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Abstract Application of nanotechnology in drilling
fluids for the oil and gas industry has been a focus of
several recent studies. A process for the in situ
synthesis of nanoparticles (NPs) into drilling fluids
has been developed previously in our group and
showed that calcium-based NPs (CNPs) and iron-
based NPs (INPs), respectively, with concentrations
of 0.5-2.0 wt% can dramatically improve filtration
properties of commercial drilling fluids in a laboratory
environment. In this work, a modified process for the
emulsion-based synthesis of NPs on a 20 m® volume
and its subsequent full-scale field testing are pre-
sented. Comparison between NP carrier fluids pre-
pared under controlled environment in the laboratory
and those prepared on a large scale in a mixing facility
revealed very little variation in the main characteris-
tics of the drilling fluid; including the size of the solid
constituents. Transmission electron microscopy pho-
tographs suggest an average CNP particle size in the
carrier fluid of 51 £ 11 nm. Results from the full-
scale field test showed that total mud losses while
drilling with CNP-based invert emulsion were on
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average 27 % lower than in the case of conventional
fluids. This loss prevention falls within the range
observed in the laboratory.
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Introduction

Loss of drilling fluids is one of the leading causes of
non-productive time and drilling problems. An estimate
two decades ago showed that cost associated with fluid
loss exceeds $1B annually (Liu and Civan 1994).
Invasion of drilling fluid filtrate and suspended solids
into a near-wellbore region during drilling operations
leads to formation damage and can cause wellbore
instability, severe permeability impairment, and a
substantial decline in production (Shahri and
Zabihi 2012; Jiao and Sharma 1996). In addition,
invasion of wellbore fluids often masks the data
acquired by most logging tools and has a detrimental
impact on formation evaluation (El-Wazeer et al. 1999).

These issues are partially circumvented using lost
circulation materials (LCMs), which plug formation
pores or fracture throats, form a filter cake, and reduce
filtrate flux into formation. Bridging occurs when the
size of particles is approximately 1/3 that of a pore
opening, and there exists an optimum LCM size range
that makes them effective at sealing a respective size
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of a pore or fracture (Zakaria et al. 2012). Commonly
used LCM are granular or fibrous solids ranging
anywhere between several pm to several mm in size,
which limits their performance in sub-micron pores,
such as in the case of tight formations or induced
fractures (Nelson 2009). Once a pore opening is
bridged and cake is formed, flow of mud filtrate into
the formation is described by the radial form of
Darcy’s law, and depends on internal properties of the
cake, such as porosity and permeability, composition,
particle distribution, thickness, compressibility, resis-
tance to erosion under dynamic conditions, and
surface forces between particles (Jiao and Sharma
1994). As a result, a thin, quick-forming, filter cake
with low permeability can reduce mud losses, prevent
fracture formation or propagation by creating a seal
between the formation and the hydrostatic pressure in
the wellbore, reduce the possibility of differential
sticking and can be easily removed by acid wash or
hole cleaning.

Recently, several studies have shown that drilling
muds that combine conventional LCM with particles
in the nanometer domain can dramatically reduce fluid
loss and form a thinner filter cake, compared to drilling
fluids containing LCM alone (Amanullah and Al-
Tahini 2009; Amanullah et al. 2011; Contreras et al.
2014a; Zakaria et al. 2012; Nwaoji et al.
2013; Hoelscher et al. 2013; Li et al. 2013). Due to
their small size and high surface area, finely dispersed
nanoparticles (NPs) are able to form tighter packing
structures and effectively fill the gaps between the
micron-sized particles that would otherwise permit
fluid flow. Subsequently, this leads to lower perme-
ability and reduced filtrate flux. This process is
illustrated in Fig. 1. Furthermore, NPs and their
agglomerates can also serve as bridging agents in the
case of micro- or nanopores, as was demonstrated in
experiments on shales (Sensoy et al. 2009; Contreras
et al. 2014b).

In line with these observations, previous experi-
ments on invert emulsion drilling fluids conducted in
our lab have shown that in situ prepared NPs are
effective at reducing filtrate volume in low pressure,
low temperature as well as high pressure, high
temperature (HPHT) fluid loss tests (Zakaria et al.
2012). Generally, standard fluid loss tests do not
necessarily correspond to the actual mud losses
experienced while drilling (Santos et al. 1999). The
main goals of the current work were to scale-up the
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in situ NP preparation method developed earlier in our
laboratory to an industry-scale process, and carryout
full-scale field testing using NP-based drilling fluid.
Six full-scale field tests were conducted in order to
provide reliable observations on the performance of
NPs under real-life conditions. Depending on the total
depth (TD) and diameter of a borehole, volume of mud
in a given well can exceed 200 m>. Even at a low
concentration of 0.5 wt%, more than a metric ton of
NPs would have to be produced onsite. Since better
control of mixing was deemed necessary, field testing
employed a ‘carrier’ approach, whereby a custom
invert emulsion of 20 m® volume containing 5 wt%
in situ calcium-based NPs (CNPs) was first prepared in
a specialized mixing facility, then delivered to a rig
site where it was diluted to the target concentration.

Materials and methods
Large-scale carrier emulsion synthesis

Without delving into proprietary details, industry-
scale synthesis of NP-based carrier emulsion followed
a bench-scale process developed in our laboratory
(Husein et al. 2012). The CNPs were produced via a
water—oil (W/O) microemulsion approach, which
served as a mechanism to achieve size control and
particle stabilization during chemical co-precipitation
of aqueous precursors (Husein and Nassar 2007a, b,
2008). The CNPs were selected for the field imple-
mentation due to their good performance in laboratory
fluid loss experiments, known compatibility with
invert emulsion drilling fluids, low toxicity and
inexpensive and widely available precursors. In order
to minimize the impact of the carrier emulsion on the
basic properties of the drilling fluid, the final formu-
lation was based on an 83/17 ratio of O/W, similar to
that used in the drilling operation, and only contained
typical oilfield chemicals and additives. The industry-
scale process was implemented in a drilling fluids
mixing facility equipped with a 150 hp centrifugal
pump and high-pressure shear jets.

Particle size analysis
Particle size of CNP produced via carrier approach

was measured using transmission electron microscopy
(TEM; Hitachi H7650), operating at 100 kV
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Fig. 1 A schematic WELLBORE
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accelerating voltage. An aliquot of the carrier emul-
sion was taken prior to addition of organophilic clays
and diluted in absolute ethanol. Following centrifu-
gation at 4000 rpm for 10 min, washing with ethanol
was repeated four more times to ensure removal of
residual oil and emulsifiers. Subsequently, centrifuged
solids were washed with deionized water five times to
remove excess lime until pH value reached 7. Finally,
white powder was dispersed in ethanol and one drop
was added onto carbon-coated copper TEM grid for
analysis.

Particle size distribution in the as-prepared labora-
tory and the field-based carrier emulsions was mea-
sured using a Malvern Zetasizer Nano ZS operating at
633 nm wavelength and 25 °C (Malvern Instruments
Ltd., UK). Samples were first diluted in tetrahydrofu-
ran (Sigma Aldrich, USA) to achieve a concentration
of ~ 100 ppm and then sonicated for 10 min prior to
taking the measurement. Four duplicates and two
different concentrations per sample were measured
and reported as the average. Refractive index and
absorbance were tuned to match the material of
interest. Distribution and cumulants fit were moni-
tored to ensure that the data met quality criteria and
that the background signal of other components in the
sample be minimized.

Drilling fluids testing

In order to determine the performance of the carrier
emulsion approach for NP preparation and addition

FILTER CAKE

relative to our previous techniques (Husein et al.
2012), six different virgin and recycled commercial
invert emulsion drilling fluids were tested in the
laboratory. All drilling fluid testing was carried out
using industry-standard equipment and following the
American Petroleum Institute (API) procedures
(API 2014). Drilling fluid samples were sheared at
7500 rpm for 30 min using a Hamilton Beach HMD-
200 mixer equipped with a sine-wave spindle prior to
measurements. Table 1 lists the properties of the fluids
involved.

Mud weight (MW) was measured at standard
temperature and pressure using a FANN model 140
mud balance (part number 206768, FANN, USA).
Three measurements were collected per sample
following high-shear mixing. Prior to taking a
reading, mud cup was tapped with a metal cap to
release gas bubbles. Electrical stability (ES) of the
invert emulsion drilling fluids was measured with an
OFITE ES tester (model #131-50, OFI, USA). After
30 min of high-shear mixing, a sample of the
drilling fluid was transferred into a FANN heating
cup (part number 101558383, FANN, USA) set at
50 °C. Temperature was allowed to equilibrate over
a 10-min period, after which a sample was rapidly
stirred for 2-3 s using a probe, and the reading was
taken. Rheology of the drilling fluid samples was
evaluated at 50 °C using a FANN model 35
viscometer (FANN, USA). Sample was placed in a
heating cup stirred at 600 rpm for 10 min. Dial
readings were taken at 600, 300, 200, 100, 6, and
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Table 1 An overview of

Names Base oil Virgin/recycled Mud weight (kg/m3) O/W ratio
drilling fluid samples
involved in the laboratory Cutter-D Diesel Virgin 1030 90/10
testing Mineral OBM Mineral Virgin 913 80/20
Diesel OBM Diesel Virgin 975 78/22
Cutter-D Diesel Recycled 1070 85/15
Distillate 822 Diesel Recycled 1090 85/15
Distillate 822 was Megadrill Diesel Recycled 1150 85/15

employed in the field testing

3 rpm. Finally, gel strength was measured at 10 s
and 10 min. Dial readings at 600 and 300 were used
to calculate the yield point and the plastic viscosity
per the following equations:

ty = 600 — 0300, (1)

Ty = 0300 — Ly, (2)

where p, is plastic viscosity (cP), 1, is yield point (Ib/
100 ft?), 0300 and Oggo are dial readings at 300 and
600 rpm, respectively.

HPHT fluid loss experiments were carried out using
a 175 mL single-capped OFITE HPHT filter press
with a 40 cm? filtration area (model #170-00, OFI,
USA). Samples were sheared for 30 min and
~ 160 mL was loaded into a mud cell. Cell was then
assembled and placed inside a heating jacket, where it
was allowed to reach the target temperature over a
30-min period. Temperature varied between 80 and
120 °C to match the testing conditions used by mud
companies. During the heat-up period, 100 psi of
pressure was applied by means of compressed CO,
bulbs to prevent vapor pressure build up. Subse-
quently, pressure differential was adjusted to 500 psi
and the bottom valve stem was opened to initiate
filtration. Volume of filtrate was recorded after 30 min
and reported as a multiple of 2 to convert the filtration
area to the API standard. Cell was then emptied and
the thickness of a mud cake was measured using a
digital caliper with accuracy of 0.1 mm. Three
readings were taken at different sites of a cake and
reported as an average.

Volumetric composition of the drilling fluid sam-
ples was performed using an OFITE 50 mL retort kit
(part #165-14). Sample cup was filled with a freshly
sheared invert in several portions, followed by gentle
tapping to release gas bubbles, until the fluid level
reached the top of the cap. Fine steel wool was packed
into the top part of the holder to prevent non-volatile
components from entering the condenser. Liquid
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fraction was collected in a 50 mL graduated cylinder,
and the experiment was stopped when the volume
remained constant for 10 min. Total volume in the
cylinder as well as the volume of the bottom aqueous
phase were recorded and used to calculate volumetric
composition of the mud as follows:

O—V[

Solids (vol%) = > x 100 %, (3)

Vi — Vi Vi
OWR = — x 100 : — % 100, (4)
v, v

t t
where V,is the total volume of liquid fraction, V,, is the
volume of aqueous fraction, and OWR is the oil-water
ratio.

Field test implementation

Six full-scale field tests were conducted in horizontal
wells in Alberta, Canada, in partnership with a local
drilling fluids company in 2014. The results were
compared to control wells, which included historic
HPHT fluid loss and mud losses from offset wells in
the area provided by the mud operator. All the wells
used in the analysis were drilled using the same
telescoping double type rig. Lithology in all the cases
was represented by fine-grained to conglomeratic
sandstone, shale, and coal, with a pay zone in the
Cardium Formation. Since the control and test wells
employed a similar drilling program and invert
emulsion drilling fluid, it was assumed that any
significant and consistently reproducible deviation
from the average control values was due to the
presence of the 10 vol% NP carrier emulsion. Field
data for the test wells were collected by the mud
company representative as well as our group to further
improve experimental accuracy of the results. A
subsequent comparison revealed <1 % difference in
average values. Finally, to further account for slight
variations in experimental conditions, control and test
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wells were split into four groups based on their surface
location, as summarized in Table 2.

A typical field test was conducted per the following
standard procedure. Upon arrival to the drilling site, the
carrier emulsion was transferred to an empty storage
tank. Initially, 10 % vol/vol (~7-8 m°>) of carrier was
mixed with the circulating drilling fluid to achieve the
target concentration of 0.5 wt% CNPs. Following this
initial addition, 1 m? of carrier was used pereach 9 m>
of drilling fluid added to the active tank to maintain the
10 vol% ratio, i.e., 0.5 wt% CNPs. Theoretical
concentration of CNPs in the mud at a given depth
was calculated based on the volume ratio of carrier to
the circulating fluid. Samples of the drilling mud were
collected from the rig at certain depth intervals of
200-300 m and tested on-site for its MW, rheology,
volumetric composition, ES, and filtration properties,
as detailed above. Simultaneously, mud loss calcula-
tion was performed, as described below. A schematic
of field implementation is provided in Fig. 2.

Calculation of mud losses

Mud losses while drilling were estimated via volumet-
ric balance on the total drilling fluid on-site at different
depths. While a common practice in industry, this
method may be susceptible to large errors if careful
measurements are not taken. In addition, the

Mixing Facility

000

Tanker Truck

==

20 m’® carrier
5 wt% CNP

Rig Tank Farm
1 m® carrier| | 9 m® invert
10 vol% carrier
0.5 wt% CNP Active Rig Tanks Pre-mix Tank

TP~
Fig. 2 A schematic of NPs field implementation using a carrier
approach

volumetric approach only provides total mud losses
without regard to surface versus subsurface sources. As
shown schematically in Fig. 3, control volume con-
sisted of five elements; namely a tank farm (Vr), a pre-
mix tank (Vpy), active tanks (Vat), and a hole (Vy).
Tank volumes were provided by floating sensors, while
the hole volume was calculated for each given depth on
the basis of displacement and capacity of each element
of adrilling string. Since caliper logs were unavailable,
the effect of wellbore enlargement was ignored, i.e., no

Table 2 An overview of the control and test wells used in the analysis

Groups Well TD (m MD) Type OBM system Initial invert depth (m MD)
A Test Al 3610 HZ Cutter-D 90/10 613
Control Al 3620 HZ Cutter-D 90/10 613
Control A2 3250 HZ Cutter-D 90/10 613
Control A3* 3475 HZ Cutter-D 90/10 614
B Test B1 3516 HZ Cutter-D 85/15 613
Test B2 3500 HZ Cutter-D 85/15 612
Control B1 3705 HZ Cutter-D 85/15 613
Control B2 3655 HZ Cutter-D 85/15 613
C Test C1 4033 HZ Cutter-D/D822 85/15 1201
Control C1 3874 HZ Cutter-D/D822 85/15 1170
Control C2 3905 HZ Cutter-D/D822 85/15 1205
Control C3 3861 HZ Cutter-D/D822 85/15 1200
Control C4 4097 HZ Cutter-D/D822 85/15 1198
D Test D1 3912 HZ Cutter-D/D822 85/15 612
Test D2 3935 HZ Cutter-D/D822 85/15 613

# Involved depleted NP carrier from Al test well

@ Springer
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washout was assumed. In principle, this assumption
should notimpact our calculations, since they are based
on differences between control and field test as long as
similar washout is encountered in both. The difference
between calculated control volumes at a given depth
and the one prior to it corresponds to the ‘instanta-
neous’ mud losses while drilling (V7 ). The total sum of
instantaneous losses at a given depth is referred to as
cumulative mud loss (Vcr). In order to account for
differences in measured depth and to standardize the
data, cumulative mud losses were converted to losses
per 100 m drilled (V 100).

Results and discussion

Carrier emulsion

Properties and long-term stability

In order to provide feedback on the effectiveness of the
industry-scale mixing and preparation of the carrier

fluid, samples from the 20 m> carrier fluid were

compared with a carrier fluid prepared in the labora-
tory under controlled environment, e.g., mixing,
temperature, etc. The parent drilling fluid was a
diesel-based invert emulsion, Distillate D822, with
MW of 1050 kg/mS, 83/17 O/W ratio and 8 vol%
solids. Organophilic clays were used to impart desir-
able rheological properties to the final formulation.
Table 3 shows a comparison between the two carrier
fluids. The relative similarity between the results
suggests that the carrier approach was robust even
when implemented on a large scale.

Normally, field mud is stored in a tank farm until
required and often can remain stagnant for several
days at a time. Eventually, this leads to settling of
solids at the bottom of the tank, which are then re-
suspended by circulating the tank for several hours.
Therefore, it was essential to monitor stability of a
carrier emulsion upon static aging to further ensure
compatibility of the approach with the field conditions.
Results of a long-term stability study (not shown)
suggested that both laboratory- and field-based

Current Depth
Dll
Manual Float Calculated
Meter Pason PVT Pason PVT  (pine + annular)
v * +
Total Mud Tank Farm Pre-mix Active Hole
Volume | —p) V| 4+ v | +| Tanks (4 V|
\/t |ll tfIn pm 'n Vm |“ hin
Instantaneous Previous Mud Current Mud Volume
Mud Losses »|  Volume —_ Volume + Delivered
VIL |11 Vt |n-1 V( |n (lf an}’)
Cumulative Instantaneous Previous
Mud Losses f—p) Mud Losses | 4~ | Mud Losses
VCL |11 VE |u VCL |n-l
v
Mud Losses Current ..
. Current Initial
per 100 m Cumulative | Depth — Denth
Drilled »| Mud Losses | = Ep %) x 100
VLlOO In VCL |n 1 i

Fig. 3 A schematic to illustrate mud loss calculations
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Table 3 Comparison between carrier emulsion samples hav-
ing 5 wt% CNPs prepared on an industry-scale and under
controlled laboratory environment

Properties Laboratory scale Field scale
MW (kg/m®) 1049 + 3 1045 £ 5
ES (mV) 780 £ 20 582 £ 57
PV (cP) 12+ 2 12+£2
YP (1b/100 ft?) 5+£2 5+£2

GS 10 s (Ib/100 ft?) 40405 4005
GS 10 min (Ib/100 ft%) 6.0 £ 0.5 5.0+ 05

OWR 83/17 83/17
Solids (vol%) 8.0£05 8.0 £ 0.5

samples of a carrier emulsion exhibited similar settling
to that of a typical commercial mud. Following 1 week
of aging, all three samples were completely homog-
enized by regular shaking.

Particle characterization

TEM photographs of CNP isolated from the carrier
emulsion are provided in Fig. 4. Particle size was
estimated manually using ImagelJ processing software.
Analysis of 86 particles showed that CNP exists as
individual rhombohedral calcite nanocrystals with the
average size of 51 £ 11 nm. A size distribution
histogram provided in Fig. 4 shows relatively narrow
size distribution between 10 and 80 nm.

In addition, the particle size distribution of the as-
prepared carrier emulsion was determined using
dynamic light scattering (DLS) analysis. However, it
should be pointed out that the technique is sensitive to
the polydispersity in the sample and to the presence of
agglomerating or sedimenting particles, which makes
invert emulsions very difficult to investigate. Never-
theless, the results presented in Table 4 show that the
intensity-average particle size in the laboratory and
field prepared carrier was 283 £ 12 and
300 £ 62 nm, respectively. The lower end of this
spectrum probably captures CNP size, as suggested by
the TEM photograph. On the other hand, intensity size
distributions shown in Fig. 5 reveal differences
between the samples. While the laboratory prepared
carrier shows a range of 150-500 nm, the field sample
covers a wider range of particles size, from 50 to
900 nm. In turn, this likely indicates that the high-
shear mixing achieved on a laboratory scale provided

9.724
Count: 86 Min: 9.724
Mean: 50.992 Max: 79.073
StdDev: 11.125 Mode: 44.398 (27)

Bins: 8 Bin Width: 8.669

HV=100.0kV
Direct Mag: 25000x
University of Calgary

Fig. 4 TEM photographs of CNP isolated from carrier emul-
sion obtained at 100 kV accelerating voltage. Inset shows
particle size distribution histogram estimated manually using
Image] software

better size control than the shear employed in the
industry-scale process. Husein et al. (2012) suggested
that larger size distribution may, in fact, provide the
spectrum of sizes needed to plug the different pores
encountered during a field application.

Laboratory testing of the carrier emulsion
approach

Impact on the properties of invert emulsion drilling
Sfluids

A laboratory-based carrier emulsion was tested with
six commercial invert emulsion drilling fluids to
determine impact on MW, ES, plastic viscosity, yield
point, gel strength, and volume composition.

MW is an important parameter of a drilling fluid,
which is maintained within a specified range to ensure
proper drilling conditions. Results indicated that
addition of 10 vol% carrier emulsion resulted in
negligible increase in the MW of the host fluids. This
highlights the ability of NPs to impart desirable
properties to the drilling fluids without affecting its
final density. Conversely, the samples with 0.5 wt%
CNPs exhibited lower ES compared to control sam-
ples. This effect was especially pronounced in the case
of virgin mud samples. Since the recycled fluids were
fully conditioned to attain the optimum properties,
they also demonstrated better tolerance to the presence

@ Springer
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Table 4 Comparison of DLS data on a lab and field carrier emulsion samples with 5 wt% CNPs

Carrier scales Intensity mean (nm) Volume mean (nm) Number mean (nm) Zaverage (M) PDI
Lab 280 + 20 300 £ 40 270 £+ 20 450 + 80 0.4 £ 0.05
Field 300 £+ 60 280 + 30 150 + 80 400 + 30 0.4 £ 0.06
A 45 B 45
40 f 40
35 h 35
! rv‘ —_
é 30 : !E é 30
z 25 i “'I = 25
Z 20 i 2 20 i\
o Y by , \
- [ - o
E 15 TN Z 15 i 1
10 g 10 Fi-y
3 L
5 . 5 /,I -‘:\ iy
0 4 ".|L|l | TN / AN
1 10 100 1000 10000 | 10 100 1000 10000
Size (nm) Size (nm)

Fig. 5 DLS measured intensity size distribution in a carrier emulsion with 5 wt% CNPs produced on a lab scale (a) and field scale (b).

Separate lines represent duplicates

of the carrier emulsion. Nevertheless, in all cases the
resulting ES was within an acceptable range. The
effect of a carrier emulsion on rheology of invert
emulsion drilling fluids showed that, while the virgin
mud samples were not affected dramatically, plastic
viscosity and yield point in the recycled samples
increased by up to 15 % in the presence of CNPs,
probably due to interaction with other constituents of
the recycled mud, e.g., cross linking of polymers.
Again, this effect was deemed acceptable for a field
application. Finally, addition of a carrier emulsion did
not affect gel strengths and volume composition in all
six mud samples and the difference remained within
the standard deviation of the control samples.

Impact on HPHT fluid loss of invert emulsion drilling
fluids

Once it was established that the carrier approach did
not dramatically affect the basic properties of invert
emulsion drilling fluids, HPHT tests were employed to
determine laboratory fluid loss in the presence of
CNPs. The results of HPHT experiments are provided
in Fig. 6. The results indicate that CNPs reduced the

@ Springer

average HPHT fluid loss in virgin Cutter-D and Diesel
OBM samples by 52 and 26 %, respectively. This
reproduced previous laboratory results obtained with
in situ CNPs (Husein et al. 2012). Conversely, the
virgin Mineral OBM showed a 5 % increase in the
average filtrate volume upon addition of carrier
emulsion, which is within the experimental error for
the control sample. This lack of performance was
attributed to a different nature of the base oil and other
components in a mineral-based drilling fluid, which
apparently was not compatible with the diesel-based
carrier. Correspondingly, filter cake thickness was also
lower in the presence of NPs.

Compared to the control virgin samples, the control
recycled mud samples exhibited much lower HPHT
fluid loss. As mentioned earlier, field samples were
fully conditioned and already contained the optimum
amount of LCM and other additives that are typically
not present in the virgin fluids. Nevertheless, filtrate
volumes in all three recycled drilling fluids were
further reduced in the presence of 0.5 wt% CNPs. The
respective reduction in HPHT values for the recycled
Cutter-D, Distillate 822, and Megadrill samples was
38, 33, and 44 %, which is rather significant. The
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Fig. 6 Impact of 10 vol% addition of a carrier emulsion on
HPHT fluids loss (a, b) and mud cake thickness (c, d) at 80 °C
and 500 psi of commercial virgin (a) and recycled (b) invert
emulsion drilling fluids. Diagonal pattern corresponds to the

results were consistent with the theoretical model of
filtration in the presence of NPs presented earlier
(Zakaria et al. 2012). Furthermore, laboratory exper-
iments provided a benchmark that was later used to
evaluate field performance of a carrier emulsion
produced on a large scale.

Field testing of the carrier emulsion approach
Impact on the properties of drilling fluids

Consistent with the laboratory experiments, all six
field tests revealed that addition of 10 vol% carrier
emulsion did not affect the basic properties of the host
Cutter-D and Distillate 822 drilling fluids, which
remained within the working range. At the same time,
average filtrate volumes in the test wells were reduced
by 20-30 % compared to control wells, as shown in
Fig. 7. Performance of a field-scale carrier emulsion

B 18

i

; E j % 38% % -33% % 44%
jas]

D 40

g

:; 2.5 ‘

Recycled Cutter-D Recycled Distillate 822 Recycled Megadrill

control samples, while solid black denotes samples with 0.5
wt% CNPs. Data labels indicate relative change of filtrate
volume compared to the control

was comparable to the laboratory-based samples,
which suggests that the scale-up process was success-
ful and the data comparing field and laboratory
prepared carriers where reliable.

To further aid interpretation of the results, theoret-
ical concentration of a carrier emulsion at a given
depth was calculated based on the ratio of storage
volume to the circulating mud volume. The results are
shown in Fig. 8, and demonstrate an interesting trend
toward lower HPHT fluid loss with increasing con-
centration of a carrier emulsion. Accordingly, filtrate
volumes remain constant once an optimum concen-
tration of CNPs in the circulating system is attained.
Based on the data, full effect is achieved after
sufficient mixing and dispersion of NPs is provided
over several circulations. This provides direct evi-
dence of the impact of concentration of carrier
emulsion on HPHT fluid loss of invert emulsion
drilling fluids.
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3 6.0 Mud losses
%
£ >0 As stated earlier, the volumetric balance approach
§ 40! gg does not distinguish between losses that occur down-
§ é//? hole and those that take place on the surface. Surface
E 3.0 Z losses are mostly caused by solids control equipment,
£ 20 Z which include shale shakers and centrifuges. In
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Fig. 7 Average HPHT fluid loss at 80 °C and 500 psi in control meant. that on ?V?rage’ each well within a given group
and test wells experienced similar volume of surface-related losses

while drilling. Since it was assumed that CNPs could
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Fig. 8 Correlation between HPHT fluid loss and calculated concentration of a carrier emulsion with 5 wt% CNPs as a function of
measured depth in test wells
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only affect downhole losses, the resulting differences
between control and test wells were attributed to the
presence of a carrier emulsion.

Cumulative mud losses while drilling were esti-
mated according to the aforementioned procedure.
The results are plotted in Fig. 9 and suggest that test
wells on average showed lower losses while drilling
compared to the control wells.

In groups A and C, test wells deviated further from
the control group at later stages of drilling, which
corresponds to a lateral section in a sandstone
formation. On the one hand, this may indicate that
CNPs helped to reduce filtrate flux into porous and
permeable rock, according to the theoretical predic-
tions (Zakaria et al. 2012). On the other hand, this
trend was not observed in well group B, and hence a
definite conclusion could not be drawn. Groups B and
D also exhibited good reproducibility between test
wells, whereas mud losses in control group C varied by
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as much as 40 m°>. Furthermore, mud losses in the test
wells seem to follow a straight line compared to the
control wells. This may suggest that wellbore strength-
ening took place, which provided stability to the
wellbore and minimized downhole losses (Contr-
eras et al. 2014c¢).

In order to compare the final mud losses in the
control and test wells, cumulative losses at TD and the
corresponding average losses per 100 m drilled are
plotted in Fig. 10.

The average control final losses in groups A—C
were in close proximity at 79 £ 3, 77 £ 3, and
82 + 7 m’, respectively. Subsequently, the same
groups showed a 22-34 % reduction of mud losses
in the presence of 10 vol% carrier emulsion. Group D
showed losses of 82 and 72 m?, which was comparable
to the control average. However, in order to compare
the data directly, it was necessary to account for
differences in the TD between the wells. Figure 10b
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Fig. 9 Cumulative mud losses as a function of measured depth in control and test wells
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Fig. 10 Cumulative mud losses at TD (a) and the corresponding average losses per 100 m drilled (b) in the control and test wells

shows the average mud losses standardized per 100 m
drilled. Control wells exhibited losses in the range of
2.5-3 m*/100 m, which is typical based on mud
operator’s previous experience in the area. Con-
versely, losses in the test wells were between 1.9 and
2.5 m>/100 m, which again demonstrates volume loss
reduction in the presence of CNPs.

Conclusions

In conclusion, a novel approach for introducing NPs
into drilling fluids using a carrier method was devel-
oped and successfully scaled up to a field application.
The bench-scale method was implemented at a
specialized drilling fluids mixing facility on a 20 m?
scale and produced similar final properties of a carrier
emulsion. TEM photographs suggest an average size
CNPsof 51 + 11 nm. DLS analysis suggested that the
scale-up process did not affect the average size of the
solid constituents of the mud, where intensity-average
remained at approximately 300 nm. Carrier emulsions
remained stable after 1 week of static aging and
exhibited rate of settling similar to that of a commer-
cial drilling fluid.

Employing the carrier approach of adding the
CNPs, lab results suggested that HPHT fluid loss was
reduced by 20-30 % in the presence of 0.5 wt% CNPs
in different virgin and recycled commercial drilling
fluids. Meanwhile, impact on the basic mud properties
was within a range encountered during normal drilling
operations.

@ Springer

Six field tests were conducted using a carrier
approach. The process was compatible with the
existing operations and did not cause any disruptions
or drilling problems. HPHT fluid loss displayed the
same range of fluid loss reduction, 20-30 %, encoun-
tered in the laboratory setting. Correspondingly, total
mud losses were reduced by 22-34 % in the presence
of 0.5 wt% CNPs, which was deemed as economically
feasible by industry.
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