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Abstract. This article deals with the understanding of the major operational parameters governing filter cake building
drilling fluids invasion through reservoir rocks. Darcy flow modeling of non-compressible cakes proved to reproduce
adequately the filtration of a Newtonian fluid + particulate system through ceramic disks. Pressure differential,
particle size and shape proved to be relevant parameters affecting filter cake permeability and porosity.
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1. Introduction

Minimizing fluid invasion is a major issue while drilling reservoir rocks. Large invasion may create several
problems in sampling reservoir fluids in exploratory wells. Unreliable sampling may lead to wrong reservoir evaluation
and, in critical cases, to wrong decisions concerning reservoir exploitability.

Besides, drilling fluid invasion may also provoke irreversible reservoir damage, reducing its initial and /or its long
term productivity. Such problem can be critical in heavy oil reservoirs, where oil and filtrate interaction can generate
stable emulsions. Invasion in light oil reservoir is less critical due to its good mobility properties (Ladva et al., 2000).
Other critical scenario is the low permeability gas reservoirs where imbibition effects may result in deep invasion.

In order to avoid these problems, the drilling fluids industry spends a lot of effort providing non-invasive systems
(Reid and Santos, 2003, Luo et al., 2000 among several others). A common practice in the industry is the addition of
bridging agents, such as calcium carbonates in the drilling fluid composition. Such products would form a low
permeability layer at the well walls which would control invasion. Several authors present fluid composition
optimization studies for specific situations (Krilov et al., 2000 among others).

An adequate drilling fluid design requires bridging agent size distribution and concentration optimization. The
ability of the fluid system to prevent invasion is normally evaluated by standardized static filtration experiments. In
these tests, the fluid is pressurized through a filter paper or into a consolidated inert porous medium. The volume which
crosses the porous core is monitored along the time. Santos et al., (1999) presents an experimental study questioning the
reliability of filter paper filtration experiments to reproduce invasion into unconsolidated reservoirs.

The main goal of this article is, based on conventional formulation for the standard static filtration experiment, to
analyze the impact of several operational parameters which govern invasion, such as: differential pressure between well
and reservoir, nature, shape, concentration and particle distribution of the bridging agent, besides rheological behavior
of drilling fluid filtrate.

2. Fundamentals

Consider a static filtration experiment, where a fluid, when submitted to constant differential pressure, flows
through a porous medium previously saturated with the same fluid. Figure 1 shows the experimental scheme. The fluid



volume that passes over the porous medium is monitored through the time and its rheological properties evaluated at the
test temperature.

Considering that the filter cake is incompressible, the collected volume (V) through the time (t) can be obtained,
from Darcy law simplified to unidirectional and incompressible flow, by the following expression:

h 2 |
P AN /A L (R | 1)
K, ‘24K, (1= J\1-¢4)) aP-4

Where AP is the imposed pressure differential, A and h,,, are the area and thickness of the porous medium and p is
the effective viscosity of the fluid filtrate. K,,, and Ky, are the permeabilities of the porous medium and filter cake,
respectively. Cs is the solids concentration in the fluid, defined as the ratio between the solids volume and total volume
(solids volume (Vs) + liquid volume (V))). ¢ is the filter cake porosity.

Other hypothesis behind this expression are:

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

Hydrostatic effects are negligible.

Fluid filtrate presents Newtonian behavior.

There is no solids invasion into the porous medium.

The complete derivation is detailed in Martins et al., (2004).
3. Experimental work

To evaluate the flow through consolidated porous media, a commercial equipment (FANN - High Pressure High
Temperature Press Filter Series 387) was used. In this test, a fixed volume of fluid is set over a synthetic porous
medium saturated with the same fluid and submitted to a pre-established pressure differential. The saturation procedure
consists in the immersion of the porous medium into the fluid under vacuum conditions. After the saturation stage, the
porous medium is placed into the press filter leaned on a high permeability screen in order to minimize the pressure
losses in the equipment outlet. Figure 2 shows the experimental cell. Ceramic disks (6.35 cm diameter and 0.635 cm
thickness, permeability to air 750 mD and 0.44 v/v porosity ) were used as the filtration media.

The porosity was determined using a gas porosimeter. In this technique, a known gas volume under a known
pressure is expanded to a chamber that contains the sample. The measured pressure drop is related with the chamber
empty volume by the ideal gas law.

The permeability to gaseous fluid was determined in a gas permeameter under a permanent flow pattern. The
cylindrical sample is packed in a cell of high or low confining pressure depending on the consolidation rate and a
gaseous flow (N2) is established lately. This stabilization is observed and, then, flow and pressure differential readings
are taken. The permeability is calculated by Darcy law to compressible fluids. If the sample has a low permeability, a
correction is made to the Klinkenberg effect.

AP =P,-P

Figure 1 — Filtration scheme submitted to a constant AP Figure 2 —-HPHT filtration cell and test apparatus
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3.1 Test matrix and procedure

For most tests, unlike in a drilling fluid composition, a Newtonian fluid was adopted as the liquid phase. The reason
for that was to avoid any effects on physical properties of the filter cake resultant from the presence of high molecular
weight polymers. Such particles, if present in the fluid composition, would certainly affect the dynamic aspects
governing filter cake formation.

The Newtonian fluid should be designed in order to avoid premature sedimentation of the solid particles. The
system composed by the Newtonian fluid and the bridging agents should be stable during mixing and the filtration test
preparation period. Sedimentation should only start when differential pressure is imposed to the system. In order to
fulfill such requirements, gravitational sedimentation should start only after there is enough time to start the filtration
test. Figure 3 shows the sedimentation curves for water + glycerin systems mixed at different ratios. Figure 4 illustrates
the sedimentation experiments for 3.75%v/v (30 lb/bbl) bridging agent concentration. The following volume ratios were
used:

e 50/50 v/v glycerin/water
o 60/40 v/v glycerin/water
e 70/30 v/v glycerin/water
e 80/20 v/v glycerin/water
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Figure 4 - Sedimentation experiments

Figure 3 - Sedimentation Curves
Due to its adequate suspension capacity, the 80/20 v/v glycerin/water was adopted. The following test matrix was
then proposed:

Fluids: 80/20 v/v glycerin/water and 3 Ib/bbl Xhantam gum solution.

Differential pressure: 40 and 60.

Bridging agents: Ceramic microspheres and calcium carbonates (flakes and regular).
Bridging agent concentration : 30 and 50 1b/bbl.

3.2 Characterization of the bridging agents

The characterization of solids size distribution and shape is major issue for filtrate control analysis. One important
aspect is that the solid particle should be compatible with the pore throat size distribution of the porous medium:
bridging agents should be designed in order not to invade the reservoir rock. Particle shape in sizes distribution will
both play important roles in the permoporous properties of the filter cake. Figures 5, 6 and 7 illustrate the shape of the
three bridging agents considered in this study, base on their scanning electron microscope (S.E.M) imaging technique.
The images highlight the spherical shape of the microspheres and the regular carbonate. The image of the flaked
carbonate clearly shows flattened particles. These bridging agents were chosen, among several commercial samples, as
the most adequate ones to prevent solids migration trough the porous medium. There is no particle size distribution data
available for the flaked carbonate since the technique is not adequate for non — spherical particles. Figures 8 and 9 show
the pore size distribution of the ceramic disks experiment. Such analysis was performed using the porosimetry
technique. Figures 10 and 11 show the particle size distribution for the ceramic microspheres and regular carbonate,
determined by using a particle size distribution analyzer through laser dispersion technique (Malvern — Mastersizer
analysis).



Figure 5 — Ceramic microspheres
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Figure 7 — Flaked carbonate
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Figure 8 - Pore size distribution of the ceramic disk
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Figure 10 - Particle distribution of the bridging
agent — Ceramic microspheres

3.3 Experimental procedure

Figure 9- Pore size distribution of the ceramic disk
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Figure 11 - Particle distribution of the bridging
agent — Regular carbonate

e The Newtonian fluid without solids is displaced through the porous medium previously saturated with the
same fluid to determine its original permeability to the liquid. The fluid flow rate which crosses the porous
medium at each pressure differential (40, 60, and 80 psi) is measured as well as the viscosity at the same

temperature of the test.

e The test fluid (containing the bridging agent) is displaced at a fixed pressure differential with flow,
rheological properties and density being evaluated at the test temperature. Filter cake permeability is then

estimated through Equation 1.

e  After the filtration process is concluded, the equipment is disassembled and porous medium + filter cake
system removed (M;). The system is weighted and its thickness evaluated (hc.). The system is then
repositioned into de filtration cell where it is submitted to the flow of water. After this process, the system,
now saturated with water, is removed and weighted again (M;). Filter cake porosity is evaluated based on

Equation 2.



e  The filter cake is now removed from the surface of the porous medium. New Newtonian fluid (without
solids) displacement through the porous medium at same pressure differentials used in first step. The
objective is to check if there was permeability reduction after the test fluid flow.

M 1 M 2
— ¥V Disk Porous
b = (Pay = Pi,o) @
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4. Results

Table 1 summarizes the tests results. The ability of the bridging agents to minimize fluid invasion will be
captured by the filter cake’s permeability and thickness. Filter cake porosity when available and permeability
impairment of the porous media (indicating eventual solids invasion) are also detailed. The correlation coefficient
reflects the adequacy of the non-compressible filter cake approach to fit experimental data. For all the cases the
hypothesis seemed reasonable. Figures 12, 13 and 14 show the comparison between the measured and estimated
volumes as functions of the filtration time for tests with the 3 bridging agents. A sensibility analysis on the effect of the
governing parameter follows. Each test was performed 3 times aiming repeatability.

Table 1. Tests results

Kafter (mD) Kpefore (MD) AP Conc. Bridging Agents Kcake (mD) h (cm) ¢ R
696 622 40PSI | 50Ib/bbl | Ceramic microspheres 181 1.4 N/A 0.99
792 789 60 PSI 50 1b/bbl Ceramic microspheres 106 15 N/A 0.99
808 318 60 PSI 50 1b/bbl Ceramic microspheres 97 15 N/A 0.99
492 451 60 PSI 30 Ib/bbl Ceramic microspheres 49 12 N/A 0.99
580 455 60 PSI 30 1b/bbl Ceramic microspheres 38 17 N/A 0.99
614 513 60 PSI 30 1b/bbl Ceramic microspheres 33 11 N/A 0.99
534 526 60 PSI 30 1b/bbl Ceramic microspheres 21 0.9 N/A 0.99
780 795 40 PSI 30 1b/bbl Ceramic microspheres 49 0.5 N/A 0.98
725 784 40 PSI 30 Ib/bbl Ceramic microspheres 44 0.9 N/A 0.99
754 764 40PSI | 30Ib/bbl | Ceramic microspheres 50 1.0 0.57 0.99
727 733 40PSI | 30Ibbbl | Ceramic microspheres 55 12 0.52 0.98
824 813 40PSI | 30 Ib/bbl Flaked carbonate 36 2.0 N/A 0.99
574 488 40PSI | 30 1b/bbl Flaked carbonate 33 15 N/a 098
876 780 40PSI | 30 Ib/bbl Flaked carbonate 32 1.9 N/A 0.98
658 636 40PSI | 30 Ib/bbl Flaked carbonate 21 - N/A 0.99
780 755 60PSI | 30 Ib/bbl Flaked carbonate 36 15 N/A 0.99
608 613 60PSI | 30 Ib/bbl Flaked carbonate 30 1.5 N/A 0.99
543 651 60PSI | 30 Ib/bbl Flaked carbonate 29 15 N/A 0.99
707 734 60PSI | 50 Ib/bbl Flaked carbonate 38 3.2 N/A 0.99
684 583 60PSI | 50 Ib/bbl Flaked carbonate 38 3.5 N/A 0.99
784 745 60PSI | 50 Ib/bbl Flaked carbonate 51 - N/A 0.97
845 795 40PSI | 30 1b/bbl Regular carbonate 91 12 0.53 0.98
777 795 40PSI | 30 Ib/bbl Regular carbonate 117 13 0.51 0.99
793 784 40PSI | 30 Ib/bbl Regular carbonate 117 12 0.52 0.99
730 728 40PSI | 30 Ib/bbl Regular carbonate 96 12 0.58 0.99
682 678 60PSI | 50 Ib/bbl Regular carbonate 131 23 0.65 0.99
475 572 60PSI | 50 Ib/bbl Regular carbonate 97 26 0.63 0.98
450 478 60PSI | 50 Ib/bbl Regular carbonate 72 24 0.61 0.99
779 478 60PSI | 50 Ib/bbl Regular carbonate 106 25 0.79 0.99
389 317 60PSI | 30 Ib/bbl Regular carbonate 91 17 0.67 0.99
687 638 60PSI | 30 Ib/bbl Regular carbonate 138 18 0.61 0.98
657 544 60PSI | 30 Ib/bbl Regular carbonate 44 1.8 0.55 0.99
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Figure 12 - Ceramic microspheres

Figure 13 — Flaked carbonate

Figure 14 — Regular carbonate

e  Pressure Differential. Figures 15, 16 and 17 show the effect of the imposed differential pressure on the filter
cake permeability for the 3 different bridging agents. For all the cases, as expected, the permeability decreased
with the increase of differential pressure. Further data are required to explore the wider range of pressure
differentials which characterize drilling operations.
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Figure 15 - Effect of AP — Microspheres

Figure 16 — Effect of AP — Flaked carbonate Figure 17 - Effect of AP — Regular carbonate

e Nature and shape of the bridging agent: Figures 18, 19 and 20 illustrate filter cake permeabilities for the 3
different bridging agents at two pressure differentials and concentrations. Results indicate that particle shape
plays an important role on filter cake permeability reduction. In both situations, the flaked particle resulted in
lower filter cake permeabilities, probably to particle accommodation. Effects of particle size distribution
certainly play a role in the process and require further investigation.
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Figure 18 -Effect of shape - 40psi /301b/bbl

Figure 19 -Effect of shape - 60psi /501b/bbl

Figure 20- Effect of shape — 60psi /301b/bbl



e Bridging agent concentration: Figures 21, 22 and 23 show the effect of solids concentration on the filter cake
permeability. For the flaked particle, the increase of solids concentration helped to reduce filter cake
permeability. Such effect was negligible for the ceramic microspheres.
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Figure 21 — Effect of conc. - Microspheres

Figure 22 - Effect of conc.— Flaked carbonate

Figure 23 - Effect of conc.— Regular carbonate

e  Fluid nature. Preliminary exploratory tests were run with xhantam gum solutions as liquid phases. A first and
important conclusion is that the presence of polymers can generate compressible filter cakes. This fact can be
exemplified by Fig. 24 where model results don’t match the experiment.

5. Final Remarks
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Figure 24 - Linear model validation

e A sensibility analysis on the linear Darcy flow of a cake building Newtonian fluid through porous media
indicates that filter cake permeability is a major parameter governing the process.

e The experimental procedure proposed in this article is a comprehensive methodology for the determination of
drilling filter cake properties which govern fluid invasion through reservoir rocks (permeability and porosity).

o Effects of Pressure differential, particle shape, size and concentration on filtration are illustrated in the article.
The choice of a Newtonian fluid as the continuum media generated non-compressible cakes at low differential
pressures. High differential pressures and non Newtonian fluids can generate compressible cakes with higher

sealing capacity.

e  Further steps in the study include the determination of optimum particle size distribution which minimizes
filter cake permeability, modeling of compressible cake formation and testing real fluid systems. Model results
indicate that filter cake permeability is the major factor governing invasion. Several efforts can be made
regarding fluid composition in order to optimize this parameter. Solids size and shape can be a good path for

that.
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