid and submitteal pre-established pressure differential. Theratibn procedure
consists in the immersion of the porous medium thtofluid under vacuum conditions. After the satiom stage, the
porous medium is placed into the press filter lgaoe a high permeability screen in order to minenike pressure
losses in the equipment outlet. Figure 4 showsettperimental cell. Ceramic disks (6,35 cm diamated 0,635 cm

thickness) were used as the filtration media.
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Figure 4 - The experimental cell

Figure 5 shows the comparison between predict apdrenental values. The tests were carried out uad®0 psi
differential pressure, porous medium permeabilind gorosity are respectively, 1x¥®n* and 0,17, filter cake
permeability estimated by non Newtonian linear medgial to 3x18°m? filter cake porosity and solids concentration
are respectively 0,48 and 8%.
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Figure 5 — Filtrate volume vs time curve



The main purpose of the linear static modelingiprovide a mathematical tool which allows to estienthe filter
cake permeability. The determination of this paremes very important to the radial flow modelinggcause with this
information it is possible to predict invasion plefin the reservoir and then to optimize drillifigid properties to
guarantee acceptable levels of invasion into reserv

4. NON NEWTONIAN RADIAL FLOW MODELING (WELL CONFIGURATION)
Adopting the same filter cake building hypothes&tailed for the linear flow, the following expressirelates
invasion radius and time. This equation is valid dareservoir saturated with a Newtonian fluid aviten the filtrate

has low mobility, i.e., it does not percolate thybuhe reservoir fluid.

Radial Friction losses to Newtonian fluid can bigiated by:

_9p _ _Ha Q L Q +_Ho Q (30)
dr K pm DA‘pm K fc Da‘fc K pm DA‘pm
and for Non Newtonian fluid can be calculated Wyafogingpes by Eq. 9):

G M M® 40 (31)
dr L“-l n L“-l n K m m m
szmmpm Kzfcmfc P P
Integrating:
Pres Rinv n; Rint Rext
Idp_% IidH [ Lgrs o QtHer I}dr (32)
Pwell K 2 om [ﬂzm)n Rint r c Rfcr 27t |:IKpm Rlnv
m 1-n 1-n
M@ Ry, MT@ [an“ - Rm“} K 2 pm [ERm -R, ] (33)
n+l - n+ -
K DZn‘_ an K 2 pmif2rt)" 1-n K2 . 1-n
Solids Concentration is now defined by:
c. = Vs (34)
V +V|nv
|nv _V [ﬂl C ) (35)
Invaded Volume can be calculated by:
V, = LellC0) 36)
S
— 2 2 Cs
V, = 1l{Rn — R )L [, L~ S, -S)E 37)
S
And:
V, = R — R )L - @) (38)
Equaling Eqg. (37) and Eq. (38):
Rfc — \/ﬂ [Rzint - Rzinv D( (39)
B-x
Where:
C
B=4p -5, -S,)G-  and x={-¢) (4D
S
Defining flow rate as:
d\/Ir'IV
41
O™ (41)
Substituting Eq. (37) in Eq. (36):
Vi = 7704y = R (L 1~ S, =S, (42)

Differentiating in relation to time:
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Q:%:(ﬂpm |:(:I'_Sor_Slw)ELDZ]T‘:RinVE% (43)
Substituting Eq. (43) in Eq. (33):

il
AD_l%f @m[(l_gr_%\) Ph ﬁBV_FM[(%nRJ:(l—%r_%\))n % " R\\?_n _Rnl_n +K2 pm Fi\:tlrn _Rcl_n (44)
Ko "t = dt 1-n =1 1
K2 pm K2 fc

Equation (44) was discretized using the Tayloresefor the transient term, as the discrete equd4sh had no
explicit solution was necessary to apply a metlwrdHe solution of non linear equation. The methedd to solve the
non linear discrete equation was the method othie for simplicity and security convergence.

mi AD—/'éf@m[tl'_ar_%\)R] I3_F§J+M[(}grmm—§r—%))n((%—mj m_%‘n}'&l” F{f—l—‘{”] T (45)
1 : m JAy 1

§ Ko o % - ™
pm

KE fc n

4.1 Non Newtonian Radial Flow Modeling Validation

To validate the non Newtonian radial flow modeliniga fluid with rheological behavior that followswer law
model will be used the same idea described in newtbinian linear modeling validation: adopting adnabr index (n)
and consistency index (M) that tend respectivelyl tand the effective viscosityl) it is expected that the invasion
profile for both models are identical.

Figure 6 shows the invasion profile in three diéfer curves: Newtonian radial analytical modelingh blue
curve), Newtonian radial numerical modeling (grayve) and non Newtonian radial modeling (red cumwbgn n and
M tends to 1 and effective viscosity, respectivdllge results showed in Figure 6 are identical dadihg the numerical
methodology and non Newtonian radial flow modeling.
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Figure 6- Numerical methodology and non Newtonian radialflnodeling validation
4.2 Sensibility Analysis
» Pressure Differentialthis is a major issue in well design: while lamyeerbalances guarantee wellbore

stability and control, it may enhance invasion.ur&g7 shows the influence of the pressure difféaeon
the invasion radius for five different overbalampressures.
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Figure 7 - Influence of the pressure differentialtbe invasion radius



Filter cake and reservoir permeabiliti€sgures 8 and 9 illustrate the effect of the fitake and reservoir
permeabilities on the invasion radius. Table litkethe base data for the simulation. Results migi¢hat
filter cake permeability plays the major role whitservoir permeability effects are negligible.
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Figures 8 - Effect of the filter cake permeabiltien the invasion radius
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Figures 9 - Effect of reservoir permeabilities ba tnvasion radius

Table 1 - Details the base data for the simulation

Description Value Unit
Porous medium permeability 7.50E-13 mD
Filter cake permeability 2.00E-17 mD
Filtrate viscosity 2.50E-03 Pa.s
Reservoir fluid viscosity 3.30E-02 Pa.s
Internal radius 2.16E-01 m
Reservoir porosity 3.50E-01 %
Solids concentration 8.00E-02 %
Consistency index 1.20 Pa.s
Behavior index 0.5 -
Differential pressure 300 Psi

Filtrate rheological properties and reservoir fluidcosities;Figures 10 and 11 illustrate the effect of the
filtrate rheological properties (behavior index arwhsistency index, respectively). Results indicgien
behavior and consistency index increase the inmasidius decreases, because the effective flumbsity

is reduced (see Eq.7). Effective viscosity playsmaportant role due to the fact that it is the dlwizhich
crosses the low permeability filter cake, generpthre pressure losses which govern the systemrd=ifi
shows the impact of reservoir fluid viscosities thie invasion radius. The same base data detailed on
Table 1 are used. The model says, on the other, lthatdoil viscosity has negligible effect on iniaas

This conclusion is a lot influenced by the non-péation hypothesis. On a real two fluid model, the
viscosity ratio between both fluids should alsoy@a important role in the process.
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Figure 10 - Effect of the behavior index on theaision radius
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Figure 11 - Effect of the consistency index onithasion radius
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Figure 12 - Effect of the oil viscosity on the isi@n radius

5. FINAL REMARKS

e Formation damage cause diagnosis is a major issubet addressed and require the establishment of
multidisciplinary teams involving well testing, logterpretation and drilling experts. A sensibilggalysis on
the linear Darcy flow of a cake building of Non Newian fluid through porous media indicates thhefi
cake permeability is a major parameter governiegatocess.

* Non Newtonian linear and radial flow modeling prasel in this paper can be a powerful tool to optami
filtration parameters, filter cake properties, Idrilfluids design and minimize drill in fluid inggon.

* The filtration properties design methodology pragbén this article is a powerful tool to link lalmdafield
results. Of course the simplified flow models adaphere can be substituted by more realistic anelsiding



filter cake compressibility, filtrate — reservoiuifl percolation, reservoir anisotropy among othelevant
items.

e Further steps in the study include the determinatib optimum particle size distribution which minizas
filter cake permeability, modeling of compressibbke formation, reservoir anisotropy and testira) fiaid
systems. Model results indicate that filter cakenpEbility is the major factor governing invasi@everal
efforts can be made regarding fluid compositiowiider to optimize this parameter. Solids size drape can
be a good path for that.

6. NOMENCLATURE

A = Area, cm? Q = Volumetric flow rate, cm3/s

C = Concentration, cm3/cm3 R = Radius, in or cm int = Internal index

¢ = Forchheimer constant S = Saturation inv = Invasion index

d = Diameter, in t=Time, s iw = Irreducible water index
g = Gravity, m/s2 V = Volume, cm? L = Liquid index

h = Thickness, in or cm Greek letters 0 = Formation fluid index

K = Permeability, mD @ = Porosity or = Residual oil index

L = Length, cm u = Viscosity, cp p = Pore index

M = Consistency index, Pa.s p = Density, ppg pm = Porous medium index
n = Beahavior index Subscripts res = Reservoir index

P = Pressure, psi ext = External index s = Solids index

g = Superficial velocity, cm/s fc = Filter cake index
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