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Abstract /

New Hydrocarbon Reservoir Sweet Spot Identifier
Enabling Optimal Field Development Plans

Dr. Ghazi D. Al-Qahtani, Menhal A. Al-Ismael, Abdulhamed A. Al-Faleh, Basharat Ali, and Fouad F. Abouheit

To attain an optimum field development plan in hydrocarbon reservoirs, well placement can be a
cumbersome and time-consuming task. A major reason for this is the lack of a sweet spot identification
system to direct the process of placing wells in optimum locations. In this article, a novel method is
presented for identifying sweet spots in hydrocarbon reservoirs. A new tool devised from this method
is able to identify potential well locations, thereby enhancing optimum field development and
maximizing field economic recovery.

The developed tool, the optimal reservoir productivity index (OPTIMA — two patents; one
granted' and one pending?), is an innovative parallel simulation-based algorithm for generating an
accurate reservoir dynamic productivity index (PI) with efficient high performance computation
utilization, which guides decision making in well placement, and field development and management.
OPTIMA reduces the computational expense of reservoir simulation, especially for large models by
targeting only specific grid cells based on cutofls of porosity, permeability, and fluid saturations. The
tool runs the evaluation based on a set of production control constraints and the duration of the well
productivity evaluation. It generates several simulation runs and calculates a time-dependent
4-dimensional array of layer productivity indices for each grid cell in the model. OPTIMA combines
the results of the different simulation cases into a 3-dimensional (3D) property array based on
calculated values of the total dynamic PI. The 3D property, once loaded into a post-processor, can
be used to define an area of interest to evaluate different well types and configurations.

To optimize well placement, the use of static parameters utilization alone is not sufficient since the
reservoir reaction is dynamic once the wells start producing. OPTIMA enables robust and speedy
evaluation of sweet spots in hydrocarbon reservoirs while capturing reservoir complexity and
heterogeneity. The main advantage of OPTIMA is that it calculates the contribution of each grid
cell to the well PI based on dynamic parameters that implicitly combine fluid and rock properties
with pressure and saturation as they change with time. This ensures that both static and dynamic
reservoir parameters are considered in the process of identifying sweet spots. When compared with
conventional methods, OPTIMA surpasses in terms of extending the production plateau and
maximizing recovery on a field level performance.

This article introduces OPTIMA to identify sweet spots in green and brown fields, which can be
used to generate sweet spot maps in a very short time. In fact, the integration of OPTIMA with a
reservoir simulator provides a unique opportunity for reservoir engineers to quickly analyze their
fields, evaluate the sweet spots, and optimize a field development plan to maximize ultimate recovery
of hydrocarbons.

Introduction

Identifying the optimum production strategy for a field development plan is usually the most critical decision
to be made. Once wells are drilled, there is no flexibility in changing their surface locations later. The only
alteration that can be done is to use workover rigs to sidetrack or recomplete the wells, but the surface loca-
tions will remain unchanged. Classically, the selection process for locating wells utilizes available technology,
i.e., saturation maps, pressure distribution maps, isopach maps, rock quality maps, etc., and some degree of
experience and intuition. The current global decline in new hydrocarbon reservoir discoveries dictates that
locating and placing wells needs to be justified much stronger technically than intuitively, and include robust
optimization processes to improve the quality of well placement.

To assess the placement of wells using optimization techniques, two major parts have to be established. The
first part of the process is how to identify sweet spots in a reservoir. The other part includes the optimization
formulation or method to be used®*. Several methods have been published and used to identify sweet spots in
areservoir. A genetic unit term was introduced in 1996 to designate the distinctive part of the reservoir rock



based on static properties such as geometrical, petro-
physical, and spatial properties’. The objective was
to optimize horizontal or high angle well trajectories,
which are defined by azimuth, location, inclination,
and length, to maximize productivity and drainage
by intersecting with high permeability genetic units.
The ultimate goal, therefore, was to come up with the
trajectories that interconnect with a larger number of
productive genetic units and rank them based on their
values and the associated risk with each trajectory.
This method utilized static data solely, and the ranking
criterion was subjective.

In 1998, computer programs that leveraged on a
geo-object concept was introduced® to calculate the
connected 3-dimensional (3D) bodies, which are re-
ferred to as geo-objects, from reservoir properties such
as porosity, permeability, and lithofacies’. One of the
parameters mentioned can be used as the net indicator
to represent each cell in a model, which can be ranked
according to its connectivity, and then used to place
wells. The work was extended® by incorporating geo-
logic uncertainty with an optimization set up, where
the objective was to maximize the connected geo-ob-
jects that are meant to intersect with the minimum
number of planned wells. For the optimization loop,
asimulated annealing algorithm was used to find the
best locations to place the various vertical, deviated,
and horizontal wells.

Another approach was defined” by computing a
2-dimensional (2D) indicator, referred to as reservoir
quality, for each cell in a reservoir model. The quality
term represented connected net pay modified by tor-
tuosity. Binary integer programming was used to find
the best well sites with the goal of maximizing reservoir
quality and incorporating minimum spacing between
the wells. This work was extended" to 3D models
in which the combination of quality indicators and
geo-objects are used to identify optimum completions.

Another method": " was suggested in which a pro-
ductivity proxy function was created; attempting to
account for the possible attributes impacting grid blocks
in a reservoir model. The productivity potential map is
sought by a collective term that includes porosity, per-
meability, and oil saturation. An addition to this work
was done later' by joining preferred phase pressure
and distance to the nearest boundary to the produc-
tivity proxy function, which was used to guide the well
placement strategy in bottom water drive reservoirs.

Cullick et al. (2005)" identified multiple well targets
that need to be maximized by honoring two categories
of filters. The firstis the contact between the wells and
the ranked pore volume measures in a certain drainage
radius. The other data that must be accounted for to
maximize the well targets are permeability, distance
from fluid contacts, and saturation. The resultant tar-
gets should accommodate spacing constraints before
establishing well paths or plans that follow certain
designs for different types of wells. The goal was to
find the optimum location and type for production
or injection wells by maximizing total hydrocarbon
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production or net present value. They linked the
optimization scheme with a reservoir simulator and
allowed limited movements for each well type to find
the highest objective function.

These methods mainly use static parameters to iden-
tify sweet spots, which used a method that can be
considered as semi-dynamic for the inclusion of net
to gross or a permeability thickness parameter that
indicates the possibility of fluid movement. Static pa-
rameter utilization, however, is not sufficient to find the
optimum location of wells. In fact, once the field starts
producing, some static parameters will change due to
fluid flow, change in fluid saturation, etc. Therefore, it
is accepted by the industry that dynamic maps gener-
ated from dynamic parameters are more relevant in
presenting more accurate images about the quality of
areservoir rock in relation to the active forces within.

The other category of sweet spot delineation is based
on dynamic measures. A quality map term was in-
troduced in 1999 in which a single vertical well was
placed in different areal grid locations in a model to
create 2D cumulative oil maps®. The model would
ideally run for every well in several grid locations for
a long enough time to apprehend assorted trends in
the collective oil volume produced. This approach was
used to locate wells with an optimization algorithm
under geological uncertainty. Later, the quality map
approach was used'® to generate quality maps for oil,
gas, and water production to improve the initial pop-
ulation in the well placement optimization process
using a genetic algorithm. The best producer loca-
tions were identified, using oil and gas quality maps,
and the best injector locations were determined using
water quality maps, with yields in the maximization
of either cumulative hydrocarbon or net present value.
Guiding the initial population selection in the genetic
algorithm improved the objective function significantly
after using quality maps, which was highlighted as one
of the main findings.

Ding (2008)" used the productivity index (PI) as an
objective function to be maximized by optimum well
locations in 2008. A numerical PI and field PI were
suggested as two different attributes to be maximized.
The summation of the numerical PI was the attri-
bute to be maximized. The values of the numerical
PI were obtained from the production of horizontal
wells in a reservoir model. A field PI was obtained by
the calculation of flow rate over total drawdown for
one large time step. These attributes were used with
a covariance matrix adaptation algorithm to find the
optimum well placement.

The quality maps approach has enticed many re-
searchers, and has been used more often when com-
pared with other methods'® . The long simulation
runs required to obtain one map, especially in large
models, could cause a reluctance to implement this
approach in actual reservoirs. The PI method previ-
ously discussed is preliminary and not precise since
Peaceman’s®-#? PI calculation method is intended for
vertical wells, while the production used" to calculate
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PIvalues was from horizontal wells, which could result
in erroneous answers>,

The traditional aforementioned methods of cumu-
lative oil or the reservoir quality index based on sim-
ulation history provides a rudimentary means for the
determination of effective sweet spot regions throughout
the reservoir. An intelligent solution must be introduced
thatis comprehensive, efficient, simulation-based, and
utilizing reservoir engineering best practices, which
is conceptually depicted in Fig. 1. The new solution
must be intelligent enough to optimize high perfor-
mance computation resources. In this article, we will
introduce a novel approach to identify sweet spots in
a reservoir utilizing total PI calculations.

To achieve an eflicient sweet spot identification, the
optimal reservoir PI (OPTIMA) engine goes beyond
reservoir history by evaluating the dynamic PI of every
well location for optimal well placement. OPTIMA

Fig. 1 OPTIMA developed property.
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Fig. 2 Multiple simulation cases with different assessment well locations.
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intelligently evaluates the productivity potential for
cach spotin a reservoir simulation model in prediction,
and optimizes the target regions for well placement.

Methodology

The optimal reservoir productivity workflow identifies
the high potential regions that can be used for drilling
wells in an oil reservoir by assessing well productivity.
Numerical simulation is utilized to generate the sweet
spots and extrapolate performance domains reflecting
reservoir energy and dynamicity. The Pl at each grid
cellin the simulation model is calculated at each time
step within a period of prediction. The Plis a measure
of well potential or ability to produce a number of
barrels per day for every psi of pressure. Therefore,
all grid cells have to be penetrated by assessment wells
for the simulator to compute the productivity at each
grid cell.

At the initial stage, the workflow shuts in all existing
wells in the simulation model and places one assessment
well that penetrates all the layers. Multiple prediction
scenarios are simulated in which each scenario has one
assessment well in a different location. Therefore, the
number of simulation scenarios required will be equal
to the number of grid cells in one layer in the simula-
tion model. This is done to assess the PI in each grid
column. Combining the results from all the scenarios
provides a complete picture of the productivity in each
area in the reservoir.

This process would require thousands or more of
simulation cases in which each case is used for assessing
one column of grid cells only. This would consume
a huge amount of time and resources, especially for
huge simulation models with multimillion grid cells
in size. For this reason, the workflow introduces well
spacing as an important element that accommodates
well interference in the process. Instead of placing
one assessment well in each simulation case, multiple
assessment wells are placed taking into consideration
the reservoir connectivity and permeability, which
determines a suitable spacing between the assessment
wells, Fig. 2.

For high permeability reservoirs, spacing between
the assessment wells is increased to avoid interference
that could lead to misleading results, and may not
reflect the actual productivity potential. Placing mul-
tiple assessment wells improved the performance of
running the workflow where it reduced the number of
simulation cases by more than two orders of magnitude.
The number of simulation cases required to run the
workflow depends on the chosen well spacing, which
can be calculated using the formula N = (x+1)?, where
Nis the number of simulation cases with different lay-
outs of well locations and x is the spacing between the
assessment wells in terms of the number of grid cells.

Another feature that improved the overall perfor-
mance of the workflow is the filtering capability. Wells
are placed in high potential zones only. Depending
on the nature of the reservoir and the objective of the
study, cutoffs can be applied on the oil saturation,
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Fig. 3 The number of assessment wells placed by OPTIMA in two
different cases.
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the permeability, or any reservoir static or dynamic
property. Assessment wells are placed to penetrate
only the potential zones after filtering out unnecessary
grid cells. As a result, this step reduces the size of the
investigated solution space, and thereby speeds up
well calculations in the simulation runs.

Figure 3 compares two different OPTIMA cases, one
without applying filters and another applying a filter on
oil saturation (So > 0.01). The number of assessment
wells was reduced from 2,500 to 845. The assessment
wells are a plurality of single lateral pseudo wells placed
vertically to calculate the PI at each grid cell. These
wells exhibit certain spacing and production constraints
that can result in unleashed reservoir productivity
potential from every spot. The production rate can be
controlled and usually set to very high values for the
assessment wells to produce with their full potential
and for OPTIMA to calculate the potential produc-
tivity. Similarly, bottom-hole pressure (BHP) is set to

Fig. 4 The Pl of one grid cell at different simulation time steps.
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Fig. 5 The integration of Pl over time (TDPI) of one grid cell.
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minimum — above bubble point pressure — to assess
the well’s potential.

OPTIMA analyzes oil PI results from the simula-
tion output and creates a new sweet spot identifier:
Total Dynamic PI (TDPI). TDPI is the integration
of PI values with respect to time, and it describes how
productive each grid cell is if the reservoir pressure
changes per psi. Figure 4 shows the PI values vs. time
for one grid cell generated by the simulator. Figure 5
shows how the TDPI is calculated.

OPTIMA generates a 3D reservoir property of nor-
malized TDPI values ranging between 0 and 1. The
normalization is performed to simplify understand-
ing the result, and to streamline post-processing and
analysis.

The workflow is integrated within a simulation envi-
ronment, which automates creating the multiple simu-
lation cases with different well locations, running sim-
ulation, analyzing results and generating the TDPI 3D

Fig. 6 An average 2D map of the TDPI array.

The Aramco Journal of Technology


creo



Fig. 7 The TDPI distribution in one layer (J direction slice).

Fig. 8 The Pl profiles of multiple grid cells at different simulation time steps.
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Frequency

array. It capitalizes on eflicient hyper performance
computing clusters to run the multiple simulation jobs
of millions of grid cell size models.

Results and Discussions

OPTIMA was used to generate sweet spots for multiple
simulation cases for different fields. The results dis-
cussed in this article are based on a synthetic reservoir
model, which exemplifies the procedure applied on
actual studies. Different sensitivities were generated
and analyzed to measure the impact of changing the
different input parameters to the workflow. This in-
cludes analyzing the influence of the assessment well

Fig. 9 Histogram of TDPI array in a logarithmic scale.

| ¥ 2R3 RS 5 NEW 7 NEE 9 WY 512 3R 15 NS 17 19 i

0012 0.04
TDPI Values

spacing and the production rate, although this article
focuses more on the established workflow for OPTIMA.

Comparisons between the different sensitivities and
optimization of input parameters will be presented in
a future article. In general, the results of the analyses
indicate that a safe distance must be chosen carefully
to avoid interference between the assessment wells.
The reservoir model presented in this study has a low
permeability and it was chosen to use 1.0 km spacing
between the assessment wells. The dimensions of the
model are 100¥100*20 in x-y-z grid cells, and therefore,
1.0 km corresponds to 10 grid cells. Consequently, a
value of 10 grid cells was used as an input to OPTIMA

0.0 S====p 2 ~ - :

Month 2 Month 3 Month 4 Month 5  Month 6

Time Step

Frequency

Fig. 10 Histogram of a filtered TDPI array (> 0.1) in a linear scale.

.||1]l5G7I!|ﬂlll1|.'lll|5|§171l|!ﬂ

TDPI Values


creo



in this study. In addition, the oil production rate of
20,000 barrels per day and BHP of 1,200 psi — just
above the bubble point pressure — were used for each
of the assessment wells to ensure that they produce
with their full potential. As a result of these parameter
inputs, 121 simulation runs were required to generate

the TDPI 3D array.

After the completion of all simulation runs, OPTI-
MA generated the TDPI 3D array that was visualized
using a post-processing tool. An average 2D map of
the TDPI array for a selected region was generated,
Fig. 6. Blue areas in the average map represent non-
productive areas, whereas the red indicates areas with

Fig. 11 An average 2D map of filtered the TDPI array (> 0.1).

"

Fig. 12 Polygons representing sweet spots.

(>

Fig. 13 The permeability average map and sweet spot polygons.
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the highest values of TDPI.

Figure 7 shows the TDPI distribution in one layer
in grayscale, but highlighting one row of grid cells in
the J direction. The highlighted grid cells show the
variation of the TDPI values. Figure 8 shows the PI
profiles over time for these grid cells.

Due to the large size of the reservoir, the majority
of the grid cells have very small TDPI values — low
productivity energy — representing poor quality oil
zones. Only a small portion of the reservoir represent-
ing good energetic productive zones show relatively
high TDPI values. This causes the normalized TDPI
array to show very small values for the majority of the

Fig. 14 The porosity average map and sweet spot polygons.

Fig. 15 The oil saturation average map and sweet spot polygons.

Fig. 16 The comparison between the TDPI and ROI results.

The Aramco Journal of Technology



Fig. 17 The prediction scenario showing the four wells placed in sweet spots.
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Fig. 18 Normalized cumulative oil production of two prediction vertical

Cumulative oil Production (Normalized)

wells.
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array, and makes it difficult to analyze in a linear scale.
Therefore, one way to analyze the TDPI distribution
is to plot in a logarithmic scale, Fig. 9.

The analysis is focused on regions with TDPI values
greater than 0.1, which represents the highly energet-
ic productive oil zones. As a result, the TDPI array
was filtered and plotted in a histogram using a linear
scale, Fig. 10.

After filtering out poor quality areas, another average
2D map of the new filtered TDPI array of the same
selected region was generated. Figure 11 shows the
filtered TDPI average map, in which the color scale is
different than the one used in Fig. 6, due to a different
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Fig. 19 Production performance ratio for the vertical wells placed

using TDPI and ROl methods.

mROI_1 =TDPI_1

range of values.

The filtered TDPI average map presented in Fig. 11
shows connected volumes for high energetic oil produc-
tive zones. Small connected volumes are filtered out
to put more focus on analyzing the potential areas for
drilling new wells. Polygons were created around the
new filtered regions to represent the sweet spots, Iig. 12.

The sweet spots presented in Fig. 12 were validated
by comparing them with permeability, porosity, and
oil saturation maps, Figs. 13 to 15. Figure 13 shows
how the sweet spot polygons conform to most of the
high permeable areas, except small portions where
they have low oil saturation.

Fig. 20 Normalized cumulative oil production of two prediction

slanted wells.
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Fig. 21 Production performance ratio for the slanted wells
placed using TDPI and ROl methods.

mROI_2 mTDPI_2

The TDPI-based sweet spots were also compared
to the Reservoir Opportunity Index (ROI) map. ROI
is a computation of the hydrocarbon pore volume,
reservoir pressure, and permeability, and similar to
TDPI, is normalized from 0 up to 1?*. Figure 16 shows
the comparison between the TDPI and ROI results.

Prediction wells were placed in the identified sweet
spots in the simulation model to assess well performance
and evaluate the difference between TDPI and ROI.
One vertical well, Well-TDPI_1, was placed inside
one of the TDPI sweet spots polygons. The well was
placed and perforated crossing all the layers. Also, a
slanted well, Well-TDPI_2, was placed inside another
TDPI sweet spot polygon. TDPI_2 was also placed
and perforated crossing all the layers with a length
of 1,000 m.

Another prediction scenario was created by placing
two wells, Well-ROI_1 and Well-ROI_2, with sim-
ilar lengths and configurations to Well-TDPI_1 and
Well-TDPI_2. Well-ROI_1 and Well-ROI_2 were
placed in areas with high ROI values, but outside the
TDPI polygons. Figure 17 shows the location of these
four wells. Note that the TDPI wells were placed in a
different simulation case than the ROI wells.

The two simulation cases were run for 30 years of
prediction, and the results of the well’s performance
are presented in Figs. 18, 19, 20, and 21. Cumulative
oil production, normalized for both the TDPI and
ROI wells, were compared for both the vertical and
horizontal cases. For the vertical wells, the production
performance for the well placed based on the TDPI
sweet spot method was almost double that for the well
placed using the ROL. For the slanted wells, the TDPI
method showed a superior performance of four times
over the well placed using the ROI.

The sweet spots calculated using the TDPI and ROI
are 3D properties. In this study, prediction wells were
placed based on average maps of sweet spots. The
wells penetrated all layers of the simulation model.
This was done to simplify the analysis, and to focus
more on the main technique behind OPTIMA. In

Winter 2019

reality, wells are optimally digitized to follow the sweet
spots in 3D space to ensure they passed through high
potential zones only. The average map technique used
in this study is useful for quick assessments to guide
field development planning and optimization. Such
an assessment gives an indication for the potential of
utilizing efficient sweet spot systems that can point to
energetic oil-rich pockets in reservoirs, and thereby
steer adequate development decisions in due course.

It is understood that field level comparison with ac-
tual wells drilled on spots identified by the sweet spot
methods are the determining evidence of the technique
described in this article. Future work can aid in ac-
celerating and obtaining results from the sweet spot
methods for other types of reservoirs not currently
considered in OPTIMA.

Conclusions

In this article, we introduced OPTIMA to identify
sweet spots in hydrocarbon reservoirs. The developed
dynamic approach is found to be superior to previous
published techniques in identifying sweet spots in oil
reservoirs since it comprises both static and dynamic
reservoir information, and can be generated with a
minimum computational expense. The filtering fea-
ture can significantly reduce simulation run time after
excluding poor quality regions.

The number of simulation jobs to generate an OP-
TIMA map is reduced by more than two orders of
magnitude with the utilization of a filtering option. One
of the direct applications for OPTIMA is in optimizing
the location of wells in hydrocarbon reservoirs. The
results discussed in this article showed OPTIMA’s
great potential in this area.

OPTIMA maps can be used for reservoir manage-
ment decisions in contrasting, characterizing reservoirs,
and identifying high and low productive areas. These
maps can highlight devastated regions required for
pressure support or other actions, unleashing the res-
ervoir response to any dynamic change that occurred
in the reservoir vicinity, which opens the floor to use
OPTIMA maps in intelligent field systems.
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Abstract /

Experimental and Simulation Approaches
on Evaluating an Improved Hydraulic
Fracturing Treatment for Stimulating
Tight Carbonate Reservoirs

Dr. Feng Liang, Dr. Yanhui Han, Dr. Hui-Hai Liu, Dr. Rajesh K. Saini, and Dr. Jose I. Rueda

Hydraulic fracturing has been widely used in stimulating tight carbonate reservoirs to improve oil
and gas production. Improving and maintaining the connectivity between the natural and induced
microfractures in the far-field and the primary fracture networks are essential to enhance the well
production rate since these natural and induced unpropped microfractures tend to close after the
release of hydraulic pressure during production. This article provides a conceptual approach of an
improved hydraulic fracturing treatment to enhance the well’s productivity by minimizing the closure
of the microfractures in tight carbonate reservoirs and enlarging the fracture aperture.

The proposed improved fracturing treatment was to use the mixture of the delayed acid generating
materials along with microproppants in the pad/pre-pad fluids during the engineering process. The
proof-of-concept laboratory coreflood experiments were conducted under elevated temperature on
a core plug assembly, which was comprised of a one-half core Eagle Ford sample, another half core
of hastelloy core plug, and a mixture of delayed acid generating materials along with small-sized
proppants sandwiched by two half cores. Simulations using the discrete element method (DEM) and
the lattice Boltzmann method (LBM) for three different scenarios — 14 cases in total — were
conducted to further demonstrate the feasibility of the concept.

The delayed acid generating materials used in this strategy not only create voids to enlarge the
aperture in flow pathways within microfractures owing to degradation introduced by elevated
temperatures and the interaction with the treatment fluids, but also generate more microfractures
through the fluid’s chemical reaction with the calcite formation. The microproppants were used to
support the opening of natural or newly induced microfractures. A surface profilometer was used to
quantify the surface etched profile before and after coreflood experiments.

Simulations of fluid flow through proppant assembly (inside of the microfractures) were conducted
to estimate the permeability of the fractures under three different scenarios: (1) fluid flow in a
microfracture without proppant, (2) fluid flow in a microfracture with small-sized proppants, and (3)
fluid flow in a microfracture supported by small-sized proppants and generated voids on the fracture
walls. The simulation results show that with proppant support (Scenario 2), the microfracture
permeability can be increased by tens to hundreds of times in comparison to Scenario 1, depending
on the gaps between proppant particles. The permeability of the proppant supported microfracture
(Scenario 3) can be further enhanced by the cavities created by the reactions between the generated
acid and calcite formation.

This work provides experimental evidence that the use of the mixture of the delayed acid generating
materials along with microproppants or small-sized proppants in stimulating tight carbonate reservoirs
in the pad/pre-pad fluids during the engineering process might be able to effectively improve and
sustain permeability of flow pathways from microfractures — either natural or induced. These findings
will be beneficial to the development of an improved hydraulic fracturing treatment for stimulating
carbonate-rich tight gas reservoirs.

Introduction

While acid fracturing and matrix acidizing have proved to be eflective in stimulating conventional carbonate
reservoirs because of carbonate reactivity with acids'*, it is well-known that the combination of horizontal
drilling and hydraulic fracturing has been the most effective stimulation technique to produce natural gas
from carbonate-rich tight gas or shale formations due to much lower permeability — nd to pd range — and
different pore structures®’. Because the low permeability of rock matrix bottlenecks the flow of hydrocarbon



fluids, creating complex fractures in the rock matrix
is highly desired to improve and maintain conductive
flow paths for enhancing the production.

Baihly et al. (2010)® has compared the production
trends of horizontal wells in different shale gas basins,
including Barnett Shale, Fayetteville Shale, Woodford
Shale, Haynesville Shale, and Eagle Ford Shale plays,
and observed that the gas production rate declines
rapidly within the first few months of production. They
also noted that the production rate does not reach its
peak in the first few months, which might be due to
the fact that the early production rate is affected by the
wellbore cleanup conditions in that the gas is produced
along with water and the residual fracturing fluids.

Wang (2017)° has studied the factors controlling the
shale gas production and production decline trend in
fractured systems. These include effects of the existence
of adsorption gas, matrix permeability, rock mechanics
properties like creep and viscoelastic behaviors, clay
content, organic content and maturity, evolution of
shale matrix apparent permeability, non-stimulated
reservoir volume, and the density, conductivity, and
connectivity of fracture networks. He concluded that
regardless of the matrix permeability, the denser frac-
ture networks and larger fracture surface areas inside
the stimulated reservoir volume always led to higher
production. Enhancing the connectivity of natural or
induced microfractures in the far-field to the primary
fracture branches is essential to enhance well produc-
tion in unconventional fields.

These microfractures, besides the primary fracture
networks generated by hydraulic fracturing, should be
an important contributor to the high production rate at
the initial production stage. The commonly observed
quick production rate decline at least partially results
from the closure of these microfractures. During hy-
drocarbon production, the pore pressure declines and
accordingly the effective stress increases, resulting in
the closure of these non-proppant supported microf-
ractures with production. Note that due to the size
constraints, conventional proppants are too big to be
applied into these microfractures and transportation
characteristics of the proppants further limit how far
they can travel into stimulated areas.

Recently, introducing microproppants into the pad
fluids has been shown to be able to enhance well pro-
duction in unconventional gas and condensate-rich
fields' !, because microproppants can migrate into the
microfractures and keep them open during production.

Also, in a typical hydraulic fracturing process, mil-
lions of gallons of water-based fracturing fluids are gen-
erally used as the carrying fluids to transport proppants
into the fractures. Subsequently, it has been commonly
observed that only 10% to 35% of the fracturing fluid
flows back to the well, and the rest is retained in the
formation'***. The imbibition of fracturing fluid into
the rock matrix is considered one of the main mech-
anisms that cause fracturing fluid loss and reservoir
damage, which reduces the permeability of the gas-oil
phase, and thereby decreases the productivity' 116,
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Most recently, Liang et al. (2018 and 2019)"-*® report-
ed that a considerable amount of dissolution and pre-
cipitation has been observed in imbibition tests of rock
samples from an organic-rich tight carbonate formation
in neutral pH fracturing fluid lab experiments. The
dissolution of the sulfate and carbonate minerals results
in a potential increase of the absolute permeability of
the reservoir rocks. Therefore, diluted acids can be
used while fracturing to maintain the conductivity of
the generated microfractures by nonuniformly etching
the fracture surfaces in carbonate-rich shales.

Wu and Sharma (2017)" have demonstrated the in
situ changes of microstructures and pore structures
for high carbonate Bakken Shale that was treated with
3% hydrochloric acid. Channels in carbonate-rich
regions, cavities or grooves in carbonate islands or
carbonate rings, and roughness in areas of scattered
carbonate were observed after acid treatment, caused
by the reactive nature of carbonates with dilute acids.

To increase the matrix permeability by improving
the mineral dissolution ability of the imbibed fluid to
the formation, while minimizing the softening effect
of a calcite-rich shale surface, we propose to apply a
mixture of the delayed acid generating materials along
with microproppants in the pad/pre-pad fluids in the
engineering process of the hydraulic fracturing stimu-
lation process. The delayed acid generating chemicals
could help generate more fractures/or microfractures
due to the chemical reactions with the calcite formation,
giving the microproppants a better chance at being
transported into these induced microfractures, or the
connected natural microfractures.

The major objective of this work is to develop a con-
ceptual approach of improved hydraulic fracturing
treatments to enhance the well productivity by com-
bining advantages of the two key elements: (1) the
use of microproppants to keep open the natural and
induced microfractures during the production, and (2)
the dissolution (or etching) effects on increasing pore
or aperture sizes using a mixture of the delayed acid
generating materials. A series of the proof-of-concept
laboratory coreflood experiments were conducted under
elevated temperatures on a core plug assembly, which
was comprised of a one-half core Eagle Ford sample,
another half core of hastelloy core plug, and a mix-
ture of delayed acid generating materials along with
small-sized proppants sandwiched by two half cores.

The texture and surface profile of the half core shale
plugs were analyzed using a Nanovea PS50 profilometer
before and after the mixture of delayed acid gener-
ating particles and small-sized proppants treatment.
Simulations using the discrete element method (DEM)
and the lattice Boltzmann method (LBM) coupling
approach for three general different scenarios — 14
cases in total — were also conducted to quantify the
permeability changes along the microfractures under
different packing and etching conditions.

13
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Experimental Methods

Materials

Rock Sample. The tight organic-rich carbonate
source rock samples used in this study were an out-
crop from the Eagle Ford shale. Total organic carbon
(TOC) of this sample was around 5 wt%. The mineral
content determined by X-ray diffraction (XRD) tech-
nique shows that it is mainly composed of calcite (66
wt%), quartz (26 wt%), and minor amounts of dolomite
(1 wt%), gypsum (2 wt%), pyrite (less than 1 wt%),
kaolinite (3 wt%), and illitic clay (1 wt%o).

Proppants. Small-sized proppants were used to
support the opening of naturally or newly induced
microfractures. Since the size of the microproppants
is quite small and they tend to be very fluffy, it is very
challenging to handle them properly in the laboratory.
Instead, 100 mesh (around 150 pm in diameter) white
sand was chosen for proving the concept proof study.

Solid Delayed Acid Generating Materials.
Solid delayed acid generating material was used to
create voids or dimples on the flow path of microfrac-
tures by its degradation under elevated temperature
and the chemical reaction between the acidic fluid and
the calcite formation. One of the degradable ester type
chemicals with an average size of 200 pm was used
in this study. The generated acid after degradation is
considered to be an organic acid, or weak acid.

Preparation Procedure of the Half Core Plug
Sample

Half core Eagle Ford outcrop plugs were obtained by
splitting one full core of 1” in diameter by 1"’ in length
using a trim saw in the longitudinal direction — similar
to the procedure described in Wu et al. (2017)%. The
rock surfaces were then fine trimmed using a target
surface trimmer.

Surface Morphology Characterization

The texture and surface profile of the half core plugs
were analyzed using a Nanovea PS50 profilometer.
This instrument was designed with leading edge chro-
matic confocal optical technology (axial chromatism),
compliant with both the International Organization
for Standardization (ISO) and the American Society
for Testing and Materials (ASTM). The technique
measures a physical wavelength directly related to
a specific height without using complex algorithms.
The surface characterization was conducted for rock
samples before and after chemical treatment to identify
the morphology difference caused by the chemical
reactions.

Packing Treatment Chemicals on Rock Surface
Three experiments with different chemical packing
patterns were conducted, preferably with single layer
packing. Experiment #1 was conducted with inter-
mixed solid delayed acid generating materials and 100
mesh sand particles. In Experiment #1, 23.9 mg of
solid delayed acid generating materials, and 31.9 mg
of 100 mesh white sand were packed on the surface
of the half core Eagle Ford outcrop sample, Fig. la.

Experiment #2 was conducted with 51.9 mg of solid

delayed acid generating materials alone, Fig. 1b. No
white sand was added in this experiment.

Experiment #3 was conducted with solid delayed
acid generating materials and 100 mesh sand in four
arrays. In this experiment, 23.0 mg of solid delayed
acid generating materials and 40.7 mg of 100 mesh
sand were packed on the surface of the half core plug
sample with four different rows, Fig. 1c. From the
top to the bottom of Fig. lc, the packed materials are
white sand, solid delayed acid generating materials,
white sand and intermixed sand, and solid delayed
acid generating materials.

The distributions of packed treatment materials were

Fig. 1 Photos of the Eagle Ford outcrop sample packed with
different treatment chemicals: (a) Experiment #1,
packed with intermixed solid delayed acid generating
materials and 100 mesh sand; (b) Experiment #2,
packed with solid delayed acid generating materials
alone; and (c) Experiment #3, packed with solid delayed
acid generating materials and 100 mesh sand in
different patterns.

Intermixed sand
and solid delayed acid
generating materials

Solid delayed acid
generating materials

Solid delayed acid
generating materials

Sand

Solid delayed acid
generating materials

Intermixed sand and
solid delayed acid
generating materials
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designed in such a way that they reflect the pump con-
sequence of fracturing fluids in practical applications.

Treatment under High-Pressure and Elevated
Temperature

The packed half core plug was assembled with a half
core spacer made with hastelloy material, Fig. 2. The
aperture between the two halves was used to simulate
the width of the filled microfracture. The composite
core assembly was then placed into a hastelloy core
holder for testing under high pressure and elevated
temperature. The confining pressure was set at 2,000
psi and back pressure was maintained at 1,000 psi
through the test. Potassium chloride (KCI) — 2% —
was used as the flowing fluid for all the three coreflood
tests. Since the size of the aperture between the half
core and the spacer is relatively large (around 150 pm),
attempts were made to measure the differential pressure
across the composite core assembly, but were not able
to detect accurately due to the current pressure gauge’s
detection limit. After thermal treatment, the half core
sample was removed from the coreflood setup and the
etched surface was analyzed to identify the morphology
difference caused by the chemical reactions.

Testing Condition for Experiment #1. The test-
ing temperature was set at 180 °F, with a 2% KCI fluid
flowing through the core assembly at a rate of 1 mL/
min for 3 hours. Then the coreflood setup was shut-in
overnight. No further fluid flow was conducted and the
core assembly was removed from the coreflood setup.

Testing Condition for Experiment #2. The
testing temperature was set at 180 °F. A constant flow
rate of 2% KCl was maintained at a very slow value of
0.001 mL/min for 90 hours. Then, the core assembly
was removed from the coreflood setup.

Testing Condition for Experiment #3. The
testing temperature was set at 250 °F. A constant flow
rate of 2% KCl was maintained at 0.02 mL/min for 48
hours. Effluents were collected with auto collectors for
further analysis. Then, the core assembly was removed
from the coreflood setup.
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Quantification of Dissolved Calcium lons and TOC
Effluents collected from Experiment #3 were analyzed
using inductively coupled plasma (ICP) equipped with
the optical emission spectrometer (OES) technique.
Since the rock sample used in this study was Eagle Ford
outcrop and contains 66% calcite, it was expected that
calcite will react with the acidic components from the
degraded solid acid generating materials. Therefore,
the concentration of Ca** was expected to increase in
the collected effluents.

Before the ICP measurement for the effluents, Ca**
was first quantified with its own standard solution with
a five-point calibration curve, measured in mg/L (or
ppm). If a testing sample was found to have concen-
trations above the upper limit of the standard solution
(500 mg/L), further dilution of the testing sample was
conducted until the reading was within the calibration
range. The values less than the lowest concentration
of the standard solution were reported as < 0.1 mg/L.

The concentration of the TOC in the effluents, which
could reflect the amount of the degraded/dissolved
solid acids, was analyzed by using a Shimadzu TOC
analyzer. A calibration curve with a concentration
of 0.00 ppm, 0.1 ppm, 1 ppm, 10 ppm, and 100 ppm
carbon was conducted before the sample testing.

Numerical Modeling

Due to its resolution limitation, the laboratory pres-
sure gauge cannot accurately quantify the differential
pressure across the core assembly setup, so as with
the permeability changes of the filled microfracture.
Numerical modeling was conducted to estimate the
permeability change based on the fracture aperture and
the quantified ranges of the etched fracture surfaces.

The DEM-LBM coupling model has been proven to
be capable of precisely capturing the fluid flow in the
pore space, and the interaction between the pore fluid,

2122 "and has been

solid particles, and confining walls
employed to further prove the concept in this work
and quantify the difference in the permeabilities and

hydraulic conductivities in all the scenarios of interest.

15

Fig. 2 An illustration of the core assembly with a half core and spacer for coreflood setup. Solid delayed acid generating materials and proppants were

packed in between the two halves.

® = Solid delayed acid generating
materials/proppants

Composite core
assembly
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Results and Discussion

Surface Characterization

The texture and surface profile of the half core plug of
the Eagle Ford outcrop samples were analyzed using a
Nanovea PS50 profilometer before and after chemical
treatment. The characterization allows for assessing
the impact of the treatment on the surface charac-
teristics and potentially on changes in the fracture
flow properties.

Experiment #1. The first experiment was con-
ducted with intermixed solid acids and 100 mesh sand
particles. Before packing the chemicals onto the rock
surface, the texture and surface profiles of the half core
plug of Eagle Ford outcrop Sample I were character-
ized, Fig. 3. The sample surface was relatively uniform
and the small-sized grooves generated during the core

preparation process were measured to be around 1
pm to 5 pm, Fig. 3¢ and Fig. 3e.

Intermixed solid delayed acid generating materi-
als (23.9 mg) and 100 mesh sand particles (31.9 mg)
were packed on the surface of the half core Eagle Ford
outcrop Sample I, Fig. 4a — same as Fig. la. The
composite core assembly was treated at 180 °F with
2% KCl fluid flowing through the core assembly at a
rate of I mL/min for 3 hours, and then the flow was
shut-in overnight. After the core assembly was retrieved
from the core holder, sand particles and undissolved
solid delayed acid generating materials were found on
the surface of the half core plug, Fig. 4b.

Figure 5 shows the surface profile of the retrieved
half core after removing the sand particles. Figure
5a is the surface scan of one area, 15 mm X 10 mm

Fig. 3 Surface profile of the Eagle Ford outcrop Sample | — general surface morphology analysis: (a) surface scan of 15 mm x 10 mm area
(3D image, scan step in x, y axis was 5 um); (b) magnified scan image of blue framed area in Fig. 3a (15 mm x 5 mm); (c) height profile along the
red dashed line in Fig. 3b; (d) magnified scan image of blue framed area in Fig. 3b (4 mm x 5 mm), and (e) the height profile along the red
dashed line in Fig. 3d.
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Fig. 4 Photos of the Eagle Ford outcrop Sample | for Experiment #1: (a) surface of the half core packed with intermixed solid delayed acid generating

and solid delayed acid

Intermixed sand

generating materials

materials and 100 mesh sand before being put into the coreflood setup, and (b) surface of the core plug after being retrieved from the core
holder, and then sand and undissolved solid delayed acid generating materials were removed.
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Fig. 5 The surface profile of the Eagle Ford outcrop Sample | after treatment with mixed solid delayed acid generating materials and 100 mesh sand,
and then the sand was removed — general surface morphology analysis: (a) Surface scan of a 15 mm x 10 mm area (3D image, scan step in x, y
axis was 5 um), (b) magnified scan image of the blue framed area in Fig. 5a (15 mm x 5 mm), (c) height profile along the red dashed line in Fig.
5b; (d) magnified scan image of the blue framed area in Fig. 5b (4 mm x 5 mm); and (e) the height profile along the red dashed line in Fig. 5d.
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Fig. 6 The surface profile of the Eagle Ford outcrop Sample | after treatment with mixed solid delayed acid generating materials and 100 mesh sand,
then removed the surface undegraded solid delayed acid generating materials — general surface morphology analysis: (a) surface scan of
15 mm x 10 mm area (3D image, scan step in x, y axis was 5 um); (b) magnified scan image of the blue framed area in Fig. 6a (15 mm x 5 mm);
(c) height profile along the red dashed line in Fig. 6b; (d) magnified scan image of the blue framed area in Fig. 6b (5.5 mm x 5 mm); and (e) the
height profile along the red dashed line in Fig. 6d.
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in size. Figure 5b is the magnified scan image of blue
framed area in Fig. 5a (15 mm X 5 mm). Figure 5c is
the height profile along the red dashed line in Fig. 5b.
The height of the white solids coverage measured in
Fig. 5¢ was approximately 100 pm to 150 pm, which
was similar to the aperture size of the composite core
assembly. Figure 5d is the magnified scan image of
the blue framed area in Fig. 5b (4 mm X 5 mm). Fig-
ure Se is the height profile along the red dashed line

in Fig. 5d. Similar to Fig. 5c, the height of the white
solids coverage measured in Fig. Se was approximately
100 pm to 150 pm, which is in the same range of the
aperture of the composite core assembly — ~150 pm,
the diameter of the 100 mesh sand particles.

After the white solids were removed by blowing the
sample with an air nozzle, the surface was discovered
to be rougher than the original rock surface, with some
deeper irregular shaped pockets being formed. The
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Fig. 7 The surface profile of the Eagle Ford outcrop Sample Il — general surface morphology analysis: (a) surface scan of a 15 mm x 10 mm area
(3D image, scan step in x, y axis was 5 um); (b) magnified scan image of the blue framed area in Fig. 7a (15 mm x 5 mm), (c) height profile along
the red dashed line in Fig. 7b; (d) magnified scan image of the blue framed area in Fig. 7b (3 mm x 5 mm); and (e) the height profile along the
red dashed line in Fig. 7d.
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Fig. 8 Photos of the Eagle Ford outcrop Sample Il for Experiment #2: (a) Surface of the half core packed with solid delayed acid generating materials
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generating materials

Solid delayed acid
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| S

same area as scanned in Fig. 5 was analyzed with the
surface profilometer, Fig. 6. The depth of the irregular
etched areas ranged from 5 pm to 40 pm.

Experiment #2. The second experiment was con-
ducted with solid acids along with constant aqueous
media exposure to further confirm the reaction between
the degraded solid acids and calcite-rich rock sample.
Before the chemicals were packed on the rock surface,
the texture and surface profiles of the half core plug of
the Eagle Ford outcrop Sample 11, Fig. 7. Similar to
the half core Plug I, the small-sized groves generated
during the core preparation process were measured to
be around 2 to 5 microns, Fig. 7c and Fig. 7e.

In this experiment, 51.9 mg of solid delayed acid
generating materials were packed on the surface of
the half core plug Sample II, Fig. 8a — same as Fig.
1b. The composite core assembly was treated at 180
°F with 2% KCI flowing through the core assembly

alone before putting into the coreflood setup; and (b) surface of the core plug after being retrieved from the coreflood experiment.

at a constant and very low flow rate of 0.001 mL/min
for 90 hours. After the core assembly was retrieved
from the core holder, some undissolved solid delayed
acid generating materials still remained on the surface
of the half core plug. This might be due to the slow
flow rate of the aqueous media, which prefers to flow
around the two solid acid packed columns, resulting in
the solid delayed acid generating materials not being
exposed to enough water for full degradation. Figure
8b is the photo of the rock surface after the undissolved
solid delayed acid generating materials were removed.
Two rough patches with irregular shaped pockets were
observed in the areas where the solid delayed acid
generating materials were packed.

Figure 9 shows the surface profile of the retrieved
half core after removing the undissolved solid delayed
acid generating materials. The depth of the patched
irregular pockets was determined to be from 10 pm
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Fig. 9 Surface profile of the Eagle Ford outcrop Sample Il after treatment with solid delayed acid generating materials alone — general surface
morphology analysis: (a) Surface scan of a 15 mm x 20 mm area (3D image, scan step in x, y axis was 5 um); (b) magnified scan image of the blue
framed area in Fig. 9a (3.5 mm x 5 mm), (c) height profile along the red dashed line in Fig. 9b;, (d) a magnified scan image of the purple framed
area in Fig. 9a (15 mm x 5 mm); and (e) the height profile along the red dashed line in Fig. 9d.
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Fig. 10 Surface profile of the Eagle Ford outcrop Sample Il — general surface morphology analysis: (a) surface scan of a 15 mm x 10 mm area (3D
image, scan step in x, y axis was 5 um), (b) a magnified scan image of the blue framed area in Fig. 10a (15 mm x 5 mm); (c) height profile along
the red dashed line in Fig. 10b; (d) a magnified scan image of the blue framed area in Fig. 10b (2 mm x 5 mm), and (e) the height profile along

the red dashed line in Fig. 10d.
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to 50 pm, which was in a similar range as observed
in Experiment #1.

Experiment #3. The third experiment was con-
ducted using solid delayed acid generating materials
and 100 mesh sand at a temperature of 250 °F. Before
packing the chemicals onto the rock surface, the rock
surface was roughened a little with 60 grit sandpaper to
reduce the particle’s movement during the experiment.

Figure 10 shows the texture and surface profiles of the
half core plug of the Eagle Ford outcrop Sample II1
before being packed with treatment chemicals. The
groves generated during core preparation and further
roughing process were measured to be around 10 to
30 microns, IFig. 10c and Fig. 10e, which were slightly
deeper than the rocks used for Experiments #1 and #2.

In this experiment, 23.0 mg of solid delayed acid
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Fig. 11 Photos of the Eagle Ford outcrop Sample Ill for Experiment #3: (a) surface of the half core packed with solid delayed acid generating materials

Sand

Solid delayed acid
generating materials
Sand

Intermixed sand and
solid delayed acid
generating materials

and 100 mesh sand in four patterns before being put into the coreflood setup,; and (b) surface of the core plug after being retrieved from the
coreflood experiment.

Fig. 12 Surface profile of the Eagle Ford outcrop Sample Ill after being treated with solid delayed acid generating materials and 100 mesh sand —

8 10 12 14

general surface morphology analysis: (a) surface scan of a 15 mm x 20 mm area (3D image, scan step in x, y axis was 5 um); (b) a magnified scan
image of the blue framed area in Fig. 12a (5.5 mm x 15 mm); (c) the height profile along the red dashed line in Fig. 12b; (d) the magnified scan
image of the purple framed area in Fig. 12a (3 mm x 5 mm); and (e) the height profile along the red dashed line in Fig. 12d.

8888 88°%

generating materials and 40.7 mg of sand were packed
on the surface of the half core plug, Sample 111, with
four different patterns, Fig. 11a — same photo as Fig.
lc. The composite core assembly was treated at 250
°F with 2% KCI flowing through the core assembly
at a constant flow rate of 0.02 mL/min for 48 hours.
Effluents were collected with auto-collectors for fur-
ther analysis. Then, the core assembly was removed
from the coreflood setup. Figure 11b is the photo of
the rock surface after the sand, and a small amount
of undissolved solid delayed acid generating material
was removed. Two rough irregular etched areas were
observed where the solid acids were packed.

Figure 12 shows the surface profile of the retrieved
half core after removing the sand and a small amount of
undissolved solid delayed acid generating material. The
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depth of the etched irregular pockets was determined
to be around 50 pm to 150 pm, which was deeper than
what was observed in Experiments #1 and #2. This
might be due to the faster reaction kinetics at higher
temperatures.

Quantification of Dissolved Calcium lons in the
Effluents

Since the major mineral from the Eagle Ford cores
was calcite (from the XRD results), the expected major
changes of the ions are from Ca’" in the effluents from
the coreflood experiment that involves reactions be-
tween the acidic components from the degraded solid
delayed acid generating materials and the formation
rock. The concentrations of Ca** in each of the efflu-
ents from Experiment #3 were analyzed by ICP-OES.

The dissolved Ca** was calculated for each effluent



Table 1 Calcium dissolution in the effluents in Experiment #3.
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Effluent #

S

O o0 N O wu»;

10
1M
12
13
14
15
16

Sample Volume
(mL)

5
3.5

3.5
3.5
4
4
3.5
3.5
3.5

35

35
3.5

Ca? (mg/L)

34.32
30.71

30.62
63.36
363.9
943.8
844.9
641.1
560.7
373.2
324.9
2919
284.5
261.4
271.3
2355

Dissolved Ca?

(mg)
0.17
0.11

0.11
0.22
1.46
3.78
2.96
2.24
1.96
1.49
1.30
1.17
1.00
1.05
0.95
0.82

Dissolved CaCO,

(mg)
0.4
0.3

0.3
0.6
3.6
9.4
7.4
5.6
4.9
3.7
3.2
2.9
2.5
2.6
2.4
2.1

Table 2 TOC analysis in the effluents in Experiment #3.

Effluent #

0 N O

10
11
12
13
14
15
16

Sample
Volume (mL)

5
35
3.5
3.5

35
35
35

3.5

35
35

TOC
(mg/L)

0.0
26.3
349
55.3

190.7
641.3
549.4
351.4
282.2
107.2
85.8
77.0
84.8
73.8
87.6

Total Dissolved Carbon in Total Dissolved Solids
Solids Acids (mg)

0.00
0.09

0.12
0.19
0.76
2.57
1.92
1.23
0.99
0.43
0.34
0.31
0.30
0.30
0.31
0.27

Acids (mg)
0.0
0.2

0.3
0.5
1.9
6.4
4.8
3.1
2.5
1.1
0.9
0.8
0.7
0.7
0.8
0.7
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sample and then converted to the amount of dissolved
CaCO,, Table 1. The accumulated dissolved calcite
was calculated to be around 51.9 mg in this treatment.

Quantification of Dissolved Solid Acids

As mentioned earlier, since the resulting acidic com-
ponents from the degraded solid delayed acid gener-
ating materials will react with the calcite from the
rock sample, the analysis of the TOC in the effluents
reflected the amount of the degraded/dissolved solid
acids. The concentration of TOC in each effluent from
Experiment #3 was analyzed using a Shimadzu TOC
analyzer, Table 2. A calibration curve with concentra-
tions of 0.00 ppm, 0.1 ppm, 1 ppm, 10 ppm, and 100
ppm carbon was conducted before the sample testing.
Assuming that the majority of dissolved organic car-
bon was from the degraded solid acid, the dissolved
solid acid in each effluent sample could be calculated.
The total amount of the degraded solid delayed acid
generating materials was calculated to be around 25.3
mg, which is very close to the entire amount of solid
acids packed in the core assembly.

Results from the above three experiments have
demonstrated that the solid delayed acid generating
materials were able to create voids or dimples on the
flow path of the microfractures by their degradation
under elevated temperatures, and the chemical reaction
between the generated weak acid and the calcite-rich
formation, which likely enhances the permeability of
microfractures. Consequently, since the size of the
aperture between the half core and the spacer is rel-
atively large — approximately 150 pm, differential
pressure across the composite core assembly was not
able to be detected accurately because of the pressure
gauge’s detection limit.

Numerical modeling was further conducted to quan-
tify the conductivity changes due to the placement
of small-sized proppants in the microfractures and
the etching effect from the interactions of the acid
generating material with the fracture faces.

Numerical Modeling

Simulations using the DEM-LBM coupled approach for
different scenarios were conducted to further demon-
strate the feasibility of the proposed conceptual ap-
proach. The basic concept of LBM, and verification of
its accuracy in modeling small-scale fluid flow problems,

Fig. 13 Modeled scenarios in the DEM-LBM coupling simulations.

can be found in many publications*®. The DEM is
a micromechanics computational method originated
by Cundall (1971)* and is extended by Cundall and
Strack (1979)¥. Since then, the DEM has been widely
applied as an interdisciplinary modeling tool in many
scientific and engineering arcas. The verification of the
coupling of the DEM and LBM to model fluid-particle
interaction and fluid flow in porous media can be found

in Han and Cundall (2011, 2013)*"-22,

In this study, three general scenarios are modeled with
the DEM-LBM simulations: (1) fluid flow in a rough
fracture without proppant, Fig. 13a; (2) fluid flow in a
fracture with microproppants, Fig. 13b; and (3) fluid
flow in a fracture supported by small-sized proppants
and generated voids on the fracture walls, Fig. 13c.

More specifically, the aperture of the fracture is as-
sumed to be 1 pm and 5 pm without proppant (Case
1 and 2 in Table 3, the base case) and 150 pm with
the support of proppants — similar to the aperture
size tested in the laboratory experiment (Cases 3 to
14 in Table 3). The fracture walls are assumed to be
perpendicular to the x-direction, Fig. 14. Itis further
assumed that a single layer of proppants are placed
in the fracture; the proppant particles are distributed
uniformly inside the fracture with a particle-to-particle
gap of gap in the x-direction (which is also the fluid flow
direction) and gap_in the z-direction. The etched depth
in the fracture walls can vary from 50 pm to 150 pm.
As tabulated in Table 3, the permeability values of the
13 cases are estimated using DEM-LBM simulations.

Simulation results for Cases 3 to 8 indicate that with
proppant support, the fracture permeability can be
increased by tens to hundreds of times, depending
on the gaps between the proppant particles. The per-
meability of the proppant supported fracture can be
further enhanced by the voids created by acid erosion,
as shown by results from Cases 9 to 14.

Note that the fluid transport capacity of a fracture is
not only related to the permeability of material inside
the fracture, but also affected by the fracture aperture.
The product of a facture aperture and its permeability
1s called fracture conductivity. The fracture conductiv-
ities of all the simulated cases in Table 3 are computed
and provided in the last column. As can be seen, the
fracture conductivity in all proppant supported cases
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Table 3 Permeabilities of various scenarios measured by the DEM-LBM simulations (d = 150 um).

Case A Fracture Part_icle Gaps Etched Depth, Pel::r?;:\lll)riﬁ ty Cof:::::':ir\?i ty
perture (um) gap,:gap, (um) d_(um) (md) (md - ft)
1 1 — — 8.36 x 10! 0.0003
2 5 — — 2.09 x 10° 0.03
3 150 0:0 — 1.90 x 104 9.35
4 150 37.5:37.5 — 9.42 x 10* 46.25
5 150 75:75 — 2.87 x 105 141.04
6 150 150:150 — 6.00 x 10° 295.20
7 150 75:0 — 2.75 x 104 13.55
8 150 150:0 — 3.41 % 104 16.79
9 150 75:0 50 4.81 x 104 23.65
10 150 75:0 100 4.81 x 104 23.65
11 150 75:0 150 4.86 x 104 23.88
12 150 150:0 50 6.03 x 104 29.65
13 150 150:0 100 6.03 x 104 29.68
14 150 150:0 150 6.10 x 10* 30.01

Fig. 14 Monolayered proppant particles inside a microfracture.

isincreased by hundreds to thousands of times in com-
parison to that of the unsupported fracture.

In summary, our simulation results clearly indicate
that the proposed conceptual approach of an improved
hydraulic fracturing treatment can significantly in-
crease the flow conductivity of microfractures, and
thereby enhance well productivity.

Conclusions

As the bottleneck for hydrocarbon flow from the reser-
voir to a production well is the low permeability of the
formation for unconventional reservoirs, enhancement

of the formation permeability is critical for further
improving well productivity after the hydraulic frac-
turing process whose major purpose is to increase the
stimulated reservoir volume. The microfractures in a
reservoir, as the major contributor to the formation
permeability, tend to close during the production.
Therefore, to minimize the closure of these fractures
during production has many important implications
to the hydrocarbon production from unconventional
reservoirs.

This work proposes a conceptual approach of an
improved hydraulic fracturing treatment to enhance
well productivity by combining the advantages of two
key elements: (1) the use of microproppants to keep
open the natural and induced microfractures during
production, and (2) the dissolution effects on increasing
pore or aperture sizes using a mixture of the delayed
acid generating materials along with microproppants.

The feasibility of the proposed approach is demon-
strated by a series of the proof-of-concept laboratory
coreflood experiments and numerical modeling results.
Experiment results demonstrated that solid delayed
acid generating materials were able to create voids or
dimples on the flow path of microfractures by their
degradation under elevated temperature, and the
chemical reaction between the generated weak acid
and the calcite-rich formation, which likely enhances
the permeability of microfractures. Simulation results
also show that the proposed conceptual approach can
significantly increase and maintain flow conductivity
of microfractures, thereby enhancing well productivity.

The Aramco Journal of Technology
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A New Mathematical Formulation for Estimating
Flow Capacity and Phase Mobility in Oil-Water
Segregated Flow Systems

Dr. Hasan A. Nooruddin and Dr. N.M. Anisur Rahman

A new analytical procedure is introduced for the interpretation of pressure transient data in oil
producers with pronounced water production. The new mathematical model is applicable to flow
conditions where segregated flow dominates the displacement process in the reservoir. Here, formation
flow capacity and individual magnitudes of oil- and water-phase mobility are also determined,
allowing accurate reservoir characterization under such complex flow conditions.

Segregated flow is very common in natural porous rocks and is characterized by a sharp interface
between oil and water. Therefore, our new mathematical model mimics the dynamics of this flow
mechanism by taking into consideration the individual contributions of oil and water from each
reservoir zone. This novel mathematical model is utilized to extract formation flow capacity and
mobility for both phases. An average fluid saturation can also be determined with a reasonable
accuracy.

The reservoir system in hand is represented by a two-layer model with no crossflow between the
different zones in the reservoir. Because of gravity effects, oil is produced from the top layer while
water is produced from the bottom one. Each reservoir layer has its own distinct static and dynamic
properties, such as porosity, permeability, thickness, and petrophysical properties. A case study based
on synthetic reservoir data is presented to demonstrate the application of the mathematical model in
characterizing formation rocks. It is observed that conventional well testing methods could produce
inaccurate results when applied to reservoir systems influenced by segregated flow. Using the new
model, a correction factor is derived to estimate absolute permeability values from the conventional
well testing analysis, producing a one-to-one transformation between dispersed and segregated flow.

The conventional way of interpreting pressure transient data for two-phase flow displacements
under segregated conditions is based on an equivalent single-phase flow model that might produce
inaccurate results and invalid estimates of flow capacity and phase mobility. Our new approach,
therefore, is more representative for the system under consideration and captures the flow mechanism
more robustly.

Introduction

Pressure transient analysis (PTA) can be viewed as an experiment, which is conducted in the field to ac-
quire certain information about the productivity or injectivity of a tested well and to characterize the in situ
properties of the near wellbore reservoir region. Properties derived from well testing are very important in
characterizing reservoir formations and understanding their dynamic behavior under in situ conditions. In
typical well testing operations, pressure responses and flow rates are measured as a function of time, commonly
using high resolution gauges, either from the surface or downhole. These responses are then analyzed and
interpreted by identifying flow regimes using appropriate well and reservoir models. Well testing today has
become sophisticated with many numerical and analytical approaches.

Under certain multiphase flow conditions, gravity forces dominate the displacement process motivating
fluids to segregate from each other, so that heavier fluids slump down to the base of the reservoir and lighter
fluids rise up. The segregated flow is considered as one of the most frequently encountered flow mechanisms
in nature, and is characterized by a sharp interface between oil and water phases'. This flow mechanism is
governed by some key geometric parameters of the formation, i.e., reservoir thickness and length; petrophysical
parameters, i.e., reservoir vertical and horizontal permeability; in addition to other parameters related to in situ
fluids, 1.e., density difference and components of average fluid velocity in the vertical and horizontal directions.

The most common methodology in the industry to analyze PTA for multiphase use is the method intro-

duced by Perrine (1956)%. His approach is based on an equivalent single-phase flow model that replaces the
individual, single-phase properties with some effective total properties representing the multiphase systems?.
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A key assumption is that both capillary and gravity
forces are ignored. In addition, saturation gradients
are considered negligible® .

Chu et al. (1986)° investigated the Perrine method
using a 2D numerical model applicable to oil and
water systems. They showed that the Perrine meth-
od could be used to interpret pressure transient data
for simultaneous production of oil and water when
saturation gradients are significant in the vertical
direction only. In addition, the estimated individu-
al magnitudes of phase mobility represent thickness
averaged magnitudes of mobility in the investigated
zone. In case of nonuniform saturation gradients in
the horizontal direction, the Perrine method may give

unreliable estimates for the individual magnitudes of

phase mobility. The magnitude of total mobility can
be determined with reasonable accuracy.

Sharp interfaces between oil and water in partially
flooded regions are repeatedly observed from conven-
tional log analysis, saturation monitoring and produc-
tion logging tools. Analyzing pressure transient data
under segregated flow conditions using conventional
multiphase flow methods that are currently in use in
the industry may not be adequate, and could result
in misleading magnitudes of formation flow capacity
and individual phase mobility, and skin factors. To
overcome this problem, a new mathematical model is
introduced, where segregated flow is derived analyti-
cally. The new methodology provides better estimation
of the formation flow capacity in addition to the oil
and water phase mobility.

A Closer Look into Segregated Flow
Segregated flow is considered as “the most common
flooding conditions encountered in nature™'. Under this
flooding condition, gravity dominates the displacement
process and activates the crossflow of fluids, giving that
a high degree of pressure equilibrium exists across the
entire thickness of a reservoir. The interface between
oil and water is sharp, and can be represented with
a step function, assuming that the dynamic capillary
transition zone is negligible as compared to the total
reservoir thickness. As pointed out by Dake (2001)', this
assumption is valid for most waterflood conditions and
has been confirmed theoretically and experimentally.
The sharp interface between oil and water at their
boundary is observed usually from in situ production
and formation analysis logs.

Many researchers have extensively investigated the
segregated flow mechanism®’. For example, Dietz
(1953)" presented a theoretical analysis of the dis-
placement stability in dip reservoirs. He introduced
two dimensionless numbers to indicate whether a dis-
placement process is stable or not: the dimensionless
gravity number, (, and the end-point mobility ratio,
M,. Dietz (1953)" showed that stable displacements
take place when the angle measured between the main
direction of the flow and the interface of the fluids stay
constant. This condition is satisfied when G > (M, — 1)
for M, > 1. Nevertheless, the displacement process
is found to be unconditionally stable when A/, < 1.

Another dimensionless number, Eqn. 1, is frequently
used to identify segregated flow by virtue of vertical
equilibrium® 1%

Ll |k
R, =+ /k,, 1

The likelihood of having segregated flow in a given
system increases for large values of R, . Some numer-
ical simulation studies have indicated that segregated
flow would most likely occur for R, = 5, Waggoner
et al. (1991)"*.

Elements of the Analytical Model

In this section, we present key elements and assumptions
of the analytical solution. The model assumes two-phase
flow in radial coordinates for a vertical well that fully
penetrates a reservoir rock with uniform properties
in the horizontal direction. In the vertical direction,
however, the model assumes a two-layer system with
nonuniform properties. Fluids are immiscible and
slightly compressible with constant compressibility.

Figure 1 shows a schematic of the segregated two-
phase flow of oil and water in a well. Under this flow
condition, oil is produced separately from a clearly
distinguished zone with distinct static and dynamic
properties — thickness, permeability, porosity, total
compressibility, residual water saturation and relative
permeability of oil at residual water saturation. Simi-
larly, for water, only water is produced from a well-de-
fined zone, located at the bottom of the reservoir with
distinct static and dynamic properties — thickness,
permeability, porosity, total compressibility, residual
oil saturation and relative permeability of water at
residual oil saturation. Each zone has its own poros-
ity, permeability, total compressibility and residual
saturations. After leaving the sandface, oil and water
mix in the wellbore. The mixture is produced and
measured at the surface, where the percentage of water
in the mixture is determined, which is most commonly
referred to as the water cut ratio.

Once oil and water exit the sandface and enter the
wellbore, the flowing bottom-hole pressure (FBHP) of
both phases is considered to be the same at a given depth
inside the wellbore. In normal practices, the FBHP
is measured at a gauge depth inside the wellbore, at
which the pressure of both the oil and water phases are
considered identical. Nooruddin and Rahman (2018)"
have provided the main equations for infinite acting
reservoirs. The governing equations are presented in
Appendix A.

The thicknesses of the oil zone, £ , and water zone,
h, are required to be known a priori for the calcula-
tions of the pressure responses, using the segregated
flow model. In the presence of valid production logs,
such information can be estimated with reasonable
accuracy. In most cases, production logs are absent,
and only the total reservoir thickness, £, is available.
Fortunately, under segregated flow conditions, the
thicknesses of the oil and water zones can be estimat-
ed from the definition of the fractional flow of water,
/> by utilizing the individual phase production rates,
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Fig. 1 A schematic of the segregated two-phase flow conditions around a fully penetrating vertical well.

qt = qo+qw

1

The Aramco Journal of Technology

Table 1 The properties used in the case study.

Initial pressure (p)

Absolute permeability (k)

Reservoir thickness (h)

Wellbore storage coefficient (C)
Wellbore radius (r,)

Skin (s)

Oil viscosity (p,)

Water viscosity (u,)

Oil formation volume factor (B,)
Water formation volume factor (B,)
Residual water saturation (S, )
Residual oil saturation to water (S )
End-point relative permeability to oil (k )

End-point relative permeability to water (k)
Oil compressibility (c,)

Water compressibility (c,)

Rock compressibility (c))

Production period before shut-in

Shut-in duration

5,000 psia
100 md
100 ft
0.01 bbl/psia
0.3 ft
0
3.0cP
0.3 cP
1.3 bbl/stb
1.0 bbl/stb
0.15
0.25
1
0.5

9.53325E-6 psia’
2.97670E-6 psia’
3.00000¢E-6 psia”

1,000 hr
1,000 hr

29
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fluid properties, and some petrophysical parameters Flow capacity for water = ky,, Ky Ry 3
of each zone. The detailed derivations are provided

in Appendix B.
Equivalent oil phase flow capacity =

Once a satisfactory match is obtained between the _
kro (kaz ho + sz hw) 4

model and the measured pressure transient data, the
flow capacity for oil phase, the water phase, and the
equivalent oil phase (assuming dry-oil production), Case Study
respectively, are calculated as: In this section, a case study is presented based on
synthetic data to demonstrate the applicability of the
Flow capacity for oil = k,, k., h, 2 new model to diagnose two-phase flow, and derive

Fig. 2 Pressure, pressure drop and derivative, and production profiles generated using the segregated flow model (black), and Perrine’s method (red)
at a low water cut ratio of 20%.
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Fig. 3 Pressure, pressure drop and derivative, and production plots generated using the segregated flow model (black), and Perrine’s model (red) at a

high water cut ratio of 80%.
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estimates of formation flow capacity and phase mo-
bility. A fully penetrating vertical well produces for
a period of 1,000 hours before shut-in for the same
duration. Itis assumed that the reservoir is unbounded
and homogeneous. Table 1 contains all parameters
used in the case study, including reservoir, fluids, and
petrophysical properties.

For the implementation of Perrine’s method, a nu-
merical code has been developed and validated against
a commercial well testing package as illustrated in
Appendix C. As previously mentioned, Perrine as-
sumes equivalent single-phase properties to represents

10° 10" 10°
Time (hr)

two-phase flow, one of which is the viscosity, which
takes the value of a reference phase specified by the
user. Usually, oil is chosen as the reference phase,
irrespective of the water cut ratio. In this study, we
investigate the impact of selecting either oil or water
as the main reference phase for computing values of
properties, including viscosity.

Results of both the segregated and Perrine models
are shown in Iigs. 2 and 3, in which pressure responses
from the segregated model are shown in black for high
and low water cut ratios (20% and 80%). Responses
with Perrine estimates are shown in red and blue,

10°
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Table 2 Comparison between two models, and deviations from the segregated flow model.

Deviation From

Case Input PG:rrlne Segregated Segregated Flow
Estimates Flow Model
Model

q, (stb/d) Water  Reference k. h k. h kh, k.h, Ak h Ak h
(stord) %o Cut(%)  Phase  (md-f) (md-ft) (md-f) (md-fy (%) (%)
4,000 1,000 80 Qil 2,453 755 6,190 1,905 60.4 60.4
4,000 1,000 80 Water 24,528 7,547 6,190 1,905 296 296
1,000 4,000 20 QOil 8,387 161 9,630 185 13 13
1,000 4,000 20 Water 83,871 1,613 9,630 185 771 771

Fig. 4 Pressure, pressure drop and derivative, and production plots generated using the segregated flow model (black), and Perrine’s model using the
corrected permeability (red) for a low water cut case.
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Fig. 5 Pressure, pressure drop and derivative, and production plots generated using the segregated flow model (black), and Perrine’s model using the
corrected permeability (red) for a high water cut case.
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depending on the selected reference phase for viscosity,
such that red indicates oil as the reference phase, while
blue indicates water.

Figures 2 and 3 display the pressure and rate responses
for the case when the properties in Table 1 are used
for both models. Significant differences are observed,
especially when the reference phase is water with a
low water cut. The Perrine model exhibits substan-
tial differences when compared to the segregated flow
model, regardless of the chosen reference phase for a
high water cut.

Table 2 summarizes the results of the comparison

study between the two models and the deviations from
the segregated flow model in the two-phase flow ca-
pacities, calculated using Eqns. 2 and 3 for the seg-
regated model, and using Eqns. C-4 and C-5 for the

Perrine model.

Correction to Perrine’s Model

Earlier, we demonstrated that Perrine’s approach could
produce inaccurate results under segregated flow. We
now provide a correction factor that can be used to
adjust the calculated two-phase flow properties under
such flow conditions. Note that the developed segregat-
ed flow is an explicit representation of the mechanism
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Table 3 A comparison between the segregated flow model and Perrine’s method.

Case Input Perrine’s Method
Water Cut Reference )
(%) Phase keq (md) Skin
80 Oil or Water 252.38 +0.20
20 Oil or Water 114.81 +0.05

Segregated Flow Corrected Perrine’s

Model Method
k (md) Skin k,(md kK,
100.00 0 100.00 2.524
100.00 0 100.00 1.148

under consideration. The proposed correction is to
force Perrine’s estimates to match phase mobility values
with those from the segregated flow model, Eqn. 5:

keor = keq e {MR(l - fw) + fw}] 5

Frw Href

The correction factor of Eqn. 5 can only be used to
correct the absolute permeability from Perrine’s model
—usually called the equivalent permeability — when
segregated flow is anticipated.

Corrected permeability values, using Eqn. 5, are
used to replicate Perrine’s model to reproduce the pres-
sure responses of the reservoir parameters as used in
the previous section, and compared against those of
the segregated flow model. Figures 4 and 5 show the
results indicating a perfect match to the segregated
model response for both high and low water cut ratios,
irrespective of the chosen reference phase for viscosity.

Table 3 summarizes the results. In this particular
example, it is shown that at a high water cut, Per-
rine’s equivalent permeability overestimates the true
reservoir permeability by more than a factor of two.
The corrected values, nevertheless, match the true
permeability precisely. The computed skin, however,
indicates a slight deviation, which 1s of no major impact.

Conclusions

In this article, a new mathematical model to describe
two-phase flow systems under a segregated flow mecha-
nism is introduced and compared to the Perrine model.
The new model describes the system more robustly,
since it captures segregated flow as a two-layer system,
allowing oil to flow through the top layer and water
through the bottom layer. The Perrine model, on the
other hand, treats the system as a single-phase and
computes respective, effective properties to capture
two-phase flow.

Synthetic reservoir data has been utilized to pres-
ent a case study with multiple production scenarios,
where both the segregated flow and the Perrine models
have been compared. It has also been shown that the
Perrine model could provide misleading estimates of
phase flow capacity and phase mobility. Based on the
segregated model, a new correction factor has been
proposed to correct Perrine’s absolute permeability
under segregated flow conditions. An application of
the new correction factor demonstrates a perfect match
with the responses under multiple production cases,

indicating a one-to-one transformation between the
two models.
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Greek Symbols
n Diffusivity constant for single-phase flow,
defined in Eqn. A-2, md-psia/cP

n,n, Diffusivity constants for oil and water zones,
respectively, md-psia/cP

¢, ®,, Porosityin oil and water zones, respectively,
fraction

A Total mobility ratio, defined in Eqn. C-2,
md/cP

M, K, Viscosity of oil and water phases, respectively,
cP

Hoor Viscosity of reference phase, cP
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Appendix A — Governing Differential
Equations of the Segregated Flow Model
The diffusivity equation in radial coordinates for a
single-phase flow is given as:

19 (r a_p) =19
ror ar) — n ot A-1
where the diffusivity constant given by:

_ 26376e-4k

Puce A-2

Eqn. A-1 is subject to the following initial condition:

p(r,0)=p; A-3

The sandface pressures are to be evaluated at the
equivalent wellbore radius due to the presence of the
skin factor. Therefore, the skin factor, s, of the subject
well is considered through the equivalent wellbore
radius of a physical wellbore radius, 7, as:

Twa = Twexp (—s) A-4

The effective wellbore radius, defined in Eqn. A-4,
can deal with both positive and negative values of the
skin factors. Also the sandface pressure will be equal
to the flowing wellbore pressure, which means that:

Pwr = plrwa A-5
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Accounting for the wellbore storage phenomenon,
the wellbore flowing pressure is related to the nominal
production rate and the sandface production rate by
the following material balance equation:

khry, 0 dpw

141.23;4% - + 246% = A-6

Eqns. A-1 through A-6 can be readily solved by the
Laplace transform technique. Individual phase equa-
tions are organized for dealing with the segregated
flow model, as previously seen in Fig. 1. As such, the
individual phase rates are related to the total production
rate by the following equation:

gt = qo(6)By + quw(t)By A-7

As shown in Eqn. A-7, the total production rate at
downhole conditions is constant, although the individ-
ual phase rates can vary with time. We also define ¢,
and ¢, total compressibility in the oil and the water
zones, respectively, as:

Cto = ¢ + (1 = Syirr) €o + Syirr Cw A-8

Cow = ¢ + (1 = Sorw) cw + Sorw Co A-9

In the presence of skin factors in the oil and water
layers, the apparent wellbore radii in the oil and water
zones, respectively, are computed as:

Two = Tw €XP (—S,) A-10

Tww = Tw €xp (=Sy) A-11

Therefore, the inner-boundary conditions can be
expressed mathematically as functions of time:

pwf(rwan ) = Po(wo, t) = P (Biyw, t) A-12

Final expressions for the wellbore pressures, and the
oil and water flow rates with wellbore storage and skin
effects have been presented®.

Appendix B — Derivation of h, and h_
The fractional flow of water under reservoir conditions
can be defined as:

f — qwBw
w AwBw*q0Bo B-1

At steady-state flow conditions, for radial flow, ¢ B
and ¢ B can be determined using Darcy’s equation as:

_ 2mhy Ky, krw Ap

B
Gwbw Hwln (:—:/) B-2
2mthokoz Kro AP
B = 0oz "ro -
Gobo woln (Tr_vev) B-3

The fractional flow in Eqn. B-1 is then updated by
Eqns. B-2 and B-3 as:
fw= :

- hokozkro bw.
14,0 0ZTOEW B-4
hwkwzkrw 1o
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~ . ~ ho .

Solving Eqn. B-4 for ;— gives:
w

ho — kwzKrw o (i _ 1)
hy kozkro bw \fw B-5
Since, we get:
ho = h

W ™ kwzkrw o[ 1 _ B-6

kozkro Nw(fw 1)+1
and

ho =h—h, B-7

The average fluid saturation in the reservoir can
be estimated as:

S = Pwz hw(1=Sorw)+Poz ho Swirr -8
w (pWZ h’W+¢DZ hD -

An interesting relationship between fractional flow
and average saturation can be drawn from Eqn. B-8
for segregated flow systems. From the fraction flow
equation, the only variable parameter is 22, which
can be related to the average saturation as:

ho _ Pwz (1_Sorw_5w)

hw b0z \ Sw—Swirr

Fractional flow Eqn. B-4 then becomes:

1

fW = Swz(1-Sn) kozkro uw
1+ K B-10
¢02( Sn )szkrw Ko
where
— Sw=Swirr
Sn =T e — B-11

1=Sorw=Swirr

In the case of homogeneous reservoir formation,
s Pwz koz
cach ratio, e and 22,

equation simplifies to:

is unity in Eqn. B-10, and the

f _ 1
w 1-Sn\kro
1+(57")ﬁ B-12
This demonstrates that under segregated flow con-
ditions, relative permeability can be represented by
the Cory function with the exponents n and z_, being
equal to unity as:

kyo = E‘ro 1-5u B-13

krw = Ky Sn B-14

The water cut trends can also be evaluated under seg-
regated flow conditions using the fractional flow equa-
tion at surface conditions for homogeneous reservoirs.

Fig. B-1 Water cut as a function of dimensionless water thickness and M, values: B, = 1.3 and B, = 1.0.
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Starting from the definition of water cut and the rates
in Eqns. B-2 and B-3, one finds:

1

wC=—-1__
hokro pwBw 5
1+hwkrw KoBo Eaid]
We define the M, as:
_Frwito
MR - kro bw 5-16

Similarly, by defining the dimensionless water column
height in the reservoir as:

hwp =2 B-17

R . .
The parameter h—o can be written in terms 4, as:
w ,

ho _ 1=hwp
e Twp B-18

hwp
Water cut from Eqn. B-15 can be rewritten as:

1

14~ wp)Bw B-19
hwp MRBo

wce =

Figure B-1 presents variations of water cut with &,
for different M, values.

Appendix C — Mathematical Model Built
with Perrine’s Estimates
As suggested by Perrine (1956), multiphase flow

Table C-1 Properties used in the validation experiment.
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properties are converted into single-phase flow prop-
erties with substitution of some effective total properties.
These properties are total mobility, total compressibil-
ity, and equivalent production rate. Following Martin
(1959)%, the single-phase equivalent total compressibili-
ty, ¢, and total mobility, A;, to the respective multiphase
quantities can be defined as:

¢ =c,(1-S,)+cpSy + ¢ G1
ko | Kk

A =_°+_W

t Ho Hw &2

Note that the ¢, in Eqn. C-1 is evaluated with the
known average water saturation, S , which requires
the knowledge of the fractional flow vs. the saturation
relationship. In addition, relative permeability func-
tions must be known beforehand.

The effective total rate is defined as:
Got = qc — qoBo+qwBw

et Brer Bref &3
The individual phase permeability can be deter-

mined as:

B,
k. = doBo y
° QetBref t Ho G4

Initial pressure (p,)

Absolute permeability (k)

Reservoir thickness (h)

Wellbore storage coefficient (C)
Wellbore radius (r,)

Skin (s)

Oil viscosity (d,)

Water viscosity (u,,)

Oil formation volume factor (B,)
Water formation volume factor (B,)
Water production rate (g, )

Oil production rate (q,)

Residual water saturation (S, )

)

End-point relative permeability to oil (k )

ro

Residual oil saturation to water (S

orw

End-point relative permeability to water (k)
Total compressibility (c,)
Production period before shut-in

Shut-in duration

5,000 psia
33.333 md
30 ft
0.01
0.3 ft
0
0.487564 cP
0.294823 cP
1.28647 bbl/stb
1.02649 bbl/stb
1,000 stb/d
2,000 stb/d
0.1
0.1
1
1
1.25332E-5 psia’
1,000 hr
1,000 hr
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wBw
k, = %
w GetBref t bw G5

The equivalent permeability is defined as:

keq = At Ures G6

Note that the equivalent permeability depends on
Uref, the viscosity of the reference phase specified by
the user, which is usually selected as the oil phase.
The values of equivalent permeability should be used
with caution.

We now present a validation process of the imple-
mented Perrine method in our numerical code against

a commercial well testing package. The objective of

this exercise is to make sure that our implementation
is arithmetically correct. We have used the following
solution in the Laplace space to generate the pressure
responses at the wellbore with the parameters estimated
from the Perrine method:

141.2 (24 Cp; —q¢/VKo(rwa/T/1e)
Aehrw Tne K1(rwyUne)
(29)(141.2)CLKo(rwa/U/nt) @7
Achrw [T/ K1 (rw/Une)

pi
L+

ﬁwf =

As shown in Eqn. C-7, the estimated parameters
from the Perrine method contribute to the transient
pressure through 4, and 7,

Table C-1 summarizes the parameters used in the

validation process, and Fig. C-1 displays the compar-
ative pressure responses.

Fig. C-1 The comparison between the comparative pressure responses of Perrine’s model generated from two different sources: A commercial well
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Abstract /

Wettability Alteration of Oil-Wet Calcite:
A Mechanistic Study

Dr. Ahmed Gmira, Dr. Mohamed A. Hammami, Dr. Sultan M. Al Enezi, and Dr. Ali A. AlYousef

Enhancing oil recovery in naturally fractured reservoirs by injecting chemistry optimized water has
been widely investigated recently, and has demonstrated its efficiency in both laboratory and field
trials. There are extensive ongoing efforts in the industry to characterize and understand the
responsible mechanisms at scales ranging from nano-scale to field scale. The ionic formulation of the
injected brine dramatically affects the crude oil/brine/rock interfaces, altering rock wettability and
improving oil recovery efliciency.

In this experimental work, a mechanistic study 1s performed utilizing analytical methods to study
the effect of the ionic composition and ionic strength on the rock sample’s wettability. The combination
of thermogravimetric analysis (TGA) and Fourier transform infrared (FTIR) spectroscopy is a
timesaving experimental approach, suitable for wettability alteration quantification of rock samples.

The results indicate that stearic acid stretching vibrational bands decrease with the decrease of the
brine’s ionic strength, indicating a partial release of adsorbed organic material from the calcite surface.
Single ion brines impacted the calcite wettability, and the sulfate ions were found to be the most
effective in stearic acid release followed by sodium (Na), calcium (Ca) and magnesium (Mg). TGA
confirmed the observed trend and the calcite weightloss due to the decrease of stearic acid decomposition
with decreasing brine ionic strength, and confirmed the fact that sulfate ions are the most effective
in partial release of adsorbed stearic acid from the calcite surface.

Introduction

There is increasing evidence that SmartWater flooding, through the tuning of injection water chemistry and
ionic composition, has a significant impact on reservoir wettability, and on the recovered oil. This approach
can potentially provide higher ultimate oil recovery with minimal investment assuming that waterflooding
facilities are already in place. When compared to other enhanced oil recovery (EOR) techniques, it could
avoid massive capital investment associated with conventional EOR methods. Injection of chemistry optimized
water can be applied in the late life cycle of reservoirs, and also in early stages of production. The efficiency of
oil recovery by waterflooding is strongly dependent on the complex interaction between oil, rock, and brine,
and the balance of in situ competing forces. Since the mid-1990s, evidence has grown to show that injecting
low salinity water into petroleum reservoirs give rise to significant increases in oil recovery'.

The efforts in the past two decades have been devoted to understand recovery mechanisms of low salinity
waterflooding, and various ideas have been proposed, including fine migration*°, mineral dissolution®, pH
increase leading to interfacial tension (IFT) reduction’, multiple ion exchange®, double layer expansion® !, and
wettability alteration'. The mechanisms causing wettability alteration are not fully understood and are under
debate due to the complexity of the carbonate reservoirs, i.e., fluid-fluid and fluid-rock interactions in place.
Different mechanisms for wettability alteration have been proposed'*?, including surface charges alteration
by adsorption of SO * with co-adsorption of Ca** on the chalk rock surface, and substitution of Ca** on the
chalk rock surface by Mg** because of increasing ionic reactivity at higher temperatures.

Yousef et al. (2010, 2011, 2012, 2012)!*!" have demonstrated the positive impact of brine ionic strength on
oil recoveries using numerous experimental methods, including IFT, contact angle, zeta potential, and core-
flooding; corroborated later on by field tests in carbonate reservoirs®. Those fundamental studies pointed out
that the carbonate rock wettability alteration was the main cause for the substantial increase in oil recovery
observed in reported coreflood experiments. They attributed the wettability shift with SmartWater from oil-wet
toward more water-wet to the interplay of key determining ions (Ca’*, Mg, and SO, *) along with connectivity
enhancement between micropores and macropores caused by anhydrite dissolution.

At nanoscale, atomic force microscopy measurements of the calcite surface?' allowed a visualization of surface
alteration such as dissolution, adsorption, and precipitation, initiated by the injected brine ionic content. Alotaibi
and Yousef (2015)* described, by zeta potential measurements on carbonates, the contribution of individual
ions and SmartWater recipes in changing the rock surface charges, which is considered a key mechanism in



rock wettability alteration. The impact of determining
key ions in a crude oil-brine interface have recently
been under focus, and studies have shown the impact
of ions in enhancing interfacial viscoelastic properties;
Alvarado et al. (2014)*, reported an enhancement in
interface elasticity at a lower sulfate content; Alves et
al. (2014)** found that interfacial rheological properties
are enhanced with an increase in salt content.

Sulfate ions were found to play a critical role in in-
terface rheology as they increase elastic and viscous
moduli at the oil-brine interface®. The interfacial
compressibility of monolayers formed at the oil-brine
interface were measured and have shown a sensitivity
to various parameters such as aging time, ionic strength
level, and ionic composition®. The effect of the salinity
of single ion brines on the wettability have recently
been reported by different authors. Lashkarbolooki et
al. (2014)”; have studied the effect of salinity on the
wettability of crude oil in carbonate rocks.

They have measured the II'T and contact angles
at various concentrations of sodium chloride (NaCl),
magnesium chloride (MgCl,, and calcium chloride
(GaCl,), and reported the impact of brine salinity on
the contact angles and rock wettability. IF'T measure-
ments have also shown that the lowest IFT values are
obtained at high salinity levels, especially if divalent
ions are utilized. High values of IFT are obtained if
monovalent salts are used. Aslan et al. (2016)*, have also
investigated the change in calcite wettability caused by
injecting NaCl and MgCl, over a wide concentration.
This shows a dual regime for the contact angle; an in-
crease of the contact angle reaching a maximum, and
then a decrease with an increasing salt concentration.

The action of tuning injected water is a complex
process involving not only a comprehensive understand-
ing of fluid-fluid and fluid-rock interactions, but also
an understanding of the synergy between competing
forces acting at the interfaces.

The goal of this work is to investigate the sensitivity
of an experimental workflow combining thermogravi-
metric analysis (TGA) and Fourier transform infrared
(FTIR) spectroscopy to different injected brines. In this
study, we discuss the influence of brine ionic strength

Table 1 Composition of the brines.
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and the effect of single ion brines on the adsorbed
amount of polar components in a modal oil, onto a
calcite surface and adsorption bands, in an attempt
to provide information on the potential mechanisms
responsible for altering carbonate wettability using
tuned water injection.

Experimental Section

A pure calcium carbonate disk was obtained from Italy,
as a white, fine-grained rock. A ceramic mortar and
pestle were utilized to crush the disk into fine powder.
The purity of the calcite sample was determined by
using X-ray powder diffraction (XRD) and scanning
electron microscope techniques. The XRD results
indicate that the calcite disk contained more than 99
wt% of calcium carbonate. Advanced grinding and
sieve analysis techniques were avoided to minimize
the contamination issues. Modal oil was used in this
study to control the properties affecting the wettability
alteration process. Stearic acid or octadecanoic acid
(CH,(CH,) ,COOH), in n-decane is considered as a
modal oil in this study. The n-decane of 99% purity
and stearic acid were purchased from Thermo Fischer
Scientific and Fluka, respectively, and the concentration
of stearic acid in n-decane was set to 0.1M. Distillated
deionized water from Scientific Nanopure™ was used
for preparation of the brines. The brine samples were
prepared using the following salt compounds from
Fischer Scientific (ACS grade): magnesium chloride
hexahydrate, NaCl, calcium chloride dihydrate, sodium
sulfate anhydrous, and sodium hydrogen carbonate,
including brines with various ionic strengths and single
ion brines, Table 1.

A batch of calcium carbonate powder was poured
into deionized water and agitated with modal oil (0.1M
stearic acid in n-decane). The aged calcium carbonate
was then separated by centrifugation at 6,000 rpm for
30 minutes and oven dried overnight at 50 °C. The
oil-wet powder was then treated with single ions and
complex brines by agitation for 48 hours at 75 °C.. The
powder was then separated from the liquid suspension
by centrifugation at 6,000 rpm for 30 minutes and
oven dried overnight at 50 °C.

Brine 1 Brine 2 Brine 3
Na* 18,240 9,120 1,824
Mg?* 2,110 1,055 211
Ca* 650 325 65
SO, 4,290 2,145 429
cr 32,200 16,100 3,220
HCO. 120 60 12

3

DS (ppm) 57,610 28,805 5,761

Brine 4 Brine 5 Brine 6 Brine 7

2,266 — — 1,865
— — 1,471 —
— 2,080 — —
— — — 3,896

3,495 3,681 4,290 —

5,761 5,761 5,761 5,761
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FTIR spectroscopy was performed to evaluate the
structural changes of the functional groups during the
surface treatment. The FTIR spectrum of the calcium
carbonate samples were recorded in the wavenumber
range of 400 cm™ to 4,000 cm™. FTIR spectroscopy is a
powerful qualitative technique for observing oscillations
arising from the vibration of molecules®-*'. A change
in vibration of a molecule can be used to investigate
the interaction of the molecules with the surrounding
environment. Untreated and treated samples were
analyzed to quantify the wettability alteration of oil-
wet calcium carbonates by the application of single
and complex brines.

TGA was performed to evaluate the extent of the
wettability alteration caused by various brine compo-
sitions. The method measures the mass change as a
function of temperature, and the amount of adsorbed
components onto the surface was calculated for treated
and untreated calcium carbonate samples. A thermo-
gravimetric analyzer with a balance resolution of + 0.1
pg was used to record the weight loss as a function of
temperature. The samples were placed in an aluminum
pan and heated at 10 °C/min under a constant flow
of dried air, up to 900 °C.

Results and Discussions

Several studies has shown that the acidic compounds,
especially carboxylic acid, in the crude oil can adsorb
onto the carbonate surface and alter the initial rock
surface wetting properties® %. Stearic acid is known
as one of the most active wettability altering agents in
%" as stearate groups are chemically adsorbed
on the calcite surface and form a chemisorbed stea-
rate layer”. TGA was used to measure the amount of
adsorbed stearate on the calcite surface before and
after treatment with modified brines.

crude oi

Figure 1 presents the TGA results of calcite and aged
calcite in modal oil (Decane/0.1M stearic acid). The

Fig. 1 The TGA analysis of calcite and aged calcite treated with 0.1M stearic acid.
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TGA curve of the calcite sample consists of one step,
starting from 620 °C onward. The observed single
sharp weight loss is a confirmation of the calcite pu-
rity as it demonstrates the decomposition of calcium
carbonate into calcium oxide and carbon dioxide. The
weight loss of calcite after aging in modal oil follows
three different steps.

The first stage, 30 °C to 210 °C, is associated with
the removal of physically adsorbed materials from
the surface, starting from the weaker bonds. When
the temperature increased up to 360 °C, the stronger
bonds — chemical bonds between acids and active sites
of the calcite surface — become weaker. The weight
loss at this stage is essentially due to the decomposition
of chemisorbed material. A double deflection point is
also observed in the region 420 °C to 500 °C, and is
probably caused by the release of multiple layers of the
chemisorbed material. The thermal region, 210 °C to
500 °C, is used to compare the amounts of adsorbed
stearic acids on the calcite surface exposed to inject-
ed brines with various compositions. The last stage
is characterized by the calcite thermal degradation,
starting from 600 °C onward. The TGA results for
the oil-wet calcite is given in Fig. 2 for samples treated
with high, medium, and low ionic strength brines, and
in Fig. 3 for the calcite samples treated with single ion
brines: CaCl,, NaCl, MgCl,, and Na, SO .

Three stages of weight loss are also noticed in the
thermal decomposition process in Figs. 2 and 3. As
already mentioned, the first stage was caused by water
loss and the decomposition of the physisorbed mate-
rials. The second stage is related to decomposition of
chemisorbed materials, and the last stage is caused
by calcite thermal degradation. The results of the oil-
wet calcite treated with high, medium, and low ionic
strength brines are compared with calcite aged only
in the modal oil.

The weight loss due to the chemical bonds degrada-
tion and elimination of the stearate layers in the second
stage is 1.5 wt% for calcite exposed to highly ionic
strength brine, which is less than the aged calcite, 12
wt%. Calcite treated with lower ionic strength brine
is also impacting the weight loss of the chemisorbed
organic materials, Fig. 2. The weight loss in stage two
was 0.9 wt% and 0.7 wt% for brines with medium and
low 1onic strength, respectively. This indicates that
the adsorbed component on the calcite surface was
decreased with decreasing ionic strength. The TGA
results vs. ionic strength variations is in total accor-
dance with previous results obtained by the contact
angle, IFT, and coreflooding'®*%.

Figure 3 is the TGA results of the oil-wet calcite
sample treated with brines composed only of poten-
tial determining ions (Ca®*, Na*, Mg*, and SO *),
believed to be key determining ions in rock wettabil-
ity alteration. After the aged calcite was treated with
single ion brines, the lowest weight loss due to the
decomposition of adsorbed stearate on the surface
was caused by Na, SO, (0.8 wt%), followed by CaCl,
(2.5 wt%), NaCl (3 wt%), and MgCl, (7 wt%). The



presence of sulfate ions enhances the partial release
of stearate ions from the surface, contributing to alter
calcite wettability toward more water wet. TGA has

Fig. 2 The TGA results of the oil-wet calcite treated with high,
medium, and low ionic strength brines.
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Fig. 3 The TGA results of the oil-wet calcite treated with
single ion brines: CaCl,, NaCl, MgCl,, and Na,SO,.
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shown that adsorbed modal oil on the calcite surface
depends strongly on the brine’s ionic strength and
ionic composition. Weight losses of calcite due to the
decomposition of chemisorbed material vs. brine ionic
strength and single ion brines are summarized in Figs.
4a and 4b, respectively.

FTIR spectroscopy was used to provide complemen-
tary evidence about the calcite surface wettability alter-
ation mechanisms, and also to investigate the impact of
injected brine ionic strengths and ionic composition. A
change in molecular bond length (stretching) or bond
angle (bending) results in changes in the vibration of
a molecule. Those changes reflect some of the char-
acteristics of the chemical bonds within the molecule,
and can be used to identify the functional groups in
the molecules and the adsorbed compounds on the
calcite surface. Figure 5 illustrates the transmittance
spectrum of a dry calcite and after aging in a Deca-
ne/0.1M stearic acid solution within the wavenumber
range of 500 cm™ to 5,000 cm'.

In the calcite spectrum, four transmittance bands are
characteristics of a pure calcium carbonate: (1) in-plane
bending vibration located at 725 cm™, (2) out-of-plane
bending centered at 875 cm™, (3) carbon-oxygen (C-O)
asymmetric stretching centered at 1,403 cm™, and (4)
C-O symmetric stretching centered at 1,805 cm™. The
broad and symmetrical band at 1,403 cm™ is one of the
main characteristics of a carbonate group produced by
C-O stretching vibration, and the two infrared bands
at 725 cm™ and 875 cm! are the bending vibrations of
the carbonate group. Those infrared bands are in good
agreement with previous studies®®*. The spectrum of
the calcite aged in modal oil reveals new infrared bands
added due to the adsorption of stearate on a calcite
surface. Anew peak at 1,542 cm™ is referred to as related
to the C-O asymmetric stretching vibration™, a peak
located at 2,850 cm™ referred to the carbon-hydrogen
(C-H) symmetric stretching vibration®, and the 2,915
cm! peak referred to the C-H asymmetric stretching
vibration. The water adsorbed on the surface produced
a sharp band in the 3,200 cm™ to 3,800 cm™, due to
oxygen-hydrogen stretching.

Figure 6 presents the 'TIR spectrum of aged calcite

The Aramco Journal of Technology

Fig. 4 Weight loss of aged calcite treated with: (a) brines with high, medium, and low ionic strength, and (b) single ion brines (CaCl,, NaCl, MgCl,,

and Na,SO,).
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Fig. 5 The FTIR spectrum (transmittance vs. wavenumbers) of calcite (blue) and aged calcite in modal oil (red).
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treated with high, medium, and low ionic strength
brine. The general pattern of the FTIR spectrum did
not change after the calcite was treated with brines.
The characteristics of the vibrational bands of the
calcite structure remain similar to the ones observed for
pure calcite, except for the disappearance of the C-O
asymmetric stretching vibration band at 1,542 cm™.

This is mainly caused by the partial desorption of
stearate ions from the calcite surface. The vibrational
peaks are getting broader in the wavenumber ranges of
2,600 cm™ to 3,200 cm™ with a decrease in the brine’s
1onic strength. There were also a decrease in the in-
tensity of C-H stretching symmetric and asymmetric
vibrations at 2,850 cm™ and 2,915 em™, respectively,
with a decrease in the brine’s ionic strength (inset in
Fig. 6). This indicates that decreasing ionic strength
of the injected brine is responsible for partial removal
of adsorbed stearate from the calcite surface.

Figure 7 presents the 'T'IR spectrum of aged calcite
treated with single ion brines: CaCl,, NaCl, MgClI,,
and Na,SO,. The general pattern is similar to the
one from the aged calcite with modal oil with main
calcium carbonate peaks in place. The peak located at
1,542 cm™ — the C-O asymmetric stretching vibration
band — disappeared when the calcite was treated with
Na,SO,, indicating a partial desorption of the stea-
rate from the calcite surface. We also observed broad

Winter 2019

peaks in the case of CaCl,, MgCl,, and NaCl. There
was also a significant decrease in the C-H stretching
symmetric and asymmetric vibrations at 2,850 cm'!
and 2,915 cm™, respectively. The highest decrease of
C-H stretching vibrations was observed after the aged
calcite was treated with Na, SO, followed by NaCl,
CaCl,, and MgCl, (inset in Fig. 7).

This indicates that sulfate ions are the most effective
in removing the adsorbed stearate from the calcite
surface, compared to other key ions. There was no
noticeable change in the F'TIR spectrum pattern, such
as the additional presence of vibrational peaks that
could be related to adsorption of specific ions on the
calcite surface. This observation rules out the adsorp-
tion of determining ions on the calcite surface as one
of the mechanisms responsible for stearate release in
agreement with recent studies by Wei et al. (2017)%
and Al-Hashim et al. (2018)%.

This data, obtained from TGA and FTIR, allowed
us to come to several observations about the charac-
terization process and the effect of the brine’s ionic
composition on calcite wettability. Aged calcite treated
with sulfate brine has shown the lowest weight loss
and the lowest intensity for the symmetric and anti-
symmetric C-H vibrational bands, related to stearic
acid. The FTIR spectroscopy did not show signs of
adsorbed ions in general and sulfate ions in particular

Fig. 7 The FTIR spectrum of calcite aged in modal oil and treated with single ion brines (Cacl,, NaCl, Mg(Cl,, and Na,SO,).
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on the calcite surface, an absence that could be ex-
plained by the fact that ionic exchange between sulfate
and adsorbed stearate on the calcite is not responsible
for the desorption of the organic material from the
calcite surface.

The responsible mechanism for stearate desorption
from the calcite surface is dependent of the ionic make-
up of the injected brine. Sodium sulfate and NaCl
solutions are known for significantly reducing the
charges at oil-water interface?. For sulfate anions,
a combination of two mechanisms could explain the
stearate desorption from the calcite surface: an ionic
exchange between hydroxide anions and adsorbed
stearate, caused by the increase in the hydroxide
concentration during sodium sulfate dissolution and
the interaction between sulfate anions and calcium,
which is attached to the stearate ion, resulting in the
removal of calcium ions along with attached stearate
from the calcite surface.

The ionic exchange mechanism between hydroxide
anion and stearate ions can also explain the impact of
NaClin the organic material desorption as the hydrox-
ide concentration increases during the NaCl dissolution.
A decrease in the concentration of the adsorbed stearate
is also observed when adding MgCl, and CaCl,. An
increase in the solution hardness through dissolving
more calcium and Mg ions results in a surface charge
increase, as reported in previous studies® *. The impact
of those divalent cations can be explained by their
strong bonding to adsorbed stearate and their ability to
play arole in the interactions at the rock-fluid interface.

Conclusions

The impact of a brine ionic composition on the cal-
cite wettability alteration was investigated using brine
recipes with different ionic strengths, and brines com-
posed solely of individual ions, believed to be active in
wettability alteration mechanisms. The mechanistic
study investigated the weight loss by TGA and vi-
brational bands by FTIR. The following conclusions
can be drawn:

* The combination of TGA and FTIR is an effective
experimental approach to investigate the impact
of the brine’s ionic composition on rock wettability
alteration.

Low ionic strength brine is the most effective in
releasing adsorbed stearate from the calcite surface.

* Among the single ions brines, sulfate ions are the
most effective in calcite wettability alteration by
desorbing stearate ions from the calcite surface
by a combination of ionic exchange and ionic
interactions.

Brines with divalent cations are the least effective
in calcite wettability alteration, but still contribute
to stearate desorption.
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Innovative Production Logging Solution Enabled
Comprehensive Horizontal Well Evaluation in
Challenging Downhole Conditions

Khaled J. Alsunnary, Mohammed S. Almuslem, Yousif A. Al-Abdulmohsin, Mustafa A. Bawazir, and Zouhir Zaouali

Challenging downhole environments require an unconventional integrated production logging
solution that is reliable and eflicient. Production logging provides information during production
operations and beyond. Subsequently, conventional production logging in extended reach horizontal
wells, equipped with electric submersible pumps (ESPs), is complicated, as the locations of water- and
oil-producing zones are uncertain due to the impurity of the borehole, caused by the presence of
debris and thick material. Such downhole conditions affect the production logging tool sensors and
lowers the measurement’s resolution.

Downhole conditions can present challenges for cased hole and open hole evaluation programs,
and each horizontal well presents a different complexity. The technique relies on the combination of
the advanced multiphase production logging tool (PLT) and the pulsed neutron logging tool (PNLT).
Measuring the flow rate downhole, the PNLT’s data were acquired to complement the advanced
multiphase PLT spinner data when flowing at both high and low choke settings, and shut-in surveys.
The acquisition procedure is to allow unfavorable conditions to be logged at varying flow rates, to
identify the fluid flow profile.

We have studied wells equipped with ESPs to gain insight into the job planning, deployment and
integration of results for horizontal well production profiling. The examples illustrate the optimization
performed during the job that led to successful execution. The first example is an open hole horizontal
well logging case using a conventional logging solution. This is followed by the second well, showing
the effect of a harsh environment in the open hole section on the logging tool and sensors. The last
two field examples were recently logged, and the measurements and interpretation techniques are
analyzed in detail in the article.

This innovative production logging solution has resulted in the successful assessment of downhole
fluid entries with high confidence and safe operation despite the challenging downhole environment.
Such logging is necessary to understand reservoir fluid dynamics, which is fundamental for effective
reservoir management, and planning more efficient workovers.

Introduction
Horizontal wells are drilled to enhance reservoir performance by placing a long wellbore section within the
reservoir. Horizontal drilling has reduced water and gas coning, because of reduced drawdown in the reservoir
for a given production rate, thereby reducing the remedial work required in the future. Producing horizontal
wells is certain to present new challenges for the artificial lift industry. Electric submersible pumps (ESPs),
in particular, will play a key role in producing these wells due to their inherent ability to lift large volumes
of fluid at low bottom-hole pressures. A rapid production decline and increase in water requires a deep un-
derstanding of the flow profile across the open hole horizontal section. This mandated the operators to run
production logs to help unlock the full potential of horizontal wells. Elements contributing to a challenging
logging environment include:

* The wellbore environment with a strong presence of scale, asphaltenes, wax, rocks, and bushy material.

* The hydrocarbon production by fracture network and faults.

* The highly deviated and horizontal well profiles.

* The downhole continuous multiphase flow.

* The downhole logging tool accessibility.

* The open hole completion.

* The ESP performance.
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Fig. 1 A diagram of the production tubing and use of the Y-tool.

Production tubing

@ <Y-Tool
~ Motor

Fig. 2 Three main types of flow regimes can occur in a two-phase (water-oil) system.

This article reviews field examples of the production
logging campaign in horizontal wells equipped with
ESPs, with a special emphasis on the operational and
interpretation challenges experienced during the cam-
paign. Background information on the tools used to
establish the downhole profiles will be demonstrated.
Furthermore, the article discusses the methodology
used to diagnose this challenging environment and
how accurate quantification of the downhole zonal

oil and water flow contributions was obtained using a
combination of the advanced multiphase production
logging tool (PLT) and the pulsed neutron logging
tool (PNLT).

Horizontal Well Access for Logging
Operations

The Y-tool, Fig. 1, is installed on the production tub-
ing, providing two separate conduits'. One conduit
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1s concentric with the production tubing and enables
access to the reservoir below the ESP. The second
conduit is offset, and used to support the ESP system.

The objective of the intervention is to perform pro-
duction logging over the horizontal section with a
coiled tubing (CT) logging plug through a single or
dual Y-tool ESP completion. Considering the hole re-
strictions, the operation will include moving downward
from the upper ESP bypass section to the lower ESP
bypass section. The bottom-hole assembly consists of
a C'T plug, which includes a connector, a sleeve and
a bottom crossover. These parts are covered by the
CT plug’s external body, which has a seal assembly
in addition to the PLT. The CT plug is required to
prevent production circulation across the bypass section

Fig. 3 The advanced multiphase PLT provides scanning features and real-time continuous flow rates.

Winter 2019

while operating the ESP%

In addition, the challenge of reaching maximum
achievable depth and obtaining useful measurements
is further complicated by the increasingly complex well
configurations. Friction is created within the fluid as
it flows through small-diameter tubulars or similar
restrictions. Utilizing the friction reduction for logging
tools in cased holes allows wireline services to reach
further in deviated wells, and increases data quality
through a smoother movement.

Advanced Multiphase PLT —

Visualize the Flow Regimes

Knowledge of expected flow regimes allows operators
to choose measurements suitable for the downhole

Fig. 4 A diagram of the three-phase holdup log determination from the PNLT.
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Fig. 5 The water flow log acquisition from the PNLT.

1. Near Count Rate 2. Far Count Rate 3. Gamma Ray Count Rate

Neutron generator

Fig. 6 Images showing the strong presence of scale, wax, rocks, and metal from the wellbore.

Fig. 7 A diagram of the advanced multiphase PLT and pulsed neutron log integrated into one string.
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Fig. 8 Well-X: The advanced multiphase production logging answer in an open hole completion.
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conditions®, Fig. 2.

In horizontal and deviated wells, advanced multi-
phase PLTs, optimized for three-phase production
logging, provides a complete analysis of complex
downhole flow regimes*. This advanced multiphase
PLT consists of two retractable arms that are equipped
with sensors for deployment along the vertical diameter
of the wellbore. Five directional mini-spinners are
mounted across the vertical axis of the pipe (spinners
0, 1,2, 3, and 4) to measure the phase velocity profile,
Fig. 3. On the other arm, two arrays of six electrical
probes (e-probes) and six optical probes are placed to
scan water and gas holdup, respectively. In addition,
the tool string includes an eccentralizer, relative bear-
ing, pressure, temperature sonde, casing collar locater,

knuckle joints, gamma ray, and platform flow meter
caliper sonde sensors®.

The PNLT is a combined pulsed neutron capture and
pulsed neutron spectroscopy logging tool capable of
evaluating oil saturation in a wide range environment.
The PNLT has also been developed for use in produc-
tion logging applications. This includes the three-phase
holdup log from pulsed neutron measurements and
the water flow log measurements®.

The three-phase holdup log is a technique for mea-
suring the holdup of water, oil, and gas phases in the
borehole using the slim 1''/ ” PNLT. This technique
was developed especially for horizontal wells where
the wellbore fluids tend to segregate, but it can also be
applied in vertical wells. Figure 4 is a diagram of the
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Fig. 9 Well-A: The advanced multiphase PLT spinners’ data from the shut-in survey confirmed the accumulation of debris downhole.
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three-phase holdup log, which uses the yields-based
carbon-oxygen ratios from the near and far detectors
that are primarily sensitive to oil and water’, and a
net inelastic (capture background removed) count rate
ratio between the detectors for providing information
about borehole gas.

The water flow log 1s based on neutron activation of
oxygen. The basic principle involves the activation of
oxygen atoms of the moveable water near the PNLT,
and the measurement of the subsequent released gamma
rays on the PNLT detectors, mounted downstream
of the neutron source®. Measuring the time from the
neutron source to the peak of the detector signal and
using the distance from the pulsed neutron generator
to the detector allows a velocity to be computed, Iig. 5.

Furthering the Capabilities of Production
Logging in Horizontal Wells

Although information gathering is an important ob-
jective, it should remain subordinate to well condition
and integrity considerations. Therefore, it is important
to ensure that the cost of acquisition can be justified
by the value of information generated. Thereafter, the
information is effectively managed.

Figure 6 shows several mechanical devices — ad-
vanced multiphase PLTs — that have been strongly
influenced by the scale, wax, rocks, and metal material
sticking to the logging tool. Exposing the advanced
multiphase PLT to such severe conditions caused severe

damage to the sensors and wires.

Achieving the logging objectives in such a harsh
downhole environment is one of the challenges. The
other challenge is to provide quality wireline measure-
ments. Because of the expectation of dirty boreholes in
these complex conditions, the wellbore environment
will limit the advanced multiphase PLT measurements.
Therefore, the pulsed neutron log, including the water
flow log and the three-phase holdup log, will be inte-
grated into one string with the advanced multiphase
PLT to provide confident results, Iig. 7. Leak detection
is another application of this integration between the
logging tools’.

Proactive Approach for Profiling
Horizontal Wells in a Sensible Wellbore
Enviornment

This approach is an opportunity to improve the existing
conventional production logging process. Many benefits
can be accrued ifit is implemented as the main part of
the horizontal well evaluation. It can help production,
technical, and field engineers to operate effectively in
unfavorable wellbore environments. The approach is
summarized into four main sections as follows.

Data Gathering
The following procedures should be considered when
collecting the data:

1. Discuss the job objectives, logging procedure, and
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Fig. 10 Well-A: The advanced multiphase PLT and pulsed neutron logging integrated answer.
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required equipment:

e Ifdebris and scale are expected, get agreement
to run the advanced multiphase PLT and PNLT
in a single run.

e If debris and scale are not expected, get
agreement whether the PNLT is required on-site
or not.

2. Verify the reliability of the surface rate
measurement, and that it shows a sufficient water
rate that can be detected by the tool.

3. Collect relevant well information to ensure effective
data acquisition, such as well history, completion
detail, open hole and cased hole data — logs and
images — and deviation data.

4. Perform conveyance simulation modeling to
determine the conveyance method and limitation
at the depth reached.

5. Take extra measures if high temperature, hydrogen
sulfide, or carbon dioxide is present in the wellbore.

6. Prepare alogging plan if the well is dead or stops
flowing.

Sticky Material Mapping

Scale deposition during the production of crude oil is
costly and troublesome. Scale can be deposited in any
area of an oil production facility, but most damage
occurs in the near wellbore area and inside the ESP.
In addition, collecting samples of different materials
has always been preferred prior to the acquisition.
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Fig. 11 Well-B: The advanced multiphase PLT and PNLT acquired data from a high flow rate survey.
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A successful mapping inspection is the result of the
combination of a high probability of sticky material
present with the confidence that the full area of interest
has been totally covered. The existence of such data
will guide the operators to clean up the wells proper-
ly before running in the hole. This will improve the
logging resolution and will reduce the logging tool
sensitivity to the presence of debris.

Laboratory Analysis

In production systems, changes in temperature, the
decline of the reservoir pressure, or the change in
chemical composition of the crude oil by the addition of
miscible solvents combined with the streaming potential
effects in the well tubing affects the asphaltene solubility.
Laboratory investigation is necessary to develop an
inhibitor for preventing the precipitation of scales in
oil reservoirs and production equipment.

Data Analysis — Advanced Multiphase PLT and
PNLT

In advanced multiphase PLT analysis, data processing
of acquired data and interpretation are conducted to
determine water entries and flow rate computations.
The PNLT interpretation involves calculating the
water velocity from the PNLT water flow log stations
while the water, oil, and gas holdups are obtained from
the three-phase holdup log. The integrated advanced
multiphase PLT and the PNLT interpretation involves
calculating the total flow rate from the advanced mul-
tiphase PLT spinners and incorporating the PNLT
three-phase holdup log and water flow log to compute
the oil and water rates.

Case Studies — Data Acquisition and
Results

The four logging examples discussed in this article
are in the same field. Well-X did not show downhole
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Fig. 12 Well-B: The advanced multiphase PLT and PNLT acquired data from a low flow rate survey.
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scale or debris deposits, and it serves as an example of
conventional production logging acquisition in hori-
zontal wells. Applications for the unconventional inte-
grated production logging solution are demonstrated
through the field examples of Well-A, Well-B, and
Well-C. Washing with solvent to remove the deposits
of scales was not done in Well-A. In contrast, Well-B
and Well-C were logged after cleaning the wells of
the sticky material. The wells were completed with a
Y-block assembly to facilitate reservoir access.

As part of reservoir management logging require-
ments, the logs will be used to evaluate the well flow
profile and determine the water entry zones and in-
tervals. Also, the logging data will be cross-checked
with the surface meter flow rate readings.

Example Well-X

Logging Job

The advanced multiphase PLT was conveyed using
134 C'T with 99% coverage of the completed interval.
The data shown in Fig. 8 is the log result of Well-X.
The flowing survey (one choke setting) was performed
prior to the shut-in survey. The well stabilized during
the flowing passes. The comparison of flowing and
shut-in passes showed pressure variation of up to 14
psi. The spinners and holdups reflected the inflow
zones and the change in well deviation. The spinners
at the top of the vertical axis (SPIF3 and SPIF4) read
much faster rates than the bottom spinners (SPIFO and
SPIF1), clearly representing lighter fluid/oil and heavier
fluid/water, respectively — at a deviation of 89.5°.
The optical probes did not show any presence of gas.

Summary of Results
Based on the interpretation of all holdup, spinner, and
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Fig. 13 Well-B: The advanced multiphase PLT and PNLT acquired data from the shut-in survey.
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caliper data, the flow profile was generated. All the
water and oil production are from the bottom logged
interval. The temperature behavior showed that there
was a [racture entry signature or superpermeability
feature at this interval. Crossflow was not detected
during the shut-in or flowing surveys. The flow pro-
file cross sections displayed in Fig. 8 support the fluid
interpretation.

Remedial Actions

Special considerations were made for the production
logging results to isolate the water production interval.
The workover operation was successfully completed to
install the inflow control device (ICD) completion and
the ESP system. ICDs with open hole packers were
deployed to control the drawdown in each section of
the horizontal well and to delay the accelerated water
production. The measured surface rates showed that
the ICD dramatically reduced the water cut.

Example Well-A
Logging Job
Apreventive well clean out was not completed before the
logging operation. The tool was conveyed using a 1%4”
CT with 96% coverage of the completed interval. The
shut-in survey was logged prior to the flowing survey.
At shut-in logging, the spinner’s responses indicated
the accumulation of debris downhole. The spinners
stopped rotating gradually — from bottom to top —
in the horizontal section while logging the first shut-
in down pass, Fig. 9. During the flowing survey, the
well was relatively stable, and no choking effects were
observed. The comparison between flowing pressures
in the down and up passes showed maximum pressure
variation up to 8 psi.

The two-arm caliper tool detected a possible washout
interval in the open hole segment. Spinners 0, 1, 2,
and 3 were sticky during flowing passes due to the
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Fig. 14 Well-B: The advanced multiphase production logging and pulsed neutron logging integrated answer.
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downhole condition. No spinner stationary measure-
ment was recorded because the priority was given to
acquire continuous down and up passes, and to get
the spinners functioning.

The advanced multiphase PLT e-probes were blind-
ed and not able to detect actual water holdup across
the logged interval. Run_1 started with the advanced
multiphase PLT. Then, the pulsed neutron logging data
was logged after (Run_2) to complete the advanced
multiphase PLT response, which was affected by debris
and waxy material.

Summary of Results

During the shut-in survey, no crossflow was detected.
Surface rates fluctuated during the job. During the
flowing surveys, the combination between the advanced

multiphase PLT and pulsed neutron logging data
provided accurate quantification of water-oil zonal
contributions. The main water and oil production zone
was identified from the interval below the maximum
logging depth reached. This was supported by the
comparison between the flowing and shut-in tempera-
ture measurements, Fig. 10.

Example Well-B

Logging Job

Ajob to clean sticky material was successfully complet-
ed using 2” CT. The production logging acquisition
tool was conveyed using a 2” CT with 93% coverage
of the completed interval. The advanced multiphase
PLT and PNLT were integrated into one tool string.
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Fig. 15 Well-C: The advanced multiphase PLT and PNLT acquired data from a high flow rate survey.
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The well was logged at two flowing rates, high choke,
Fig. 11, and low choke, Fig. 12. Figure 13 shows the
data acquired from the shut-in survey.

The well was considered stable from the high rate,
low rate, and shut-in surveys. In general, the down pass
spinners’ data were good and interpretable, whereas
the up pass spinners’ data were affected by downhole
conditions. The calculated spinner and water flow log
measured water velocities are compared in the sixth
track, and they show a good match. The holdup from
the e-probes did not match the three-phase holdup log.
Spinner 4 was immersed in oil during all the surveys.
The PNLT and water flow log three-phase holdup
log data were acquired to complement the advanced
multiphase PLT data in the three surveys.

Summary of Results

An upward crossflow of water and oil was observed
during the shut-in survey. The water movement at

shut-in was detected by the water flow log, because
it was insignificant and below the minimum velocity
required to rotate the spinners. For both the flowing
choke settings, the downhole flow profile was consid-
ered as nonuniform because not all of the production
interval was contributing to the total flow, and some
zones were dominating the total production. The main
intervals contributing water and oil were detected at
both high and low flow rates, Fig. 14.

Example Well-C

Logging Job

Acid stimulation was successfully completed using
2” CT to remove suspected formation damage. The
production logging acquisition tool was conveyed
using a 2”7 C'T with 99% coverage of the completed
interval. The advanced multiphase PLT and PNLT
were integrated in one tool string. The well flowed at
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Fig. 16 Well-C: The advanced multiphase PLT and PNLT acquired data from a low flow rate survey.
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two different flow rates, Fig. 15 and Fig. 16, followed
by a shut-in period, Fig. 17. During these surveys, the
well was considered stable.

The advanced multiphase production logging and
the pulsed neutron logging data were found compa-
rable. Holdup from the e-probes matched the holdup
from the three-phase holdup log. In general, both the
down pass and up pass spinner data were good and
interpretable. The analysis was performed based on
the integration of the acquired measurements from the
advanced multiphase PLT and the PNLT.

Summary of Results

The upward crossflow of water and oil was observed
during the shut-in survey. The water movement at shut-
in was detected by the water flow log and the spinners.
For both flowing choke settings, the downhole flow
profile was considered as nonuniform since not all the
production interval was contributing to the total flow

and some zones were dominating the total production.
The main intervals contributing water were detected at
both high and low flow rates, Fig. 18. The major fluid
entry was supported by the temperature log, which
showed a sharp deflection at the entry interval.

Conclusions

1. In this article, field cases of horizontal wells were
discussed with the goal of understanding the
production behavior and water breakthrough
contrasts within a fractured carbonate reservoir.

2. The introduction of the proactive solution and the
unconventional logging technique significantly
broadens the range of logging interventions that
can be performed. It also enables accessing reservoir
data that in some cases, have been inaccessible and
which can be key to the optimization of production
management of entire fields.
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Fig. 17 Well-C: The advanced multiphase PLT and PNLT acquired data from the shut-in survey.

Well Sketch Geometry SI: E-Probes Holdup | SI: TPHL Holdup | Sl: Spinners SI: Water Velocities
TVD <- Bottom Top -> — — —
SPIFO SI VW Sl SPIF
—
SPIF1 SI VW S| _WFL
pf 1 &3 I
SPIF2 S|
SPIF3 SI
SPIF4 SI
3. Production logging is pivotal in the enhanced oil best technology, operational planning and logging

recovery subject. The integration between advanced
multiphase PLT and water flow log three-phase
holdup log measurements through PNLT has been
validated as an effective technique to obtain the
water and oil rates.

. Pumping/washing with solvent has a positive effect

on removing scale deposits. The advantages of the
clean out process are shown in the acquired data
and results from Well-B and Well-C.

Recommendations

1.

The preventive clean out with solvent has been
fundamental to a successful deployment of the
acquisition tool string in highly deviated profile
wells, and the presence of high scale content.

. Well conditions must be suitable; sufficient flow,

stable flow, and clean fluids are required. All
production aspects must be evaluated to choose the

sequence to support the quality logging acquisition,
gather sufficient data, and promote well integrity.

. Spinners should be checked for proper operation

on the surface, and the tool string should be run
centralized. Multiple passes, both up and down
should be made, and stationary readings should
also be taken. Also, repeat runs are desirable to
confirm stable flow conditions.

. Shut-in passes must be carefully evaluated to

recognize possible communication/crossflow across
the open hole horizontal section.

. The phase velocity log is another PLT used in

conjunction with the PNLT to measure the velocity
of two separate phases — water and oil. The marker
used is nonradioactive (gadolinium) and can be
mixed in oil or water. This chemical marker with
a high thermal neutron absorption cross section
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Fig. 18 Well-C: The advanced multiphase production logging and pulsed neutron logging integrated answer.
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(sigma) thatis miscible only with the phase of interest
is injected into the borehole. The passage of the
marker downstream is detected by the borehole
sigma measurement of the PNLT.
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Abstract /

Surface Complexation Model of Alkaline
SmartWater Electrokinetic Interactions in
Carbonates

Dr. Moataz O. Abu-Al-Saud, Amani O. Alghamdi, Dr. Subhash C. Ayirala, and Dr. Mohammed B. Al-Otaibi

Understanding the effect of injection water chemistry is becoming crucial, as it has recently been
shown to have a major impact on oil recovery processes in carbonate formations. Various studies
have concluded that surface charge alteration is the primary mechanism behind the observed change
of wettability toward water-wet due to SmartWater injection in carbonates. Therefore, understanding
the surface charges at calcite/brine and crude oil/brine interfaces becomes essential to optimize the
injection water compositions for enhanced oil recovery (EOR) in carbonate formations.

In this work, the physicochemical interactions of different brine recipes with and without alkali in
carbonates are evaluated using the Surface Complexation Model (SCM). First, the zeta ({) potential
of calcite/brine and crude oil/brine interfaces are determined for SmartWater, sodium chloride, and
sodium sulfate (Na,SO ) brines at a fixed salinity. The high salinity seawater is also included to provide
the baseline for comparison. Then, two types of alkali (sodium hydroxide (NaOH) and sodium
carbonate (Na,CO,)) are added at 0.1 wt% concentration to the different brine recipes to verify their
effects on the computed {-potential values in the SCM framework. The SCM results are compared
with experimental data of the {-potentials obtained with calcite in brine and crude oil in brine
suspensions using the same brines and the two alkali concentrations.

The SCM results follow the same trends observed in experimental data to reasonably match the
(-potential values at the calcite/brine interface. Generally, the addition of alkaline drives the
{-potentials toward more negative values. This trend toward negative {-potential is confirmed for the
SmartWater recipe with the impact being more pronounced for Na,CO, due to the presence of a
divalent anion carbonate (CO,)”. Some discrepancy in the {-potential magnitude between the SCM
results and experiments are observed at the crude oil/brine interface with the addition of alkali. This
discrepancy can be attributed to neglecting the reaction of carboxylic acid groups in the crude oil
with a strong alkali, i.e., NaOH and Na,CO,.

The novelty of this work is that it clearly validates the SCM results with experimental {-potential
data to determine the physicochemical interaction of alkaline chemicals with SmartWater in
carbonates. These modeling results provide new insights on defining optimal SmartWater compositions
to synergize with alkaline chemicals to further improve oil recovery in carbonate reservoirs.

Introduction

The ionic water composition in the waterflooding process plays a crucial role in oil recovery for carbonate for-
mations'. The chemistry of injected water strongly affects the reservoir wettability, which has been proven and
observed, in numerous laboratory and field studies for both carbonates and sandstones**. Modifying the water
chemistry to alter the rock wettability is known as SmartWater or low salinity®. The root causes of this wettabil-
ity alteration effect, which takes place at the pore level, remain poorly understood, especially for carbonates®.

This lack of fundamental understanding of the root causes of wettability alteration has resulted in conflicting
studies, where some studies have observed an increase in oil recovery while other cases have not shown an
increment in oil recovery’. Various pore scale mechanisms have been proposed to delineate the wettability
alteration process in carbonates. Some of these plausible mechanisms include an electric double layer?, in situ
soap generation (saponification effect)®, and multiple ion exchange’. The surface charges of carbonate/brine
and crude oil/brine are altered in such pore-scale processes, which aflects the zeta ({) potential measurements

used in understanding rock wettability' .

Recently, the synergy between tailored water salinity and enhanced oil recovery (EOR) has gained a lot of
attention'?. For polymer EOR, it has been shown that the use of low salinity (SmartWater) reduces the polymer
consumption used to increase the injected water viscosity'. For surfactant-based EOR, it has been observed
that decreasing the water salinity increases the effect of surfactant on crude oil/brine through efliciently
reducing the interfacial tension (IFT)".

It 1s well-known that surfactants are adsorbed on carbonate rock surfaces. Therefore, a large amount of



chemical surfactant is consumed before the chemical
reaches the crude oil/brine interface. To minimize
surfactant adsorption on carbonate rock surfaces, al-
kaline is added to the injected water". The alkaline
chemical reacts with both crude oil/brine and calcite/
brine interfaces. The reaction of alkali and naphthenic
acid in crude oil generates in situ soap that locally
reduces the IFT of the crude oil/brine interface. For
the calcite surface, the adsorption of alkali changes
the electric charges balance on the calcite/brine in-
terface, which alters the carbonate wettability toward
a more water-wet state”. Therefore, understanding
the electrokinetics of brine with alkaline chemicals
in carbonates is crucial to define the optimal water
compositions for improving oil recovery.

There are several electrokinetic studies involving
{-potentials that have reported the synergy effect of
water salinity, crude oil, and alkaline in carbonates

16, 17

for crude oil/brine and calcite/brine interfaces'

Fig. 1 XRD diffractograms of calcite (CaCO,) disk with
reference patterns of pure calcite compound.
The X-ray wavelength is 1.54 A.
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18, To the best of our knowledge, the role of individual
ions in different brine compositions in the presence of
alkaline chemicals for both the calcite/brine and crude
oil/brine interfaces has not been previously studied
using a surface chemistry model and lab measurements.
In this work, we study the electrokinetics with various
brine recipes interacting with crude oil and calcite,
with and without alkali chemicals using a Surface
Complexation Model (SCM). We validate the modeling
results with {-potentials of calcite/brine and crude oil/
brine interfaces measured in the lab.

Materials and Methods

Experiment

Rock sample. Pure calcium carbonate (CaCO,) is
used to represent the calcite rock sample. The purity
of the calcite disk sample is measured using X-ray
diffraction (XRD), which is composed of 99 wt%
of CaCO,, Fig. 1. The calcite purity confirms that
there are no mineral impurities interfering with the
ion adsorption on the calcite surface. The calcite disk is
grounded manually using a granite mill for 30 minutes
at atmospheric conditions far from contaminants to
avoid surface impurities.

Brine and crude oil properties. Synthetic brine
1onic compositions are prepared by adding different
salts to deionized water. Table 1 lists the ionic com-
position of the considered brine samples used. Table
2 lists the crude oil properties.

Alkaline chemicals. Two types of alkali (sodium
hydroxide (NaOH) and sodium carbonate (Na,CO,))
are added at 0.1 wt% concentration (1,000 ppm) rele-
vant to each brine recipe. Typically, alkali chemicals
increase the brine pH level, which causes calcium and
magnesium ions to precipitate as calcium hydroxide
and magnesium hydroxide, respectively. Therefore,
the addition of alkali to seawater is not considered to
avoid precipitation, as seawater contains a high ionic
concentration of hardness ions such as Mg?* and Ca*".

Table 1 The ionic composition of different synthetic brines used in this study.

Brine Samples (Concentration mg/L)

lons Seawater SmartWater Nacl Na,SO,
Na* 18,300 1,824 2,266 1,865
cr 32,200 3,220 3,495 —
Ca* 650 — —
Mag** 2,110 211 — —
SO,? 4,290 429 — 3,896
HCO3- 120 — —
Total Dissolved 57,670 5,761 5,761 5,761
Solids (ppm)

pH 7.45 7.4

6.3 6.11
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Table 2 Crude oil properties.
API 271
Acid Number mg KOH/g 0.47
Base Number mg KOH/g 0.04
Saturates (%) 50.6
Asphaltenes (%) 1.6
Resins (%) 20.7
Aromatics (%) 271

Table 3 lists the equilibrium pH level of different
brines, including alkali chemicals. The brine pH is
measured after reaching equilibrium with alkaline
and calcite suspensions without manually adjusting
the pH level.

{-potential measurement. The measurement of
the {-potential is conducted by using a phase analysis
light scattering technique ({ PALS) applied to the calcite
in the brine and crude oil emulsion in the brine sam-
ples. A total of 0.2 g of pure calcite particles (ground)
were thoroughly mixed with 50 cm?® of different brines
for a minimum of 48 hours to ensure suspension and
equilibrium are achieved. The ratio of solid-liquid
and liquid-liquid is fixed throughout the experiment
to guarantee consistency in the reported values. The
brine pH level is not manually adjusted. The oil droplets
and calcite particle size distribution in different brines
is determined using optical microscopy, similar to the
approach by Alotaibi and Yousef (2017)".

The average calcite particle size distribution is es-
timated to be around 10 pm, while the average oil
droplet size is between 14 pm to 35 pm. Sonification
1s used to avoid calcite particle aggregation or crude
oil coalescence in brine suspensions. The {-potential
values are determined using Smoluchowski approxi-
mation based on the electrophoretic mobility of brine
suspensions. Each {-potential measurement is repeated
three times to ensure consistent results. The measure-
ment variation for each reported {-potential value is
within 3 mV.

Additional details on the sample preparation and

experimental {-potential measurement procedures can
be found in Alotaibi and Yousef (2017)".

SCM

The SCM describes the equilibrium state of ion adsorp-
tion based on specified surface reactions. The surface
reactions of ions give rise to surface electric charges.
For the calcite/brine/crude oil system, the adsorption
ofions on crude oil/brine and calcite/brine interfaces
determine the surface charges and the corresponding
{-potentials. The SCM has been employed to gain
insight on the effect of electrokinetics on wettability
in the context of brine chemistry in carbonates®-%.

Brady et al. (2012)*" used SCM based on surface
reactions proposed in Van Cappellen et al. (1993)*
and Pokrovsky et al. (1999)% to predict {-potentials
for both rock-brine and crude oil/brine interfaces in
sandstone and carbonate rocks. Subsequently, the SCM
has not been validated with experimental {-potential
measurements. Mahani et al. (2017)* studied the elec-
trokinetics of carbonate-based rocks with different
water salinities using the SCM. The SCM results were
qualitatively validated with different carbonate-brine
{-potential measurements.

Song et al. (2017)* applied SCM and reported
quantitative agreement with experimental {-potential
measurements of synthetic calcite and multiple brine
recipes. The SCM surface reactions are based on the
model proposed in Heberling et al. (2011)*°, which in-
cludes different SCM reactions compared to the models
in Brady etal. (2012)"' and Mahani et al. (2017)*%. The
SCM work of Song et al. (2017)* has been recently
extended to include surface reactions of organic and
inorganic impurities occurring in natural carbonates?’.

In this work, we use SCM with surface reactions
similar to the approach in Song et al. (2017)* to predict
{-potentials for pure calcite and different brine recipes
with and without alkali chemicals. In addition, we
determine crude oil/brine {-potentials by modeling
SCM reactions at the crude oil/brine interface. Tables
4 and 5 list the surface reactions and the corresponding
equilibrium constants for both calcite and crude oil
surfaces, respectively.

The non-integer surface charge values of > CaOH-
7% and > CO,H*"" hydrated calcite sites is due to the
structure of calcite crystal. The ionic bonding between
Caand O atoms from (CO,)” gives an effective charge

Table 3 Equilibrium pH values of calcite suspension in different electrolytes containing alkali.

H
Type of Electrolyte P
(CaCOa)
Na,SO, 9.8
NaCl 9.4
SmartWater 8.6

Seawater 7.4

pH CaCo, pH CaCO,
(NaOH 0.1 wt.%) (Na,CO, 0.1 wt.%)
12.0 10.0
1.3 10.0
"7 10.0
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Table 4 Surface complexation reactions and parameters for the calcite surface.

Calcite Surface Reaction
> CaOH* 7 + H* > >CaOH;*

> CO,H%7) + OH > >CO,°**+H,0

> CaOH7 + Ca** &> >CaOH..Ca*'»

> CaOH?7> + Mg?** <> >CaOH..Mg+'?
> CO,H*" + S04* > >CO,H..SO,'*
> CO,H*7 + COF <> >CO,H..CO;'»

> CO,H*7 + HCO; > >CO,H..HCO;**
> CaOH 7> + Na* <> >CaOH..Na+02

> CO,H*7% + Cl > >CO,H..C[9%

Equilibrium Constant (log,, K, )
0.4

0.5
1.53
1.15

1.5
2.23
0.09
0.22
0.65

Table 5 Surface complexation reactions and parameters for the crude oil surface.

Crude Oil Surface Reaction
—~COOH & -COO" + H*

-N + H* & -NH*

—COOH + Ca*?* & -CO0Ca* + H*
~COOH + Mg? <> ~COOMg* + H*
—COOH + Na*? < —COONa + H*

Equilibrium Constant (log,, K, )

int

6.0
4.0
-4.0
-4.3
-4.0

of +¥ for Ca atoms™. In this model, a charge of +'4
is assumed for Ca atoms, following the approach in
Song et al. (2017)* and Heberling et al. (2011)*. The
crude oil surface reactions are similar to the models
used in Xie et al. (2018)*, Brady et al. (2012)?', and
Takeya et al. (2019)%%.

The SCM equations are solved using PHREEQC
software*, whereby the double layer model is specified.
In the model, the concentration of adsorbed surface
complexes (adsorbed ions) determines the total surface
charge as follows:

F
o= S—AEzici, 1

where o is the surface charge density (C/m?), F'is the
Faraday constant (96493.5 C/mol), S'is the surface
material mass (g), 4 is the specific surface area (m*/g),
2, 1s the ionic electric charge, and ¢, is the adsorbed
ion concentration (mol). The surface charge and the
surface potential are related through the Gouy-Chap-

man model®’:

o= (0000, T i (), :

C2
where €, 1s the vacuum permittivity (;]), €, 1s the
water relative permittivity ¥ is the surface potential
(V), R1s the gas constant (LK), T is the temperature

mol

(K), I is the brine ionic strength (mol/l), and v is the
electrolyte ionic charge, which is assumed to be unity
in PHREEQC?. The bulk concentration of ions in-
teracts with the adsorbed ions at the surface due to
coulombic forces. Therefore, the apparent equilibrium
constants are considered to include the effect of the
bulk concentration of the ions. The apparent and in-
trinsic equilibrium constants (listed in Tables 4 and 5)
are described through the Boltzmann distribution®:

ZFWY.
Kapp = Kint eXP( CRT )' 3

where { is the net change of the surface charge at the
surface due to surface reaction. The {-potential can
be approximated from the surface potential based on
the linearized Debye-Huckel theory®, which is valid
for [¥] < 25 mV*:

¢ =Wexp(—xdy), 4

where k is the inverse Debye length-scale, and 4 is
the slipping plane distance from the outer Helmholtz
plane. For brines with an ionic strength of 0.1 mol/1
(the considered brine recipes except for seawater), the ¢,
is 0.33 nm*:?%, while the Debye length x~1is 0.97 nm.
For the seawater case (ionic strength of 1.1 mol/1), 4 is
0.1 nm (d = 0.1/¢"3), while xg? is 0.29 nm. ’
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The site density for the calcite surface is 4.95 sites/  crude oil/brine interface. The site density and specific
nm??*% while the crude oil surface has a site density ~ surface area of the considered surfaces are fixed.
of 0.47 sites/nm**". The calcite specific surface area For the calcite/brine interface, the SCM results follow
is 1 m*/g*, while the crude oil specific area is 0.5 the trends observed in the experimental data, and
m?*/g*. Additional details of these SCM equations  quantitatively agree with the lab’s {-potential measure-
are elaborated in Parkhurst and Appelo (2013)* and  ments, especially for sodium chloride, SmartWater,
Dzombak and Morel (1990)'. and sodium sulfate (Na,SO,) brines. For the seawa-
. . ter case without alkali, the SCM underestimates the
Results and Discussion {-potential as can been seen in Fig. 2. When NaOH
Figures 2 to 7 compare the SCM and experimental  alkaline is added to the brine recipes, the change in
measurements of the {-potential values for differ-  {-potential values of the calcite/brine interface is almost
ent brine recipes with and without alkali. First, the  negligible and in agreement with the experimental
¢-potentials for the calcite/brine interface are analyzed,  {-potential measurements, Fig. 3 (within a 2.5 mV
Figs. 2 to 4, followed by the crude oil/brine interface,  difference). The addition of (OH) ions increases the
Figs. 5 to 7. The intrinsic equilibrium constants are ~ negative charge, and decreases the adsorption of H
varied in the SCM to match the measured {-potentials. ~ protons while adding Na* ions increase the charge
The number of fitting parameters is equal to the num-  positivity resulting in an insignificant total change in
ber of surface reaction equations — nine equations for the surface charge.
the calcite/brine interface, and five equations for the For the Na,CO, alkaline, the SCM calcite/brine
Fig. 2 The experimental and SCM {-potential values at the calcite/brine Fig. 4 The experimental and SCM {-potential values at the calcite/brine
interface. interface. The brine contains 0.1 wt% Na,CO.,.
10 Na;SO, Water SmartWater NaCl Water Seawater Na;SO; Water SmartWater NaCl Water
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Fig. 3 The experimental and SCM {-potential values at the calcite/brine Fig. 5 The experimental and SCM {-potential values at the crude
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Fig. 6 The experimental and SCM {-potential values at the
crude oil/brine interface. The brine contains 0.1 wt%

NaOH.
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Fig. 7 The experimental and SCM {-potential values at the
crude oil/brine interface. The brine contains 0.1 wt%

Na,CO,.
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{-potentials decrease for the considered brine recipes,
Fig. 4. This decrease in {-potential values is mainly due
to the presence of divalent anion carbonate (CO,)?,
which forms a surface complex on the calcite surface
with a-1.25 charge asillustrated in reaction 6 in Table
3. Calcite precipitation/dissolution was not been con-
sidered in the SCM, which is likely to contribute to
the slight discrepancy observed in the SmartWater
recipe case in Fig. 4.

The intrinsic equilibrium constants (fitting param-
cters) in Table 4 are in agreement with the work of
Song et al. (2017)* except for the CI" ion, which has
the largest discrepancy. The SCM confirms that the
total surface charge and {-potential of calcite/brine
interface strongly depend on the divalentions — Ca*",
Mg*, CO,*, and SO,* — due to large intrinsic equi-
librium constants compared to the other ions. The
SCM predicts that the most effective ion in pushing
the calcite surface charge to a negative value is the
divalent anion carbonate (CO,)?, which has the largest
equilibrium constant.

Winter 2019 The Aramco Journal of Technology

For the crude oil/brine interface cases, the SCM
{-potential results qualitatively match the experimental
observations. The predicted {-potentials are in general
negatively charged, Fig. 5, which agree with the exper-
imental results. The equilibrium constants in Table 5
agree with the values reported in the literature®’* (the
discrepancy in the equilibrium constants are within a
value of one for each reaction). At pH > 7 (greater than
the isoelectric point for the crude oil/brine interface
with a similar acid number®?), the carboxylic acids in
crude o1l are not completely protonated (reaction 1
in Table 5). Also, the protonation of nitrogen bases
(reaction 2 in Table 5) is not sufficient to switch the
crude oil surface to a positive charge.

When alkali is added to the brine recipe, Figs. 6
and 7, the variation in the SCM {-potentials is less
than 2 mV. The {-potentials slightly increase on the
positive side, especially for the NaOH alkaline. This
slight increase is not expected as the protonation ac-
tivity decreases with the increase of the brine pH level.
Subsequently, the reactions in the SCM predict that
the adsorption of Mg®* and Ca?*" (reactions 3 and 4)
slightly compensates for the decrease in H*, which
results in a small increase in the {-potential. Based
on the model predictions of calcite/brine and crude
oil/brine {-potentials, the Na, SO, brine with Na,CO,
alkaline provides the largest interface negative charges,
Figs. 4 and 7.

The modeling results support the conclusion drawn
from the experiments that the Na,SO, brine with
Na,CO, alkaline is the preferable brine recipe to syn-
ergize with anionic surfactants due to its large negative
{-potential. This large negative {-potential increases
the water wetness toward the carbonate reservoir'®
and reduces the anionic surfactant retention”. Fur-
ther improvement and refinement in the SCM will
be considered, as this is a starting point for ongoing
research in electrokinetic modeling.

Such improvements include using an SCM triple layer
model, nonlinear diffuse double layer model to infer
the {-potential from the surface potential, and adding
dissolution/precipitation reactions for the calcite/brine
interface. In addition, including the crude oil chemis-
try (acid/base numbers) to be part of the surface site
density™ of the nitrogen base and carboxylate groups
willimprove the SCM for the crude oil/brine interface.

Conclusions

This work explores the electrokinetic interactions
of different brine recipes with and without alkali in
carbonates using SCM. Various SCM calculations of
calcite/brine and crude oil/brine {-potentials were
conducted to evaluate the synergy between different
brine recipes and alkali chemicals. The proposed
SCM predicts the {-potential results that are consis-
tent with the experimental measurements for choosing
the Na,SO, brine with Na,CO, alkaline to be the
most suitable alkaline-based recipe due to its large
negative {-potentials.

In the alkaline/surfactant EOR process, the negative
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electrokinetic calcite charge repels the anionic surfac-
tant causing a reduction in surfactant retention. The
modeling of {-potential results quantitatively agree with
the experiments for the calcite/brine interface. For the
crude oil/brine interface, the SCM {-potential results

reasonably match the experimental measurements.

Further correlation of the carboxylic acid group and

nitrogen base crude oil active surface sites with the

acid/base number is required* to quantitatively predict

accurate {-potentials and gain additional insights on
the electrokinetics of crude oil surfaces.
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Material Overview for Electric Submersible
Pumps: Part Il — Polymeric and Other Materials

Dr. Jinjiang Xiao, Rafael A. Lastra, Brian A. Roth, and Dr. Woon Lee

The electric submersible pump (ESP) is a key artificial lift technology in the petroleum industry.
Worldwide installations of ESPs in oil wells are in the range of 130,000 units, contributing to about
60% of the total oil production in the world. An ESP is made up of hundreds of components integrated
together to perform the lifting function. Materials in these components belong to several categories,
including metals, ceramics, polymers, and others. A good understanding of these materials and
vigilant selection for a specific application are critical to the reliability and run life of an ESP system.
This series of articles provides an overview of all major classes of materials used in ESP systems. Itis
intended to serve as a reference for ESP field application engineers who are responsible for design,
equipment longevity, and production optimization. This article focuses on polymeric and other
materials.

The information compiled in this article is the result of extensive literature review. It covers materials
used in the motor, protector, pump, and cable (the sensor, packer, Y-tool, diverter valve, surface
components of variable speed drives and transformer are not included). For each class of materials,
it identifies relevant material properties and discusses suitable application conditions.

Introduction

An electric submersible pump (ESP) is a complex electromechanical system that requires each and every com-
ponent to perform its intended function to achieve the system’s artificial lift purpose. The proper function and
reliability of each component depend not only on the design, but more importantly on the specific material
chosen. These materials can be grouped into several major categories, Table 1. Metallic and ceramic materi-
als were covered in a previous publication'. This article contains a review of polymeric and other materials.

Information of ESP material specifications is scattered in many published articles, industrial standards,
ESP manuals, textbooks, and on the internet. A compressive summary of such an important subject cannot
be found in the ESP industry. This series of articles intends to fill the gap. It provides a handy reference and
a guidance for ESP application engineers. Accurate information on ESP materials is essential for application
engineers to properly specify materials and understand ESP failure mechanisms to improve system reliability.
Material science is a vast area requiring special expertise and experience. This article is not intended as a
substitute for expert advice, but to provide a starting point for higher level discussions.

Every effort is made to avoid the use of material trade names in the article, however, trade names do fre-
quently appear in ESP publications, and it becomes necessary for application engineers to become familiar
with them in the literature. Therefore, some trade names are included in the article where it is unavoidable.
There is no intention to promote any specific types of materials or companies in this article.

Table 1 Major categories of materials used in ESPs.
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Polymeric Materials

Polymeric materials exhibit various unique proper-
ties, including high strength, lightweight, elasticity,
dielectric, resistance to corrosion. They are utilized
in a variety of industrial applications. In the ESP in-
dustry, polymers are used for pressure sealing, fluids
isolation, expansion, contraction and containment,
electric insulation and surface coatings for friction
reduction or corrosion resistance.

Polymer classification is a complex topic and common
terminologies in use can be very confusing. Methods
to classify polymers can be based on origins (natural
or synthetic), structures (linear, branched, or cross-
linked), applications, and other ways. For example,
based on applications, polymers can be classified into
elastomers, plastics, and fibers, Fig. 1.

Elastomers have a higher elasticity and are the main
elastic material. Forces such as bending, squeezing,
stretching, and twisting can deform elastomers. Upon
release of the force, they have much better abilities to
recover their original dimensions. In contrast, plastics
on the other hand are more rigid, and less elastic or
flexible in nature. Fibers have a lower elasticity than
elastomers and plastics, but a much higher tensile
strength. Rubber is another term commonly used in
the industry, and it is almost an interchangeable term
for elastomer.

Asindicated in Fig. 1, according to physical proper-
ties, polymers can be categorized as either thermoplastic
or thermosetting. Thermoplastic polymers have a glass
transition temperature, above which they become soft
and can be reformed, and a melting point temperature,
above which they become viscous liquids. Thermo-
plastic polymers can generally be repeatedly heated

Fig. 1 Polymer classification.
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and reformed. Thermosetting polymers, on the other
hand, cannot be remelted and reshaped. Once a ther-
mosetting polymer is cured, an irreversible chemical
reaction takes place. It becomes permanently hard,
tough, non-swelling, and brittle — especially at low
temperatures.

Heating a thermosetting polymer again can cause
the polymer to break down or decompose. In general,
thermoplastic polymers have chain molecules, whereas
thermosetting polymers have three-dimensional (3D)
networks of cross-linked molecular chains. Cross-link-
ing individual polymer chains is achieved through
irreversible chemical processes. Vulcanization is a type
of cross-linking processes during which polymers are
combined with sulfur and its derivatives under heat
and pressure.

Resin is also a term frequently appearing in the ESP
literature. While polymer has a large molecular weight
and longer chains, resin has a small molecular weight
and shorter chain. Polymers can be formed by the
polymerization of resins.

Polymers applied in ESP systems are subjected to
very challenging downhole oil field environments:
high-pressure, high temperature, a broad range of fluid
mediums (hydrogen sulfide (H,S), carbon dioxide (CO,),
hydrocarbon, water, chloride, diesel, kill fluid, acid,
and other well treatment fluids) and solids. Mechanisms
for polymer performance degradation and failure are
multiple and often interrelated. Common causes include
gas permeation, swelling, explosive decompression and
others. The potential consequences of an elastomer
failure in an ESP system can be weakening or loss of
electrical insulation, motor burn, dynamic instability,
and fluid recirculation.

Polymeric materials commonly used in the ESP in-
dustry are discussed next. Note that the identifications
of these materials are customarily made by a combina-
tion of chemical names, American Society for Testing
and Materials (ASTM) designated abbreviations or
trade names.

Elastomers

As previously shown in Fig. 1, elastomers can be clas-
sified into thermoplastic elastomers — will soften and
melt when heated — and thermosetting elastomer —
will not melt when heated. Thermoplastic elastomers
have processing advantages, but they are poor in chem-
ical and heat resistance, and can have high compression
set at elevated temperatures. Thermosetting elastomers
have 3D cross-linked molecular structures allowing
them to offer superior performances related to high
temperature, chemical attack, and sustained stress.
Thermosetting elastomers are the preferred materials
in ESP applications.

Ethylene propylene diene monomer (EPDM)
is a synthetic thermoset rubber with a wide range of
applications. In the ESP industry, EPDM is used as
an insulation and jacket material for the main power
supply cable and motor lead extension (MLE) cable*
*. EPDM has proven to have the best electrical and



mechanical stability at temperatures of -20 °F to 350 °F,
and typical downhole pressures. Like other insulation
materials, EPDM is permeable to H,S.

To prevent gas permeation, a metallic layer, such as
lead, is often used outside the rubber insulation. The
disadvantage of lead is that it does not have sufficient
mechanical strength and it also adds weight to the
cable. EPDM can swell in o1l — mineral oil, solvents,
petroleum-based products, and aromatic hydrocarbons
— and to a less degree in water. For this reason, in ESP
applications it is a common practice to use inhibited
brine in the annulus above the ESP packer, not inhib-
ited diesel, to protect the ESP cable from swelling and
potential explosive decompression damage.

Fluorocarbon rubber (ASTM designation FKM,
also known as FPM in Europe) is a class of thermoset-
ting elastomers with the molecular structure having
the carbon-fluorine bonds. Changes in fluorine content
provide variations of rubbers with different properties.
ESP applications use O-rings or seal bags made from
fluorocarbon rubbers. Viton is one of the best-known
brand names of fluorocarbon rubbers by DuPont. It is
stable in high temperature, tolerant to thermo-cycle,
and has chemical and fuel resistance. One limitation
of Viton is that the material is not recommended for
exposure to amine-based — corrosion inhibitors —
well treatment fluids® and high pH completion fluids®.
In applications with H,S, Viton O-rings had to be
upgraded to the Aflas type’. Fluorel™ by Dyneon™
is another fluorocarbon rubber that was tested for ESP
applications®.

Neoprene is a homopolymer of chloroprene, a syn-
thetic rubber by DuPont. Neoprene has found applica-
tions in ESP systems® as O-rings or cable jacket mate-
rial. In more demanding applications, as an upgrade,
neoprene O-rings were replaced with the Aflas type'’.
Field performance data as well as laboratory testing
showed that neoprene can be incompatible with some
produced crude®.

Nitrile butadiene rubber (NBR) and hydro-
genated nitrile-butadiene rubber (HNBR) also
known as highly saturated nitrile (HSN) are two very
common thermoset elastomers used in ESP applica-
tions. These two types of rubbers share the same feature
in that both their molecules have a repeating structure
of one nitrogen atom connected to one carbon atom by
a triple covalent bond. NBR is a copolymer of acrylo-
nitrile (ACN) and butadiene. Increasing the content of
ACN makes the rubber more resistant to hydrocarbon
oil. NBR is used as a cable jacket and seal bag material
for low reservoir temperature applications — limited
to 200 °F in the presence of H,S. Bags with NBR will
harden when the operating temperatures are too high.
When nitrile jacketing is used in the cable, the limiting
factor of the cable is nitrile rubber, due to its age-harden
tendency’. Also, NBR offers minimum resistance to
chemical attacks from H,S, amine inhibitors, or high
pH completion fluids® !'. Nevertheless, NBR bags work
well with xylene-based asphaltene treatment fluids.

HNBR is the product of NBR’s butadiene copolymer
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reacting and combining with hydrogen (hydrogena-
tion). It has an improved chemical resistance and a
higher service temperature over NBR. In particular,
it can tolerate a slightly higher content of H,S in the
well fluids and corrosion inhibitors than the NBR. One
issue with HNBR is that it can swell in the presence of
aromatic oil. In a harsh environment, seal bags with
HNBR can harden, deform, swell, and crack due to the
attack of the produced fluids — crude o1l and water.
This can lead to system failures and a short run life?,
forcing design engineers to completely replace bag seals
with labyrinth seals to enhance the run life. In other
cases, a short motor run life was experienced due to
well fluid damage to the HSN bags and mechanical
seal bellows. HSN elastomers had to be changed to
Aflas'. Carboxylated NBR (XNBR) is nitrile with a
carboxyl added to the formulation. It is yet another
variation of nitrile used in the ESP industry to provide
better oil and abrasion resistance, and elastic resilience.

Perfluoroelastomers (ASTM designation FFKM)
is similar to FKM, but with its polymer backbone fully
fluorinated. Due to the increased content of fluorine,
FFKM possess superior performance of chemical re-
sistance at harsh environments, including hot amine,
steam, solvent, H,S, CO,, and hydrocarbon, as well
as resistance to rapid gas decompression. FFKM
used in ESP applications includes Kalrez® (by Du-
Pont) and Chemraz® (by Greene Tweed) O-rings®
for high temperature steam assisted gravity drainage
ESP applications.

Silicone rubber represents a group of thermoset-
ting elastomers that possess an excellent resistance to
extreme temperature. Silicone rubber gels were used
for motor stator potting in the past.

Tetrafluoroethylene-propylene (TFE/P,
ASTM designation FEPM), commonly referred as
Aflas (trademark of Asahi Glass Co. Ltd., Japan),isa
copolymer of tetrafluoroethylene and propylene, with
a fluorine content of about 54%. This thermosetting
rubber possesses excellent properties of resistance to
acid, brine, oil, and H,S at temperatures up to 400 °F.
A possible weakness is low temperature performance in
aromatic oil, with only a limited resistance to mineral
oil. Aflasis affected by heat, but contrary to HNBR, the
thermal effect is recoverable once the heatis removed.
Aflas elastomers are used in the following ESP compo-
nents: protector bags, O-rings (flange seals, pothead
connection, and compliant radial bearing system for

vibration damping) and mechanical seal bellows'* .

Despite numerous advantages with Aflas, there are a
few cautions to be noted. Aflas O-rings can lose elastic-
ity and break if the ambient temperature drops below
-10 °C'®. Long-term exposure to diesel can cause Aflas
components to swell, and its mechanical property to
degrade®”. Not all Aflas is the same. Suppliers can use
different fillers or additives to achieve certain desired
properties, and some blending can cause unexpected
consequences.

For example, in some Aflas formulations, EPDM
was added to enhance the molding process, but this

77



78

The Aramco Journal of Technology Winter 2019

resulted in a shorter run life because chemicals released
from the EPDM can attack Aflas and cause it to hard-
en'. Some Aflas can absorb produced crude, causing
excessive elastomer swelling and loss of mechanical
properties (hardness), leading to failures with the seal
bag and mechanical seal bellow'. It is important to
conduct fluid compatibility tests with any new elastomer
material. Aflas can also have an issue with explosive
decompression in a GO, environment.

In terms of extrusion resistance, Aflas in general
is not as good as HNBR. Packers designed for the
H,S environment use Aflas elements'. Typically, the
Aflas elements are used as the center seal elements and
HNBR as the outside elements to completely contain
the Aflas elastomer. Without HNBR backup elements,
Aflas can extrude, leading to packer sealing failures.

The selection of elastomers for any given application
is to match the specific field conditions — temperature,
pressure, physical load and characteristics, production,
completion type, treatment fluids, and solid content —
with the performance characteristics of an elastomer
in combination with cost considerations. For example,
elastomers such as Aflas, Viton, and Kalrez, can pro-
vide exceptional properties as O-rings, seal bags, and
bellows, but are costly for use in ESP cables.

General application guidelines on various elasto-
mers can be found in several published sources®
1. Major service companies have their own reference
data sheets. These guidelines may not always provide
consistent recommendations, partly due to variations
in chemical compositions for the same brand named
elastomer. Adequate lab testing and field trials are the
only way to verify elastomer applicability.

Thermoplastics

As previously shown in Fig. 1, thermoplastics can be
further divided into amorphous plastics and semi-crys-
talline plastics, depending on whether their molecular
chains are randomly arranged or highly organized
and packed. Amorphous plastics are in general prone
to stress cracking, fatigue, and chemical attacks.
Semi-crystalline plastics offers better performances
and are the exclusive plastics used in ESP applications,
due to the demanding downhole conditions.

Ethylene tetrafluoroethylene (ETFE) is a ther-
moplastic material belonging to the group known as
fluoropolymers. Tefzel™ (trade name by DuPont) is
a type of ETFE material used as barrier tapes in ESP

power cables®.

High-density polyethylene (HDPE) is a low
cost, commodity thermoplastic. Its use is limited to
low temperatures up to 170 °F as a jacket material for
the ESP cable. Under high temperatures this material
can melt?".

Polyamides (PA) a thermoplastic material com-
posed of polymers that contains the amide group.
PA possess a high tensile strength. Nylon is one ex-
ample of PA materials. It offers good resistance to
chemicals and high voltages. Rilsan®(trade name by
Arkema S.A)) is a nylon-type of material, which can

be considered in cable design uses. Nylon film can be
used as an insulation material for motor lead extension
cables, however, nylon is susceptible to hydrolyze by
hot water®. Its use in cable is not recommended for
miscible flood ESP applications?.

Polyamide-imide (PAI) is a high performance
thermoplastic with excellent dielectric property and
dimensional stability at high temperatures. Brand name
Torlon (trademark by Solvay Specialty Polymers) is
a PAI-based material used as motor interconnector
insulators®.

Polyether ether ketone (PEEK) is a semi-crystal-
line high performance thermoplastic material. PEEK
possess a few unique properties, including resistance
to chemical, wear, hydrolysis, and stability at high
temperatures — up to 570 °F. These properties make
PEEK an important polymer for many industries. ESP
systems use PEEK as an insulation material for motor
magnet wires and electrical connectors, and also as a
bearing material.

Traditionally, a motor’s copper wires are insulated
with Kapton tape (a polyimide film, developed by Du-
Pont) and finished with a varnish coating to prevent
winding vibration and water/moisture ingress during
operations. For high temperature applications, one of
the design improvements is to replace the standard,
varnished Kapton winding with high strength PEEK
insulated winding'®
The PEEK insulation system does not need varnish. In
addition, PEEK insulation can provide stabilization/

to enhance the motor’s run life.

protection for winding and end-turn, reducing possible
electrical short circuit failures that often occurred at
the end-turn'’.

Another area that uses PEEK to improve reliability
is the insulation of the MLE or the flat cable. Con-
ventionally, the MLE conductors are insulated with
Kapton, and covered with a jacket (usually lead for
H,S applications), which acts as a barrier against gas
permeation, and then protected with an interlocking
metal armor to provide mechanical strength against
damage during installation and retrieval. This type
of design had significant reliability issues for high H,S
and high temperature applications. An improved MLE
design is to use PEEK to insulate the individual MLE
conductor. The system is then covered with a lead
sheath®, or for more superior performances, encap-
sulated within Monel or Inconel tubes?’.

PEEK has also been used as an exceptional insulating
material in electrical connectors. Cross-lined PEEK*
can provide enhanced creep, extrusion, chemical, and
electrical resistance to improve electric connector
reliability under high voltage and high temperature
applications.

Some ESP systems also use PEEK as a coating ma-
terial for the tilting pads in high load thrust bearing
designs, due to its excellent wear and abrasion resis-
tance®. In such applications, the coating material is a
PEEK composite with polytetrafluoroethylene (PTFE)"?
or carbon fiber as fillers or additives. This type of design
can withstand higher axial load than Babbitt bearings.



In addition, polymer coating reduces startup friction
and pad crowning so that a more uniform pressure
distribution over the pad can be achieved.

Polypropylene (PP) is a common thermoplastic
found used in the ESP industry as an insulation ma-
terial for low temperature applications**” — up to
200 °F. Direct contact of PP with copper can resultin
accelerated aging of the insulation. This is prevented
with the use of stabilizers in the insulation or a tin
coating of the copper. Also, PP is highly susceptible to
softening and creeping by crude oil in direct contact.
In some rigless alternative deployment technologies,
the deployment cable is designed with an external
jacket made with PP. The smooth surface facilitates
sealing with well control equipment. The reliability
of this material for long-term use 1s being accessed
by the industry. Andrew and Augustine (1992)*! have
shown that PP, when used as an insulation material,
resulted in cable failures when it was exposed to ei-
ther an extreme cold temperature of -40 °F or a high
temperature of 230 °F.

Polyphenylene sulfide (PPS) is another high
performance thermoplastic material used in ESP
applications. Standard corrosion resistant (Ni-resist)
impellers can experience corrosion damage due to a
high water cut and high chloride content in the water.
Impellers made from lightweight PPS (Ryton, trade
name by Solvay Specialty Polymers) was used to replace
Ni-resist impellers'®*2. Even though this material has
lower mechanical strength, it offers corrosion resistance
with thermal and dimensional stability. Ryton can be
applied as a coating for ESP stages to provide corrosion
and scale resistance.

Polytetrafluoroethylene (PTFE), fluorinated
ethylene propylene (FEP) and perfluoroalkoxy
(PFA) are all high performance thermoplastics. They
are all fluoropolymers with different molecular struc-
tures but exhibiting similar nonstick properties. FEP is
softer than PTTE, and transparent. PFA has improved
flow and creep resistance and thermal stability. One
brand name of PTFE-based material is Teflon, ini-
tially manufactured by DuPont.

A barrier created with Teflon extrusion is often
used as protection for cable insulation against oil and
chemicals. Another application of Teflon is to coat
pump stages to prevent scale build up and improve
pump performance® . Pump impellers and diffusers
are made by sand casting and have a rough surface,
leading to higher friction and scale build up. Xylan
(trade name by Metal Coatings Corp.) is a family of
fluoropolymer coatings having PTFE, FEP, or PFA
as key ingredients. Application of xylan as a thin film
in ESP stages provides similar functions as Teflon.
Another use of PTTE is to coat the shaft coupling
to prevent galling — also known as “adhesive wear”
when two surfaces, the shaft and coupling, in contact,
seize up as a result of cold welding.

PTTE tapes can be used as an extra insulation barrier
over the lead barrier in the MLE for high salinity and
corrosion applications®!. FEP is chemically inert and
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has good dielectric properties and heat resistance. It
can be a candidate material as an external sheath
to encapsulate the cable in a rigless alternative ESP
deployment. FEP film can be used as the slot liner
material for motor stators’. PFA offers similar properties
to FEP, but is more preferred for services in hostile
environments involving chemical attacks, thermal,
and mechanical stress. Some MLE cable designs uses
PFA as an insulation material.

Polyvinylidene difluoride (PVDF) is a high per-
formance thermoplastic fluoropolymer. PVDF offers
excellent resistance to solvents, acids, and bases. In some
cable design, this material is used as a gas barrier over
EPDM insulation®. Brand name Kynar (trade name
by Pennwalt) is a PVDF-based family of materials.

Polyvinyl fluoride (PVF) is a fluorinated ther-
moplastic material composed of chemically linked
fluorine monomer units. Tedlar® (trade name by
DuPont) is a PVF material used as barrier tapes in
ESP power cables®.

Thermosetting Plastics

Epoxy resin is a class of materials whose molecular
structures contain the highly reactive epoxide groups.
Curing as a result of either reaction with resins them-
selves through catalysts, or with hardeners forms ther-
mosetting polymers with desirable mechanical, thermal
properties, and chemical resistance capability. There
are many different formulations of epoxy. Epoxy has
found applications in several components of an ESP
system.

Typical ESP motor designs have unfilled space and
open in the stator slots after winding. This allows
dielectric motor oil to circulate and cool the motor
through convective heat transfer. Some designs have
the motor winding 100% vacuum potted with ther-

mally conductive epoxy” %

. Epoxy’s chemical resis-
tance and good adhesion properties provide additional
clectrical insulation to the magnet wires. Moreover,
the encapsulated windings allows heat transfer to be
enhanced via conduction. This makes the motor run
cooler and results in a longer run life. If the stator is
long, complete potting can be difficult. Partial potting
can leave air voids in the slots, resulting in localized
hot spots and potential partial discharge. Some motor
designs use epoxy to restrain the stator’s end coils to
prevent them from movement and damage during
shipping and operation. For high temperature applica-
tions such as steam assisted gravity drainage”, epoxy
degradation can result in motor failures as the primary
failed component.

Downhole ESP sensors oftentimes use epoxy resin as
a conformal coating material. The thin film fits into
the contours of printed circuit boards to protect the
electronic components against moisture and chemicals
in the harsh environments.

Pump impellers and diffusers are typically manu-
factured by sand casting and with a rough surface
finish. Stages can be coated with epoxy to improve
hydraulic performance®. Epoxy coating is also used
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to combat ESP housing corrosion. This is usually done
as a second step in a two-step coating process. First,
a flame-sprayed metalized (Monel or 316 stainless)
coating is applied. Then epoxy coating is used to fill
porous voids™. A cautionary note is that epoxy coating
can be damaged as results of chipping or scratching,
and for a motor housing, a thicker coating can be
detrimental to proper motor cooling.

Epoxy is widely used as a sealing material for elec-
tric connectors. Conventional MLE cable connections
with the motor is through the pothead, which is filled
with epoxy. This is done in the factory. The pothead
termination is submerged in water and tested for 50
psi to 100 psi for up to 1 hour. This is an electrically
weak termination, especially for high H,S applications.
A sealing defect or damage can lead to H,S attacks on
the copper. Epoxy voids inside the pothead can cause
pothead burns. These are common causes of electric
failures with MLE/pothead connections'. Similarly,
epoxy has been used as a sealing material for packer
penetrators, specifically for sealing the splicing between
the MLE and packer feedthrough cable. Field experi-
ences show repeatedly that an epoxy-based solution
can slow down H_S ingress, rather than prevent it
entirely. More reliable designs are needed to prevent
electric connection failures?.

Phenolic is a thermosetting polymeric material

commonly used in ESP applications. The material
can be hard and strong, but brittle. Floater pump stages

often use upthrust and downthrust washers made of

laminated phenolic to handle the axial thrust*.

Polyimide (PI) is a polymer of imide monomers.
PI can be made in two forms: thermosetting and ther-
moplastic. Kapton is an example of a thermosetting
PI. It is widely used as an insulation material in ESP
systems. The copper wire typically has a PI coating
as a primary barrier. In aggressive H,S environments,
magnet wires for motor windings can be insulated
with double Kapton layers*’. Lamination slots can
be lined with PI sheets. MLE primary insulation can
be Kapton with EPDM as a secondary insulation.
Apical (trade name by Allied Chemical) is another
PI sometimes used in place of Kapton as a primary
insulation material. As a cautionary note, hydrolysis
can occur with PI materials®.

Other Materials

Motor oil: ESP motors and protectors use highly
refined mineral oils for effective motor cooling and
sufficient lubrication of all the radial and thrust bear-
ings. These oils are specially formulated with optimal
dielectric strength (> 28 kVDC), good thermal con-
ductivity, and viscosity at high temperatures. Motor oil
never gets replaced during the life of an ESP system.

Over time, its dielectric properties and lubricity
can deteriorate due to contamination of fine particles
generated from the rotating components, or from the
well fluids. The contaminants can weaken the motor’s
electrical integrity, cause motor overheating, or scrape
bearing contact surfaces. All of these can lead to motor

failures. Some system designs use a filter at the bottom
of the protector/seal section to prevent solids from
getting into the motor section.

Electric motors do not always have to be filled with
dielectric mineral oil. In one subsea application, the
motor 1s filled with water-based liquid — 70% mono
ethylene glycol in water. The motor stator is fully encap-
sulated to prevent any catastrophic electrical failures®.

Barrier fluids: In some ESP installations, water
immiscible heavy barrier fluids with a specific gravity
as high as 1.9, have been used to block well fluids’ in-
vasion into the motor section. In a conventional ESP
configuration, this is applied in the top seal section. In
situations where the produced crude is lighter than the
motor oil (typically with a specific gravity of 0.85), a
labyrinth seal section, which operates based on gravity
segregation will not be able to prevent produced crude
from entering into the seal section and contaminat-
ing the motor oil. One solution was to use a barrier
chamber filled with heavy fluids®. Rigless deployed
ESP systems typically have an inverted configuration
with the motor on top to facilitate electric connection
with the power cable. This connection is usually made
within a shaftless protector in which a barrier fluid
is used to provide pressure equalization, as well as to
prevent well fluid invasion.

Diamond and graphite: Steam assisted gravity
drainage applications typically involves high tempera-
tures (200 °Ci to 250 °C), with the presence of abrasives.
These demanding conditions require new and more
reliable designs for the mechanical shaft seal, thrust
bearing, and other components. One improvement uses
adiamond coating for the seal faces in the mechanical
shaft seal to address the challenges of high temperature,
abrasiveness, and possibly dry running condition in
case of a possible steam breakout'. Graphite, due to its
self-lubricating nature, has also been used as a coating
material for the mechanical seal face*’.

Composite is a type of material that is formed by
combining two or more distinctive types of materials.
These constituents work together to give the composite
unique and superior properties. Composites have found
applications in ESP systems. Cermet is a composite
material consisting of ceramic (cer) and metallic (met)
materials. It possesses excellent abrasive resistance
properties and has been used to make bearings for
downhole pumps*. A composite of carbon fiber and
PEEK has been used to make coiled tubing and flow
line jumpers, which are of a lightweight, high tensile
strength, and is corrosion resistant. This type of com-
posite can be a potential material used to make power
cables for ESPs in alternative cable deployments.

R&D in the area of carbon nanotube (CNT) and
CN'T-copper composite is being actively carried out
in the industry. These composite materials may in the
future become economical materials as conductors, as
well asload carrying members to deploy ESPs riglessly.

Discussions
Table 2 provides a list of polymeric materials and their



Table 2 Commonly used polymeric materials in ESPs.
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Elastomers

EPDM

FKM/FPM: Viton/Fluorel
Neoprene

NBR and HNBR or HSN
FFKM: Kalrez/Chemraz
Silicone Rubber

TFE/P/FEPM: Aflas

Cable jacket and insulation material
O-ring and seal bag material
O-ring material
Cable jacket and seal bag materials
O-ring material
Motor stator potting material

O-ring and seal bag material

Thermoplastics

HDPE

PA: Nylon/Rilsan
PEEK

PP

PPS: Ryton

PTFE, FEP and PFA: Teflon/Xylan

PVDF: Kynar

Cable jacket material

Cable insulation material

Insulation material for motor winding and electrical connectors;
coating material for thrust bearing tilting pads

Cable insulation material

Pump stage coating material

Pump stage coating material; shaft coupling coating material

Cable jacket material

Thermosetting Plastics

Epoxy

Phenolic

PI: Kapton

Motor stator potting, pothead potting, cable splice sealing,

stage coating

Pump stage thrust washer

Motor winding insulation or coating

assoclated ESP components discussed in this article.
The philosophy of material selection for any particular
application is a balancing act and optimization process
with several factors taken into consideration: material
cost, functionality, and manufacturability.

Correct material specification depends on a good
understanding of material property and limitation,
and the requirement and conditions of the intended
application in terms of pressure, temperature, physical
load, fluid composition, and solid content. Material
selection, quality, product design, fabrication, testing,
and installation are all crucial steps for any applications
to be successful.

Conclusions

This article reviews and discusses polymeric and other
materials commonly in use in the ESP industry. Rel-
evant properties and suitable application areas are
briefly highlighted. The article is intended to be a
high-level guide to help engineers develop some basic
understanding on ESP materials. This knowledge is re-
quired to correctly specify materials and to understand
failure causes so that ESP run life can be improved.

For any particular application, defining material

specifications is often an evolving process and always
involves consideration of factors such as material cost,
functionality, and manufacturability. In addition, ESP
run life depends not only on materials, but also equally
on design, quality fabrication, assembly, testing, in-
stallation, and operation.
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There is more.

A Novel Approach to Propagate MHz EM Signals and Map Reservoir Saturation
Hundreds of Meters Away from the Wellbore

Jesus M. Felix Servin, Dr. Max Deffenbaugh, Robert W. Adams, and Dr. Val Riachentsev

Abstract / This study describes a novel approach to propagate high frequency (MHz) electromagnetic (EM) signals through
the subsurface. Our technique relies on the presence of subsurface transmission lines, in the form of highly resistive
evaporite seals bounded by hydrocarbon reservoirs, to achieve greatly increased EM propagation. As the signal prop-
agates through the seal, variations in the fluid saturation of the bounding reservoirs modulates the signal amplitude
and velocity, paving the way for improved EM surveys for reservoir characterization.

Development of a Robust and Nondestructive Microscopic Phase Behavior Monitoring
Method for Screening High Performance Surfactants
Marwah M. AlSinan, Dr. Hyung T. Kwak, Alhasan B. Fuseni, and Jun Gao

Abstract / Surfactant screening for enhanced oil recovery involves studies of fluid-fluid and fluid-rock interactions to optimize
the surfactant formulation for the reservoir of interest. In this article, we present a suite of advanced low field nuclear
magnetic resonance (NMR) technologies capable of monitoring the phase behavior microstructure of fluid mixtures
developed for high salinity and high temperature conditions. An anionic and nonionic-anionic surfactant mixture
were selected since they were developed for high salinity and high temperature reservoirs.

Pushing the Limits of Coiled Tubing to Address the Challenges of Matrix Stimulation
in Multilateral Extended Reach Power Water Injectors
Hasan M. Al-Jassem, Naji K. Al-Salman, Rifat Said, Danish Ahmed, and Kaisar Al Hamwi

Abstract / In carbonate reservoirs in the Middle East, power water injector wells are typically completed with long open hole
laterals. The reservoir contact provides pressure support and enhances sweep efliciency in the low transmissibility
reservoirs. Due to the wells’ deviation and length, coiled tubing (C'T) interventions are required to successfully enter
and identify each lateral, as well as to remove formation damage by pumping the matrix stimulation treatment across
entire laterals.

Effective Corrosion Mitigation Exploiting Glass Reinforced Epoxy Lined Tubulars
in Offshore Producing and Injection Wells

Laurie S. Duthie, Hamad M. Almarri, Hussain A. Saiood, Ashwani K. Lata, and Gokul Radhakrishnan

Abstract / Corrosion in offshore well completions can lead to serious well integrity problems and costly workover operations.
Although carbon steel 1s an ideal material for most completions, under certain conditions, corrosion can attack and
severely damage carbon steel equipment. Corrosion resistant alloys (CR As) are a good option, but come with the con-
siderable downside of very high cost. A relatively simple and cost-effective approach to protect completion equipment
against these corrosive elements is to line carbon steel completion tubulars with a nonmetallic glass reinforced epoxy
(GRE). The GRE material properties provide excellent protection against a range of conditions, including highly
corrosive fluids, erosive granular materials, hydrogen sulfide (H,S), carbon dioxide (CO,), and acid treatments.

To read these articles and others, go to www.saudiaramco.com/jot
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