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Abstract

Previous studies indicated that the filter cake Wwaterogeneous and contained two layers with diffeproperties such as
thickness, porosity, and permeability. The diffeein properties will affect the filtration proceassd the filter cake buildup
for each layer. Previous models of filter cake dwd assumed that the filter cake was homogenousamidined one layer,
which undergoes compression followed by buildup.

The objective of this study is to measure ttiiekness of the two layers of the filter cake atsdeffect on the filtration
process by using a new approach. Our objective ial$o develop a valid method to determine lochitdfiion properties,
porosity and specific resistance, for each layghafilter cake. A HPHT filter press was used &wfprm the filtration process
under static conditions (22% and 300 psi). CT (computed tomography) scanner wead to measure the thickness and
porosity of the filter cake.

The results obtained from the CT scanagiibthat there was an inflection time at 7.5 mirfilbfation at which the
process changed from the compression to buildumpCession region before 7.5 min, in which the thiess of the external
and internal layer decreased and there is a ghaaige in the average porosity in both layers. Bilcegion after 7.5 min, in
which the thickness of the internal layer increaech 0.03 to 0.07 in. and the average porosityesed from 35 to 15%.
The thickness of the external layer also incredszd 0.04 to 0.09 in. and the average porosity eesed from 25 to almost
0.0% due to poor sorting in this layer, which preeel more filtration thereof. The new approactidretxplained the change
in thickness and porosity of each layer of thefitake with time.

Introduction

The filtration properties are an important charastie of all drilling fluid. The filtrate invationinto the formation can
substantially reduce the permeability of the neallbwre region by a number of different mechanispasticle plugging, clay
swelling, and water blocking. In addition, theuratand the thickness of the filter cake depositedhe formation face will
increase the potential for differential pressurekstg.

Arthurn (1988) discussed the fluid flow thrbuthe filter cake. He mentioned that as the suspersblids are deposited
during the cake filtration, liquid flow, as a ressof the hydraulic pressure gradient through thterficake. A drag force is
therefore exerted on the solid particles and isutative as liquid flows through the filter mediunte also stated that, the
compressible filter cake exhibits non-linear perhilg and porosity profiles, with a maximum portysat the cake surface,
the drag force equal to zero, and minimum at ther fimedium surface.

Jiao and Sharma (1994) illustrated that thee ogrowth rate gradually decreased until an equilib filtration rate is
attained at which no particles small enough todygosited are available in the suspension.

Khatib (1994) stated that the cake porosityasconstant and varies with the applied presgargcularly for compressible
particles and the filter cake characteristics of #volids can be defined by developing empiricalnqeability-porosity
correlations.

Fathi and Theliander (1995) developed a metitodetermine the local filtration properties sueh specific filtration
resistance and porosity. The buildup of the fitteke was simulated by layer by layer model as sHowhheliander and Fathi
(1996). They found that change in pressure duthiegouildup was close to the measured one.

The reduction in local permeability of thediltcake results from two factors: cake consoligatind cake clogging (Tien et
al. 1997). Cake consolidation arises from the c@sgive stress within the cake while cake cloggéntpused by the retention
of fine particle. The amount of the fines involvady be small but its effect on permeability carsblestantial.



2 SPE SAS-1047

A relatively simple approximate model has bdewmeloped by Tiller et al. (1999) to describe iedavior of compactible
cakes deposited under constant applied pressunati 2t al. (2009) developed simple model that pesdict the cake
thickness and velocity profiles in radial geomefoy a suspension containing mono-sized particldseyTshowed that
simplifying assumptions may lead to errors in pcadg the cake profiles.

The objectives of this paper are to obtaif:tke filter cake properties such as thicknesspgity, and (2) permeability of
the two layers by using a computed tomography (&&hner.

Experimental Studies
Materials
Water-based polymer drilling fluid was used in theperiments, which contained calcium carbonate rfB€rons) as a
weighting material and bentonite was used as asifier, the composition of the drilling fluid isvgn inTable 1.

Ceramic disks (10 pm) of permeability 775 merevused to stimulate the formation for filtratiprocess at a desirable
temperature and pressure.

Preparation of Drilling Fluid

The drilling fluid was prepared by mixing 350 g aieized water (base fluid) with 18 g bentonite, whizas used as a
filtration control agent for 20 minutes. 0.25 gsoidium carboxy methyl cellulose, which was used &HT filtrate control
agent was added and mixed for 5 minutes. 4.0 dgobil\noxidized leonardite, which was used as artbinvas added with 0.6
g of caustic soda, which was used as an alkalaggnt, and they were mixed for 5 minutes. 28 gatifiam carbonate, which
was used as a weighting and bridging material wadde@ and mixed for 10 minutes. Finally, 27 g okt calcium
montmorillonite clay, which was used as a simuldheid was added and mixed for 5 minutes.

Properties of the Drilling Fluid

Table 2 summarizes the properties of the drilling fluidhéTmud properties were measured by using mud bakamt Fann 35
viscometer. The results obtained were 69 pcf forsitg, 12 cp for a plastic viscosity measured 4 %2 and 8 Ib/100 ftfor a
yield point.

HPHT Filtration
Static HTHP filtration tests were performed usingtandard HPHT filter. The cell was placed in atimgajacket and the
system was heated to the desirable temperature’&2%5he applied pressure was 300 psi differentiabgure.

The filtrate volume was measured at 1, 3,056,156, 20, 25, and 30 min and the filter cakes veesmned by using CT scan.
The density of filtrate was measured using a haghperature density meter (DMA 4100) at differemyperatures as shown
in Fig. 1 and the filtrate viscosity was 0.2 cp at ZBas shown irFig. 2 , measured using a capillary tube viscometer
(Ubbelhold type).

Results and Discussion
Porosity Determination
The filter cake was scanned twice in wet and dndaoons for each time of filtration as shownHig. 3. It was shown that the
filter cake contained two layers with differentakiness with time. The ceramic disk was scannedrbdf® experiment in wet
and dry conditions to determine its initial porgsithe CTN (CT number) for wet conditions was 1%%@ for dry conditions
was 1180.

From the CT scanner results, the porosityashdayer and the porosity of the ceramic disklmawbtained using Eqg. 1.

CTwet— CTdry

= et e e e e e e e e e et e 1
Q) CTwater_CTair ( )
where
CTwet = CTN of the slice with core saturated with evat
CTay = CTN of the slice when the core is dry

CTyaer= CTN of water
CT,; = CTN of air.

Table 3 summarizes the calculation of porosity for botyels and for the filter medium. It was shown tHare was a
large variation in the porosity of each layer bef@r5 min (compression time) and there is a spetiéind of the average
porosity of each layer after 7.5 min (Buildup time)

Fig. 4 illustrates the average porosity of the interagkrs at 1 mingp) was 50%, the time before compression start, and
this value decreased to 17% at 3 mins as a refsdiag force, which acting on the particle duehe tross flow as discussed
by Al-abduwani et al. (2005), and Zinati et al. @2). The average porosity of the internal layemtincreased to 45% as
more precipitation occurred. After 7.5 min, the r@gee porosity of the internal layers started torel@se from 35 to 15 vol.%
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as the filter cake buildup. During this period thevere mainly two forces acting on the internaklayhe drag force and the
effect of the external layer, which act as a pigiarthe internal layer.

The average porosity of the external layer 88% when no compression occurreg) (@s shown inFig. 4. In the
compression region before 7.5 min, there was a&lderrease in average porosity to 5% due to theepce of a high drag
force and then increased to 55% as more precimitatccurred. After 7.5 min the build up region,rtheras a normal trend of
the average porosity, which decreases from 220té8®as a result of poor sorting in the externattay

The value of the average porosity of the maéand external layer at time of no compressignwas comparable with the
value given by Fathi and Theliander (1995).

The porosity of the filter disk was calculatesing Eq. 1. Before the filtration process porosigs found to be 37% and
after the filtration process porosity was in thaga from 20 to 25%. The change in porosity of titterfdisk indicated
variation in its permeability, which should be ciiesed when calculating of the filter cake permétgbi

Calculation of Filter Cake Thickness

Table 4 summarizes the thickness calculations for thermateand external layer&ig. 5 shows that the both layers passed
with two regions during the filtration process. Ttieckness of the internal layer decreased fron¥ Gd 0.03 in. in the
compression region, and the thickness of the eatdayer also decreased from 0.04 to 0.02 in. fhfekness of the internal
layer was greater than the thickness of the extéaigars as a result of the precipitation of lapgeticles in this region under
static condition, as shown by Jio and Sharma (1,284) Civan (1998).

In the buildup region, which appeared aftés min, as shown irFig. 5, the thickness of the internal layer started to
increase from 0.035 to 0.07 in. at 30 min. Als® thickness of the external layer increased frod2 @o 0.09 in. at 30 min,
the end time of filtration process.

The thickness of the internal layer was lassitthe thickness of the external layer in thedugilregion, which reflected the
effect of the change in porosity of the externgklain this region. As the porosity of the extertajer decreased no more
particles could move through the filter cake anddeepoor sorting occurred and as a result the sk of the external layer
increased.

Permeability Determination

Depending on the porosity of the external and maklayers, which obtained from the CT scannenneability of both layers
can be calculated from an empirical correlation Edeveloped by Khatib (1994)able 5 summarizes the calculation of this
method.

ke =112.7%e7880=0c) 2)

where
k. = permeability of the mud cake, md

¢ - porosity of the filter cake, volume fraction

As porosity decreased with filtration time,eeage permeability of the filter cake and perméigbdf the external and
internal layers decreased with time as shown in &igrhis method simulated what occurred in thieafilon operation. No
filtration occurred after 30 min which result frahre decrease of permeability of the external lajlereached a zero value at
this time. This method overestimated the valugh®fpermeability of the filter cake and gave highmues as compared with
the values given by Elkatatny et al. (2011).

The change in permeability of filter media daa obtained from Eq. 3 developed by Lambert (198t9m CT scan
experiments, initial porosity was 37% and finalgmity was found to be 20-25%.

Kfina ? n
pnal. (Q—f) TR 3)
where
kina = permeability of ceramic disk after filiat process, md
¢ = final porosity of ceramic disk afteltrtion process, volume fraction
kinia = initial permeability of ceramic disk, md
¢ = initial porosity of ceramic disk, vohe fraction

A ¢max = 0.08,M=1,and n=3.

Table 6 shows that the permeability of the filter diskuedd by 85% as the porosity reduced to 20%. Thectexh of the
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filtrate rate with time was shown Fig. 7. Using the flow rate, the average permeabilityheffilter cake can be obtained by
using Li et al. (2005) method.able 7 summarizes the calculations based on Egs. 4-6.

AP
R T e e 4
q=Km - (4)
AP, = APy 4 AP e e (5)
AP
R o e 6
q=Keop (6)
where
q = filtrate rate, Am?-s
Kn = filter medium permeability, m
K. = filter cake permeability, fn
L, = thickness of filter medium, m
L. = thickness of filter cake, m
u = filtrated fluid viscosity, Pa.s
AP, = pressure drop across the filter medium, Pa
AP, = pressure drop across the filter cake, Pa
AP, = total pressure drop, Pa

Fig. 8 shows that the average filter cake permeabilitg Wa 7 pd at initial period of filtration, decredge nearly 0.4 ud
from 5 to 25 min and reduced to zero at the erfiltcdtion. Depending on the porosity obtained frtime CT scanner for each
layer, the permeability ratio of the external antkinal layer can be obtained using Khatib (199dhwod, Eq. 7.

% = o880 @)
2

where
k; = permeability of the external layer, md
k, = permeability of the internal layer, md

¢ 1 = porosity of the external layer, vol. fraction
¢ > = porosity of the internal layer, vol. fraction

The permeability of each layer can be determinétbusqg. 8:

_ _ hdkiky
Kave = Mol —lgly 17" (8)
where
kave = average filter cake permeability, md
h; = thickness of the external layer, in.
h, = thickness of the internal layer, in.

Table 8 summarizes the calculations of the permeabilitiona the permeability of each layer, and the presgirop in
each layer. In the compression region, the thickioéshe internal layer was higher than the thiclsnef the external layers, so
the pressure drop due to the drag force was highte internal layer as compared with the extelangr. While in the build
up region, due to the reduction of porosity andeéase in the thickness of the external layer, tesgure drop in the external
layer was higher as compared with the internalrlageshown irFig. 9.

Fig. 10 shows that the permeability of internal layers wamller than the permeability of the external iajethe first time
of filtration due to the effect of the drag foraedamost of pressure drop occurred in the intemngd. With more filtration, the
permeability of the external layer decreased tb U2l and finally decreased to zero at the end lohtion due to the
continuous reduction in porosity until reachingeaazvalue after 30 min of filtration. While the pggability of the internal
layer, in the build up region, increased to 1.5apd became constant to the end on filtration, as/shnFig. 10.

Conclusions
Filter cake generated by water-based drilling 8uidas eaxamined for different time using CT scaniarosity was
determined from CT scanner, which was used to ohiéter permeability of filter cake. Various modelsravexamined.
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Based on experimental results, the following cosidis can be drawn:

1. During the filtration operation there was an infien time at 7.5 min at which the process changerhfcompression
to buildup.

2. The CT scan provided a good method to obtain tleagh in the thickness and porosity of both layérhe filter
cake. Also, it provided the change in filter megi@perties, which should be considered in the taficin of the
filter cake permeability.

3. The empirical correlation given by Khatib (1994pyided a good simulation of the change in perméglof both
layers depending on the change in their porositythis method overestimated the average valubeopermeability.

4. Lietal. (2005) method gave a valid value of therage permeability of the filter cake and the peahility of each
layer can be obtained by combining Li et al. (2085) Khatib (2004) methods.
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Table 1: Laboratory Formula to Prepare the Equivalent obll b

Component Description/Function Amount, g
Water Base liquid 319
Bentonite Clay for viscosity/API filtrate control 18
Carboxymethylcellulose API/HP/HT filtrate control .28
Highly oxidized leonardite APl/secondary thinner 04.
Caustic soda Alkalinity agent 0.6
Calcium carbonate (50 micron) Weight material/bindgagent 28
Calcium montmorillonite clay Simulated solids 27
Table 2: Properties of the drilling fluid.
Property Units Value
Density Ib/it® 69
Plastic Viscosity cp 12
Yield Point Ib/100 ff 8
Gel Strength @ 10 sec Ib/100 ft 4
@ 10 min 10

*All properties were measured at 178 except density which was measured at room teatyrer.

Table 3: Porosity obtained from the CT scan for externdknmal layers and for the ceramic disk.

Filtration Time External Layer Internal Layer Filter Disk Porosity,
(min) Por osity, vol.% Por osity, vol.% vol.%
1 85 50 30
3 5 17 30
5 55 45 30
10 20 35 25
15 15 35 25
20 10 30 25
25 5 25 20
30 0 15 20
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Table4: Summary of the thickness calculation for the indkiand external layers with time.

Filtration Time External Layer Internal Layer Thickness | Total cake Thickness
(min) Thickness (in.) (in.) (in))

1 0.04 0.07 0.11
3 0.035 0.06 0.095
5 0.03 0.05 0.08
10 0.06 0.04 0.1

15 0.07 0.05 0.12
20 0.08 0.06 0.14
25 0.085 0.065 0.15
30 0.09 0.07 0.16

Table 5: Changes in filter disk porosity and permeabilitiegfiltration process.

Filtratic_)n Time Filter Disk Porosity, Final Permeability (md)
(min) vol.%
1 30 413
3 30 413
s 30 413
0 25 239
T 25 239
20 25 239
e 20 122
20 20 122
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Table 6: Average filter cake permeability using Khatib’s §49 method.

Filtration External Layer Internal Layer External Layer Internal Layer Average
Time (min) Por osity, vol.% Por osity, vol.% Permeability (ud) Permeability (nd) per meability (pd)
1 85 50 30106 1384 2119
3 5 17 26 76 45
5 55 45 2148 891 1142
10 20 35 99 370 140
15 15 35 64 370 97
20 10 30 41 238 63
25 5 25 26 153 41
30 0 15 17 64 25
Table 7: Average filter cake permeability using Li et aZ005) method.
et | vty | Flugterste | sem o | apeien | pamaiy .. | ity .
1 4.42 4.29E-06 13.34 2068414 1.16E-18 1.17
3 4.86 2.38E-06 7.40 2068420 5.54E-19 0.56
5 5.23 1.92E-06 5.97 2068421 3.77E-19 0.38
10 6.10 1.52E-06 8.20 2068419 3.74E-19 0.38
15 6.76 1.30E-06 7.02 2068420 3.84E-19 0.39
20 7.55 1.23E-06 6.64 2068420 4.24E-19 0.43
25 8.06 1.12E-06 6.03 2068421 4.13E-19 0.42
30 8.60 1.05E-06 5.65 2068421 4.13E-19 0.00
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Table 8: Calculation of the permeability ratio, pressurepland the permeability of each layer.

Fivaion | pamebiiy | QIR | mena Lo | GEIST | NS

(nd) (ps) (psi)
1 21.76 16.64 0.76 8 292
5 2.41 0.72 0.30 60 240
10 0.27 0.27 1.00 255 45
15 0.17 0.25 1.48 267 33
20 0.17 0.28 1.61 266 34
25 0.17 0.27 1.55 265 35
30 0.27 0.00 1.55 300 0
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Density of Filtrate Fluid (g/cm?3)
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d = -0.0003T + 1.0216
R2 = 0.9929
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Fig. 1: Change of filtrate fluid density with change in fgenature.

Filtrate Fluid Viscosity (cp)

1.2
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u = -0.682In(T) + 3.8744
R2 = 0.9901
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Fig. 2: Change in filtrate fluid viscosity with change entperature.
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Fig. 3: The CT scanner results for the filter cake at B,3,0, 15, 20, 25, and 30 min. There is a deanganithickness from

1 to 5 min for both layers and start of increasereéd min.
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Fig. 4: Change in the average porosity of the internaleddrnal layers. After 7.5 min, there was a logémtl of the porosity

for each layer.
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Thickness (in.)
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Fig. 5: Change in the thickness of the external and intéayars with time.
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Fig. 6: The reduction of the filtrate rate with time dugiB0 min of filtration.
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Filter Cake Permeability (pud)
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Fig. 7: Average permeability of the external and intetagérs calculated using Khatib (1994) model.

Filter Cake Permeability (pud)

©® Average Permeability
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Fig. 8: Average permeability of the filter cake obtainedadpplying Li et al. (2005) method.
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Pressure (psi)
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Fig. 9: Pressure drop across the internal and exteryat.la

Filter Cake Permeability (ud)
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Fig. 10: The permeability of the internal and external layer



