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Completion Optimization for an
Unconventional Reservoir

Authors: Osman Hamid, Dr. Zillur Rabim, Munther M. Al-Shakbs, Abhmed H. Al-Mubarak, Kevin Fisher and

Omar A. Bawazir

ABSTRACT

Successful production from unconventional reservoirs is made
possible by horizontal drilling and reservoir stimulation
through multistage hydraulic fracturing along the laterals. Al-
though hydraulic fracturing techniques have been widely used
for unconventional shale gas stimulation, a considerable per-
centage of perforations do not contribute to production. Reser-
voir characterization and the computation of completion
parameters are essential for effective completion design to im-
prove staging and perforation placement.

Challenges in the design of hydraulic fractures are the
proper placement of fracturing ports or perforations and the
location of isolation packers. The challenges are due to the
large variability in fracture gradients, mechanical and reservoir
properties, and petrophysical characteristics along the lateral.
Industry experience shows that injection pressures required to
fracture the formation (the fracture gradient) often vary signif-
icantly along a well and that there can be intervals where the
formation cannot be fractured successfully by fluid injection’
due to high in situ stress.

Geomechanical and petrophysical evaluations providing
rock anisotropy and anisotropic stress properties along the
wellbore play a fundamental role in completion and hydraulic
fracture design. In this article, geomechanical and petrophysical
properties from open hole logs and sonic anisotropy evalua-
tions have been integrated to compute reservoir quality and
completion quality. Intervals with similar properties are then
grouped so as to better understand and optimize hydraulic
fracture design and operations. This optimization procedure is
then applied in a borehole within a potential shale gas reservoir
that is targeting the hot shale facies formation in Saudi Arabia.
This resulted in successful completion optimization and hy-
draulic fracture performance.

INTRODUCTION

Understanding the geomechanical and petrophysical properties
of heterogeneous reservoir shale rocks is essential when evalu-
ating reservoir quality and completion designs. Unconventional
reservoirs exhibit log responses that differ from those of con-
ventional reservoirs, and understanding this behavior shown in
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the logs is sometimes challenging. Moreover, basic logs alone
are insufficient to adequately quantify unconventional rock pa-
rameters. Multiple techniques are required to detail the reservoir
properties of shale plays.

In one of these advanced techniques, heterogeneous rock
analysis (HRA), the measured and the interpreted open hole
logs — gamma ray, neutron, density, effective porosity (PHIE),
permeability and total organic contents (TOC) — are grouped
in a manner that combines similar log responses to form facies
or clusters. These new clusters or facies, represented in specific
colors, are next re-sorted to give petrophysical meaning, such
as showing the progression from the highest permeability clus-
ter to the lowest permeability cluster. These re-sorted clusters
are then integrated with anisotropic elastic properties to facili-
tate analysis and develop shale plays successfully. The theory
of cluster analysis and the HRA methodology is reviewed in
this article, and a case study from a well in Saudi Arabia is
considered in the application of this technique.

CLUSTER ANALYSIS

Cluster analysis is simply defined as segmenting objects based
on common characteristics. This concept is widely used in
market segmentation to divide markets into groups with simi-
lar demands. The concept can be also used in defining different
contexts. This article shows the implementation of this concept
on well log readings. At the outset, a workflow explaining the
fundamentals of basic cluster algorithms with examples is
given, but more details are available in Mooi and Sarstedt
(2011)2.

The steps involved in any cluster analysis can be summa-
rized as follows:

e Deciding on variables: It is a crucial starting step in the
analysis to provide clear-cut differentiation between
segments. For example, one should start with the
variables, such as gamma ray, neutron, density and clay
volume (VCL), to define and characterize the intervals.

e Deciding on a clustering procedure: The goal of the
clustering procedure is to form objects or clusters. For
example, this could mean minimizing the variance
within a cluster or maximizing the distance between
objects or clusters. There are many clustering



procedures, and each requires different decisions prior e Complete linkage: Depends on the longest distance
to analysis®. Hierarchical clustering methods are the between a variable and a cluster or any two clusters.
most common and widely used approaches for forming e Average linkage: Depends on the average distance

objects or clusters. Most hierarchical techniques fall between all pairs of two cluster members

under a category called “agglomerative clustering” in

which variables that are most similar are grouped or Ward method: Merges clusters by maximizing the

merged to form a new cluster. In subsequent steps, the overall variance within a cluster (most common).

distances between the newly formed clusters and all Figure 2 illustrates the variations among these agglomera-

remaining variables are recalculated using a specific tive procedures for members of two formed clusters. A com-

agglomerative clustering method. The number of mon way to visualize the cluster analysis process is by drawing
. . . . 4 :

clusters is thereby reduced by one in each iteration step. a dendrogram®. A dendrogram is a tree structure graph used to

Figure 1 shows this process in its simplest forms. visualize the results of a hierarchical clustering calculation.

Of the various types of agglomerative clustering methods, Figure 3 shows an example of a single linkage method applied

the most popular methods include the following: on seven points, together with dendrogram presentations. The

. . i next two steps in a cluster analysis are:
e Single linkage: Depends on the shortest distance P v

. e Deciding on the number of clusters: There is no one
between a variable and a cluster or any two clusters.

way to select the number of clusters. It depends on the
objectives of the analyst. It also requires a prior

knowledge or theory on which one can formulate the
choice. The ultimate goal is to ensure these results are
interpretable and meaningful. In the example shown in
Fig. 3, one could justify either a two cluster solution ([1,
2,3,4,5,6],[7]) or a five cluster solution ([4,5], [1,2],

(31, [6], [71).

Fig. 2. Single linkage (left), complete linkage (middle), and average linkage (right)
Fig. 1. Definition of agglomerative clustering!. agglomerative clustering methods!.

Fig. 3. Clustering with accompanying dendrograms on interpreting seven points as variables.
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e Interpreting the cluster solutions: This step is of great

importance because the analyst makes a decision on
whether the formed clusters are conceptually distin-
guishable. The interpretation could involve assigning
names or labels for each cluster and characterizing each
cluster by means of observable variables, e.g., classifying
the clusters as very good rocks, good rocks, fair rocks
and bad rocks based on the permeability values for each
cluster.

HISTOGRAM AND BOX PLOTS

As previously mentioned, interpreting the clusters is the final

Fig. 4. The main parts of interpreting the box plot*.

Fig. 5. Interpreting the histogram and box plot interactively*.
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— and a crucial step — in the analysis to show the value of
their distributions. One way of interpreting the clusters is to
look at the box plots or the histograms, Fig. 4°. The main
parts of any box plot are:
e The first quartile (Q1) is the middle number between
the smallest number and the median of the data set.

e The second quartile (Q2) is the median of the data.

e The third quartile (Q3) is the middle value between the

median and the highest value of the data set.

The interquartile range (IQR) is equal to the difference
between the upper and lower quartiles, IQR = Q3 — Q1.

Box plots may also have lines extending vertically from
the boxes indicating variability outside the upper and
lower quartiles.

An outlier is an observation point that is distant from
other observations. An outlier may be due to variability

Fig. 6. Input logs.
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in the measurement or experimental error. Outliers are
plotted as individual points.

In well logs, the objective of these plots is to evaluate the
uniqueness of each rock class. Uniqueness can be determined
by one variable or multiple log inputs. For example, two rock
classes are identified by having similar box plots for gamma
ray and resistivity, but very different box plots for — and
therefore different distributions of — bulk density and neutron
porosity. These box plots can instead be visualized in his-
tograms, Fig. 5°.

CASE STUDY

Wireline logging data were acquired in a shale gas well to eval-
uate and characterize the hydrocarbon potentials within the
heterogeneous rocks.

A cluster analysis was performed on this well with the goal to
segment the intervals into various rock groups: sands, shales and
organic rich intervals. The inputs in the cluster analysis were
neutron porosity, bulk density, compressional and shear slowness,
thorium and uranium concentration, calcium weight fraction,
iron weight fraction, potassium weight fraction, silicon weight
fraction, titanium weight fraction and TOC weight fraction.

From these 13 inputs, a sensitivity analysis was performed
to determine the optimal number of classifications. Using the
Ward method, 12 classifications were settled upon to represent
the various rock groups in this section. Figure 6 shows the in-
put logs with the cluster analysis results in Track 8.

Figure 7 shows the dendrograms of these 12 classifications
in 2D and 3D images, respectively. The colors classified in this
stage do not have meaning; they only show the similarity in
log responses. Therefore, the next step was to re-sort these
classifications to have petrophysical meaning and show the
uniqueness of each classification.

After computing the formation evaluation in this well, it
was observed that integrating three main properties simultane-
ously helped to organize and distinguish the rocks among these
12 classifications. These properties were VCL, PHIE and TOC.

Based on these three main properties, the classes were re-
sorted in the following order: organic rich sand 1, organic rich
sand 2, organic rich sand 3 (pay sand zones), clean sand, silty
sand, high TOC shale, moderate TOC shale 1, moderate TOC
shale 2, low TOC shale, very low TOC shale, nonorganic shale
1 and nonorganic shale 2.

Box plots were generated for VCL, PHIE and TOC for each
classification, as shown in Figs. 8 through 10, respectively. The
figures show these re-sorted 12 classifications.

The re-sorted cluster results, along with the petrophysical
interpretation, are shown in Fig. 11. Each color code corre-
sponds to the lithology description, Table 1.

Figure 11 shows the depth track, VCL (Track 1), TOC
(Track 2), cluster after re-sorting (Track 3), formation evaluation

Fig. 8. VCL box plots for the 12 re-sorted classifications.

Fig. 7. 2D dendrogram (left) and 3D dendrogram (right) showing the 12 classifications.
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Fig. 9. PHIE box plots for the 12 re-sorted classifications.

Fig. 10. TOC box plots for the 12 re-sorted classifications.

Fig. 11. Petrophysical analysis.
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Fig. 12. Input logs, original rock groups with cluster analysis results before re-sorting and results after re-sorting.

(Track 4), permeability (Track 5), water saturation (Track 6)
and porosity log (Track 7).

Figure 12 shows input logs with the cluster analysis results
before re-sorting and after re-sorting — Tracks 8 and 9, re-
spectively. The properties illustrated in Fig. 12 are gamma ray
(Track 1), spectroscopy, or SpectroLith (Track 2), neutron den-
sity crossover (Track 3), sonic logs (Track 4), photoelectric fac-
tor (Track 5), gamma ray spectroscopy (Track 6) and TOC
(Track 7). After highlighting the reservoir quality properties in
this well, the re-sorted clusters were combined with the
anisotropic elastic properties of the rocks in terms of Young
quality, Fig. 13.

The result was a successful completion optimization and
hydraulic fracture performance.
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CONCLUSIONS AND RECOMMENDATIONS

An accurate petrophysical model combined with the geome-
chanical properties of shale plays is essential for completion
and hydraulic fracture design. In this article, a novel technique
has been presented that groups iso-property rocks of similar
log responses, so that these new groups or facies can be simply
recognized with maximum discrimination. This enables the
quality of shale rocks to be quantified and identified, ensuring
the effective placement of potential and prospective intervals.
This technique has been implemented in a case study involving
a shale gas well in Saudi Arabia extended across the hot shale
facies of the Qusiaba formation.

After quantifying rock properties through the cluster analy-
sis technique explained here, these formed clusters or facies




Color IPSOM12 Description VCL PHIE TOC
v/iv viv %
1 Organic Rich Sand 1 0.141 0.088 5.4
2 Organic Rich Sand 2 0.129 0.082 3.8
3 Organic Rich Sand 3 0.155 0.065 43
4 Clean Sand 0.090 0.058 0.0
5 Silty Sand 0.191 0.036 0.0
6 High TOC Shale 0.302 0.077 9.8
7 Moderate TOC Shale 0.194 0.091 7.2
8 Moderate TOC Shale 0.237 0.131 6.1
9 Low TOC Shale 0.255 0.148 2.8
10 Very Low TOC Shale 0.342 0.036 0.4
11 Non-Organic Shale 0.324 0.027 0.3
12 Non-Organic Shale 0.286 0.001 0.5

Table 1. HRA classifications after re-sorting

Fig. 13. Integrated solutions: Input logs, reservoir quality and completion quality.
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should be propagated from the pilot to the lateral section to
evaluate geosteering operations and the staging designs in the
lateral sections.

ACKNOWLEDGMENTS

The authors would like to thank the management of Saudi
Aramco for their support and permission to publish this article.
This article was presented at the SPE Middle East Oil and
Gas Show and Conference, Manama, Bahrain, March 8-11,

2015.

REFERENCES

1. Daniels, J.L., Waters, G.A., Le Calvez, J.H., Bentley, D.
and Lassek, J.T.: “Contacting More of the Barnett Shale
through an Integration of Real-time Microseismic
Monitoring, Petrophysics and Hydraulic Fracture Design,”
SPE paper 110562, presented at the SPE Annual Technical
Conference and Exhibition, Anaheim, California,
November 11-14, 2007.

2. Mooi, E. and Sarstedt, M.: A Concise Guide to Market
Research: The Process, Data and Methods Using IBM SPSS
Statistics, Springer, Berlin and Heidelberg, 2011, 308 p.

3. Wedel, M. and Kamakura, W.A.: Market Segmentation:
Conceptual and Methodological Foundations, 2" edition,
Kluwer Academic, Boston, MA, 1998, 378 p.

4. Forina, M., Armanino, C. and Raggio, V.: “Clustering with
Dendrograms on Interpretation Variables,” Analytica
Chimica Acta, Vol. 454, No. 1, March 4, 2002, pp. 13-19.

5. http://stn.spotfire.com/spotfire_client_help/hc/he_
clustering_methods_overview.

10 SUMMER 2015 SAUDI ARAMCO JOURNAL OF TECHNOLOGY

BIOGRAPHIES

Osman Hamid is a Petroleum
Engineering Specialist with Saudi
Aramco’s Gas Reservoir Technical &
Planning Unit in the Gas Reservoir
Management Department. He has 20
years of well-rounded industry

experience in various aspects of
conventional and unconventional petroleum geomechanics
engineering. Osman’s work experience has been mainly in
1D, 3D and 4D geomechanics modeling and simulation,
hydraulic fracture modeling, rock physics, pore pressure
and fracture gradient prediction, wellbore stability
modeling, in situ stress constrains and analysis for drilling
events, sand prediction, reservoir geomechanics and
temperature modeling.

He received his B.S. degree in Geology and Geophysics
from the University of Khartoum, Khartoum, Sudan, and
his M.S. degree in Geological Engineering and Petroleum
Geomechanics from the University of Saskatchewan,
Saskatoon, Saskatchewan, Canada.

Dr. Zillur Rahim is a Senior Petroleum
Engineering Consultant with Saudi
Aramco’s Gas Reservoir Management
Department (GRMD). He heads the
team responsible for stimulation
design, application and assessment for

conventional and tight gas reservoirs.
Rahim’s expertise includes well stimulation, pressure
transient test analysis, gas field development, planning,
production enhancement and reservoir management. He
initiated and championed several new technologies in well
completions and hydraulic fracturing for Saudi Arabia’s
nonassociated gas reservoirs.

Prior to joining Saudi Aramco, Rahim worked as a
Senior Reservoir Engineer with Holditch & Associates,
Inc., and later with Schlumberger Reservoir Technologies in
College Station, TX, where he consulted on reservoir
engineering, well stimulation, reservoir simulation,
production forecasting, well testing and tight gas
qualification for national and international companies.
Rahim is an instructor who teaches petroleum engineering
industry courses, and he has trained engineers from the
U.S. and overseas. He developed analytical and numerical
models to history match and forecast production and
pressure behavior in gas reservoirs. Rahim also developed
3D hydraulic fracture propagation and proppant transport
simulators, and numerical models to compute acid
reaction, penetration, proppant transport and placement,
and fracture conductivity for matrix acid, acid fracturing
and proppant fracturing treatments. He has authored more
than 90 technical papers for local/international Society of
Petroleum Engineers (SPE) conferences and numerous in-
house technical documents. Rahim is a member of SPE and
a technical editor for SPE’s Journal of Petroleum Science
and Technology (JPSE). He is a registered Professional
Engineer in the State of Texas, and a mentor for Saudi



Aramco’s Technologist Development Program (TDP).
Rahim teaches the “Advanced Reservoir Stimulation and
Hydraulic Fracturing” course offered by the Upstream
Professional Development Center (UPDC) of Saudi
Aramco.

He is a member of GRMD’s technical committee
responsible for the assessment, approval and application of
new technologies, and he heads the in-house service
company engineering team on the application of best-in-
class stimulation and completion practices for improved
gas recovery.

Rahim has received numerous in-house professional
awards. As an active member of the SPE, he has
participated as co-chair, session chair, technical committee
member, discussion leader and workshop coordinator in
various SPE international events.

Rahim received his B.S. degree from the Institut
Algérien du Pétrole, Boumerdes, Algeria, and his M.S. and
Ph.D. degrees from Texas A&M University, College
Station, TX, all in Petroleum Engineering.

Munther M. Al-Shakhs joined Saudi
Aramco in 2009. Since then, he has
worked in several different roles within
various groups in the Exploration
Department, including Well Site
Geology, Geosteering Operations,
Reservoir Characterization, Seismic

Acquisition, Processing and Interpretation.

In 2012, he was selected to attend an 18-month
program of intensive on-the-job training in unconventional
gas with Schlumberger in North America. Upon Munther’s
return, he joined the Unconventional Resources
Exploration and Development Department, working as
part of an asset team for unconventional gas exploration in
the Jafurah basin.

Munther received his B.S. degree in Geophysics from the
University of Leeds, Leeds, U.K.

Ahmed H. Al-Mubarak joined Saudi
Aramco in 2008 as a junior geologist
specializing in development, horizontal
well placement and planning,
geosteering and well site geology
operations. His experience has

continued to grow to include core
description, conceptual modeling, 2D and 3D seismic
interpretation and prospect generation.

In 2012, Ahmed was selected to attend an 18-month
program of intensive on-the-job training in the U.S., which
targeted shale gas and unconventional exploration and
development. After successfully completing his training, he
is now working as a team leader with the Unconventional
Resources Exploration and Development Department.

Ahmed received his B.S. degree in Geology with a
concentration in Petroleum Geology from the University of
Calgary, Calgary, Alberta, Canada.

Kevin Fisher is a Senior Petrophysicist
for Schlumberger based in Houston,
TX, with 25 years of experience in
petrophysics and rock physics. He is
currently working in the South Texas
Technology Integration Group,

focusing on unconventional resource
plays, mainly in the Eagle Ford Shale. Kevin’s additional
areas of experience include the deepwater and shelf areas in
the Gulf of Mexico, tight gas sands in South Texas, the
Rocky Mountains, Alaska, the Permian Basin,
unconventional gas and oil shales, coalbed methane and
international areas (Australia, Brazil, Argentina, U.K.,
France, Nigeria, Angola, Turkey and Saudi Arabia).

He received his B.S. degree in Petroleum Engineering
from the University of Tulsa, Tulsa, OK.

Omar A. Bawazir is a Senior
Petrophysicist with Schlumberger
Middle East. He has more than five
years of experience in petrophysical
activities associated with active field

development, with the practical skills

of interpreting real data for both
conventional and unconventional resources. Omar’s work
experience involves integrating petrophysical analyses with
mechanical elastic properties and differential stresses
around boreholes utilizing acoustic data with the intent to
optimize production.

He received his B.S. degree in Geophysics and an M.S.
degree in Petroleum Geology, both from King Fahd
University of Petroleum and Minerals (KFUPM), Dhahran,
Saudi Arabia.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY SUMMER 2015 11



The Successful Application of MPD
Technology in Drilling Horizontal Wells in
High-Pressure Formation Heterogeneity to
Mitigate Drilling Hazards: Case Study

Authors: Nelson O. Pinero, Abdulaziz S. Mutawa, Ayoub Hadj-Moussa, Mohamed Cherif Mazouz, Paco Viera

and Ramon Zambrano

ABSTRACT

Highly pressurized intervals, coupled with high permeability,
make the drilling of a 6% horizontal hole section particularly
challenging in water injector wells, as mud losses are fre-
quently encountered along with differential sticking events.
The objective of workover operations in the field is to side-
track the power water injector (PWI) from the existing well
motherbore, converting the well to a dual lateral, which will
maintain the reservoir pressure and enhance oil recovery from
the oil-bearing formation. The variance in formation pressure
distribution makes drilling with high mud density systems a
challenge and increases the risk of encountering losses and dif-
ferential sticking.

To overcome the challenges mentioned, the application of
managed pressure drilling (MPD) technology using the con-
stant bottom-hole pressure (CBHP) method during the drilling
of the 6%” hole section enables use of a mud system that is
statically below the formation pressure, while keeping the
equivalent circulating density (ECD) slightly over the formation
pressure and constant at static and dynamic conditions. This is
achieved by applying surface back pressure (SBP) using an au-
tomated MPD control choke manifold. As the drilling is con-
tinued in the lateral, a dynamic formation pressure evaluation
can be performed to assess the changing formation pressure
and to adjust the drilling parameters.

This article will summarize the results of using MPD, com-
pare it to conventional drilling methods and highlight the lessons
learned from the application of the MPD (CBHP variant) ap-
proach described to enhance drilling efficiency and to mitigate
drilling hazards, such as losses and differential sticking. The
analysis will further enhance the drilling practices of PWI
wells.

INTRODUCTION

Saudi Aramco started a project to reenter and work over some
power water injector (PWI) wells to maintain the reservoir
pressure and increase oil recovery. The wells are drilled to an
average measured depth (MD) of 14,000 ft, with an average of
6,500 ft of open hole section across the reservoir. This 68”
horizontal open hole section is particularly challenging in

12 SUMMER 2015 SAUDI ARAMCO JOURNAL OF TECHNOLOGY

workover operations due to formation heterogeneity and the
rapid change in formation pressure within the same lateral re-
sulting from water injection activities around the area. Using
conventional drilling techniques to work over these wells led
to a significant increment in the nonproductive time (NPT) due
to differential sticking and lost circulation. The campaign field
in question has seen on average a 35% increase in reservoir
pressure during the past three years due to water injection
activity for production maintenance, which added to the com-
plexity of the reentry operations. The PWI wells are drilled
close to the field boundaries!.

In an effort to apply the latest technology and new drilling
methods to mitigate the challenges mentioned, Saudi Aramco
started using managed pressure drilling (MPD) in late 2012 to
work over wells in the campaign field. Previous experience in
Saudi Arabia had proven the benefits of the MPD technology,
which considerably reduced the NPT related to differential
sticking, lost circulation and formation fluid influx. This was
achieved by having a more accurate control of the annular pres-
sure profile and by more precise monitoring of the well, which
allowed for a much quicker response to pressure changes?.

MPD is known as a drilling process optimization tool, whose
main objectives are to mitigate the drilling hazards so as to
enhance control of the well and reduce NPT. In other words,
MPD helps operators to drill successfully to the planned target
while saving costs and improving safety conditions?.

MPD provides the ability to navigate through narrow
drilling windows — in terms of formation pore/fracture pres-
sures — and to avoid letting any fluid from the formation
come into the wellbore. In case of an influx, a quick adjustment
in the surface back pressure (SBP) can be made, which allows
for a much faster response, thereby minimizing the conse-
quences of the influx. Typically, the MPD provides the ability
to circulate a kick while maintaining the drilling pump rate,
which minimizes the time for kick circulation. These unique
abilities proved essential in drilling wells in the campaign field,
where high-pressure formation heterogeneity was encountered.

The MPD application and its results showcased here will
illustrate how using MPD technology has enabled effective
equivalent circulating density (ECD) management in challeng-
ing long horizontal laterals, eliminated differential sticking in-
cidents, increased the rate of penetration (ROP), allowed for



better well construction design and reduced the overall cost of
operations.

MPD APPLICATION SUMMARY

The first MPD application on the campaign field was in Well
MPD-1 in November 2012. With the implementation of the
MPD method, the proposed drilling performance objectives set
during the planning phase of the well were achieved, as follows:

e The borehole pressure was successfully maintained
above the pore pressure, avoiding influx, mud losses
and hole instability. As a result, NPT due to stuck pipe
and fishing events was mitigated.

e Enhanced formation evaluation while drilling was
conducted by performing dynamic formation integrity
tests (DFITs) and dynamic pore pressure tests (DPPTs)
using the automatic MPD system.

e The drilling mud weight (MW) was reduced from up to
105 pounds per cubic foot (pcf) — as conventionally
planned — to 80 pcf for the MPD wells, which reduced
the formation damage across the reservoir and so
yielded a better injectivity across the lateral.

e On average, the ROP was increased by 25% when
comparing the drilling of MPD wells vs. their
conventional counterparts.

By utilizing MPD, Well MPD-1 was successfully drilled as a
6%” horizontal lateral through the reservoir formation,
achieving a total well depth of 13,618 ft MD, with a true verti-
cal depth of 6,666 ft and a horizontal lateral footage of 7,003
ft, making it one of the longest horizontal laterals drilled using
MPD in the world.

Table 1 summarizes the results from all the MPD wells
drilled in the campaign field from 2012 to 2014. Figure 1 illus-
trates the ROP performance on the MPD wells.

Fig. 1. Footage and ROP performance for MPD wells.

MPD ENGINEERING PLANNING

The approach taken to reach the MPD operation objectives
was based on Saudi Aramco’s Workover Program. The objec-
tives were to apply the MPD technique to optimize the drilling
process in a 6¥8” hole by using the lowest MW possible, and
to apply the required pressure at the surface to achieve the tar-
geted initial pore pressure value. Once the drilling operation
started, the parameters were adjusted after performing a
DPPT. The SBP could be adjusted according to the new pore
pressure value, and if it was required, the MW could be
changed to give more flexibility to cope with any rapid change
in the pore pressure regime.

Hydraulic simulations were run with different MWs to de-
termine the SBP needed to achieve the initial target ECD at the
top of the window. Figure 2 shows an example of the ECD op-
erating window that was prepared for each MPD application,
then updated as required. The operating window plots show
the effective ECD at the anchor point using a series of MWs
vs. SBP; the operating limits were set in accordance with the
surface equipment pressure rating, pore pressure and DFIT
results, if available.

Year Well Name | Hole Size Total Ft ROP Total MW ECD at ECD at
Drilled (ft/hr) Drilling Hours (pcf) Shoe (pcf) Bottom (pcf)
2012 MPD-1 6%s" 7,003 22 318 80 96 104
MPD-2 6%s" 5,438 20 272 80 98 101
MPD-3 6%s" 4,114 24 171 75 93 97
MPD-4 6vs" 4,222 18 235 80 94 98
MPD-5 6%s" 4,253 27 158 80 92 96
2013 MPD-6 6%s" 3,759 35 107 80 90 96
MPD-7 6%s" 3,700 23 161 80 93 97
MPD-8 6" 4,643 25 129 80 93 97
MPD-9 6%s" 2,663 46 58 80 90-94 95
2014 MPD-10 (Y 4,712 45 106 85 104 106
MPD-11 6%s" 4,298 54 80 85 102 105

Table 1. MPD wells summary
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Fig. 2. MPD controllability window.

Safety and sound engineering planning are paramount in
operations where MPD is applied. So, prior to the commence-
ment of drilling, the following were prepared and communi-
cated to all parties involved in the operations:

e The MPD drilling program — taking into consideration
operational and health, safety and environment (HSE)
contingencies.

e A set of detailed operational procedures.

e The well control matrix to set the drilling limits, kick
tolerance and well shut-in point.

e QOperating and drilling envelopes.

e A detailed set of decision trees.

PORE PRESSURE REGIME CHALLENGES

One of the most significant challenges in drilling the campaign
field’s wells was the presence of a nonhomogeneous pore pres-
sure regime within the same formation, encountered as it was
drilled horizontally. This was due mainly to the water injection
activity in the field. This challenge was addressed by analyzing
conventional MW management methods and comparing the
results with the abilities of the MPD technique in regard to
pore pressure determination and ECD management.

MW Management during Conventional Drilling

One of the methods used in conventional drilling to assist in
improving MW management is the formation tester while
drilling (FTWD) tool, Fig. 3, which is run to determine the
pore pressure value, after which the MW is managed accord-
ingly.

The tool utilizes a probe and packer concept similar to that
used in conventional wireline formation tests. A packer and
probe are extended into the formation, and a small sample
chamber is used to pressure test the formation. To obtain a for-
mation pressure value this way, operators have to stop drilling
for a minimal period*.
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Fig. 3. The FTWD tool*.

The FTWD tool was run in the 6% hole section of Well
CONV-1 in the campaign field to take pressure points in the
drilling environment. Nine pressure test points were taken dur-
ing the drilling operation. Figure 4 represents the formation
pressure reading results. It can be observed that the pore pres-
sure distribution within the same horizontal hole section is not
constant; it starts from a higher value and decreases as drilling
continues away from the original vertical motherbore. This
phenomenon can be attributed to the water injection activity
that was performed on the horizontal hole prior to the
workover reentry.

Based on the results of each application of the FTWD tool,
the MW can be adjusted to achieve the optimum overbalance
condition on the drilling section. This method has the advan-
tage of providing accurate pore pressure from the formation
while drilling, since the FTWD is run as part of the measure-
ment while drilling string.

Fig. 4. Pore pressure distribution determined by using the FTWD tool.




The FTWD operation to record the formation pressure can
take up to 1% hours — according to actual drilling reports —
during which time the drillstring has to be kept stationary with
no circulation for 15 minutes to 45 minutes, depending on the
formation and the hole condition. Keeping the drillstring static
for the duration of the recording time poses a great risk for
differential sticking in horizontal drilling applications.

After the tool provides the correct formation pressure, and
if the decision is made to increase or decrease the MW, the
well has to be completely displaced to the new MW, an opera-
tion that can take up to 3 hours — depending on the well
geometry and the rig mud system capabilities.

This shows that the conventional FTWD method of MW
management comes with high risk and is a time-consuming
process.

Pore Pressure Determination Using a MPD System

One of the benefits of using the MPD technique is the ability
to evaluate the formation pressure limit by performing a DPPT
and DFIT. The DPPT is performed by gradually reducing the
SBP in steps until a minor influx — less than 2 barrels — is

observed and controlled. The ECD at which the influx is first
registered represents the pore pressure value and is dynami-
cally calculated by the MPD system. In the case where the
MPD choke is completely open and no influx is observed, the
pump rate will gradually be reduced in steps until a minor in-
flux is observed and controlled, again resulting in the determi-
nation of the pore pressure value with high certainty. Figure 5
represents the DPPT performed in Well MPD-10.

Use of the ECD Management Feature of the MPD System

After identifying the MPD controllability window, circulating
parameters to be used while drilling are defined. These param-
eters maintain the dynamic downhole pressure within an oper-
ational window that is bounded by the formation pressure
(lower limit) and the fluid loss pressure (upper limit). Both lim-
its are evaluated as drilling progresses by adjusting the surface
pressure at the MPD choke.

The MPD choke adjustments produce instantaneous
changes in the ECD to achieve the target bottom-hole pressure
(BHP). Figure 6 shows the depth-based data of the BHP profile
as changes were made during drilling.

Fig. 5. DPPT for Well MPD-10.
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As can be observed from Fig. 6, the pore pressure distribu-
tion determined by using the MPD DPPT is similar to the one
registered by the FTWD tool in Well CONV-1, Fig. 4. This
confirms the complexity of drilling reentry wells in the cam-
paign field with one MW system. While with conventional
drilling the whole mud system had to be changed over as the
pressure regime required, using the MPD constant bottom-hole
pressure (CBHP) technique required no change in MW since
the system could achieve optimum ECD by simply adjusting
the SBP.

DIFFERENTIAL STICKING

Stuck pipe incidents, and differential sticking in particular, are
one of the major challenges to drilling reentry wells in the
campaign field, raising the risk of a significant amount of lost
time and associated costs. At Saudi Aramco, the recent in-
crease in drilling activity, especially drilling in depleted/higher
risk reservoirs, has led to an increased risk of stuck pipe, and
so mitigating this challenge is a priority.

Efforts to minimize stuck pipe incidents are not new to
Saudi Aramco. But the impact of those past efforts has not
been consistent. The objective of the Saudi Aramco Stuck Pipe
Task Force therefore was to concentrate on accelerating the
reduction of Saudi Aramco’s stuck pipe costs”.

Conventional Strategies to Reduce Stuck Pipe Risk

Review of the Saudi Aramco Stuck Pipe Task Force findings
and best practices of 2009 concluded that 69.5% of the total
stuck pipe incidents were due to mechanical sticking, whereas
30.5% was attributed to differential sticking®.

The following best practices were then implemented to miti-
gate stuck pipe incidents®:

e Raising the level of stuck pipe prevention awareness.

e Improving the response time for stuck pipe incidents to
lower the event duration from an average of 60 hours
to an average of less than 24 hours.

e Improving the planning for well direction, mud
properties and hydraulics, and applying enhanced hole
cleaning practices to reduce risks.

e Revising the bottom-hole assembly (BHA) design to
enhance hole cleaning and optimize jar placement.

After the above practices were implemented, data analyzed

from wells drilled between 2010 and 2011 showed a relatively
modest positive impact®:

e There was a 12% drop in stuck pipe events reported in
2011 as compared to 2010.

e The average NPT related to each event was reduced by
13%.

Fig. 6. Changes made in bottom-hole circulating pressure using the MPD system.
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MPD Strategy to Reduce Stuck Pipe Risk

From the discussion of conventional strategies, it can be ob-
served that even though a great deal of effort was made to re-
duce the risks of stuck pipe incidents, the incidents still were
occurring and remained part of the inherent risks of drilling
wells, especially in the campaign field.

Results showed, however, that the use of MPD as a stuck
pipe prevention method can reduce, and in some cases elimi-
nate, the occurrence of differential sticking by applying the fol-
lowing techniques made possible by the technology:

e Reduce the amount of overbalance applied against the
formation as the well is drilled in near-balanced
condition using the CBHP MPD technique.

o Exert and relieve pressure on the wellbore as required
using the MPD system’s programmable logic controller
with its automatic control ability to increase or decrease
the ECD instantly. This is done by manipulating the
MPD choke manifold at the surface. The ability to
manipulate the ECD as required can get the string
unstuck within minutes.

e Reduce the amount of time the string is kept stationary
by using the rotating control device (RCD) that allows
both reciprocating and rotating movements of the string
while holding pressure.

e Keep the pressure exerted on the wellbore constant
while drilling, during connection, and when stripping in
or out of hole by using the CBHP technique. Reducing
the cycling of the pressure on the bottom reduces the
risk of stuck pipe.

e The MPD system, in combination with the RCD, also
provides the ability to strip out of hole under pressure,
and in CBHP mode, to kill the well inside the casing
shoe, where losses and gains are monitored to ensure
the well is balanced.

While drilling the MPD reentry wells in the campaign field,
operators encountered numerous instances where the string
was differentially stuck — confirmed by the increase in torque
and drag, inability to move or rotate the pipe, ability to circu-
late — due to the challenging pore pressure regime of the for-
mation. In all such instances, shortly after confirmation of
differential sticking, the MPD system was used to reduce the
SBP gradually while monitoring returns, and at the moment
where the well was in balance, the string became free — typi-
cally in less than 1 hour. The following describes one such
sticking event involving Well MPD-1, Fig. 7.

As observed in Fig. 7, the sudden increase in the stand pipe
pressure indicates the moment when the string became stuck
for the first time in the section. At this moment, the hole depth
was 6,981 ft MD. Prior to this event, the ECD being kept at
the bottom was 104 pcf, having a SBP of 680 psi. Once the

Fig. 7. Stuck pipe event (Well MPD-1).
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pipe was confirmed to be differentially stuck, the SBP was
brought down gradually, with operators closely monitoring the
fluid returns. When an ECD of 92.5 pcf was reached, the pipe
became free.

After drilling 11 wells as part of the MPD water injector
project, the team observed that although 11 differential stick-
ing events were encountered, using the MPD system’s advan-
tages enabled the drillstring to come free within 15 minutes to
60 minutes; drilling/stripping then continued after adjusting
the surface pressure and drilling parameters. This practice re-
sulted in no NPT due to stuck pipe in all MPD wells, in com-
parison to similar wells that were drilled conventionally in the
campaign field, which showed an average of 151 hours of
NPT per well, Table 2.

WELL CONSTRUCTION

Some of the reentry wells in the campaign field were designed
to drill through two different formations. The pressure differ-
ence between two formations is an important factor in the de-
sign of a well. The uncertainties in these pressures, as well as
the use of high-density mud, can create a condition of exces-
sive overbalance, which is the main cause of differential stick-
ing and lost circulation problems.

The conventional plan to drill through these two formations
was first to mill a window through the 7” liner, next to drill a
66" lateral hole section across the first formation and then to
run an expandable liner to isolate that formation. The second
formation would then be drilled as a 5% hole section to total
depth (TD) to avoid any problems related to the differential
pressure between the two formations’.

Using MPD as a drilling and well construction technique
presented a solution to the challenge of different pressures as
previously stated. The results of the well exceeded the original
expectations for the benefits. Drilling two formations with two
distinct pressure profiles in one hole section using CBHP MPD
eliminated any differential sticking or lost circulation incidents
as a result of precise ECD management. In addition, the cost
of running the solid expandable liner across the first formation

was saved, and the well was completed as a 6/5” open hole in-
stead of 5%4” as originally planned.

ROP IMPROVEMENT USING THE MPD SYSTEM

Several factors can affect the ROP, e.g., bit type, formation
characteristics, rock properties, and most importantly, drilling
fluid properties, mainly density. An increase in drilling fluid
density causes an increase in the BHP beneath the bit, thereby
causing an increase in the pressure differential between the
drilling fluid pressure and the formation fluid pressure?.

In MPD, the hydrostatic and dynamic pressures exerted by
the drilling fluid are maintained in near-balanced conditions.
The ROP is significantly increased while drilling with less posi-
tive differential pressure and improves even more when the dif-
ferential pressure is negative — underbalanced condition®.

Figure 8 illustrates the ROP trend for Well MPD-10 as an
example in comparison with the average ROP trend registered
when similar wells were conventionally drilled in the campaign
field.

Table 3 summarizes the ROP performance of the MPD
wells compared to similar conventional wells drilled in the

Fig. 8. ROP for Well MPD-10.

C‘o’\ll'\e\:::nlt)iglrigﬂy Wells Drilled with MPD
Well NPT (hours) | Well NPT (hours)
Conv-1 615.5 MPD-1 4
Conv-2 126 MPD-2 0
Conv-3 74.5 MPD-3 0
Conv-4 0 MPD-4 0
Conv-5 0 MPD-5 0
Conv-6 150.5 MPD-6 0
Conv-7 88.5 MPD-7 0
Average 151 Average 0.6

Table 2. Stuck pipe NPT comparison (Conv. vs. MPD wells)

C‘c’)‘:ﬁ”:n't’iﬂ'r"‘;ﬂy Wells Drilled with MPD
Average Average
Well ROP Well ROP
(ft/hour) (ft/hour)
Conv-1 23 MPD-1 22
Conv-2 19 MPD-2 20
Conv-3 17 MPD-3 24
Conv-4 22 MPD-4 18
Conv-5 24 MPD-5 27
Conv-6 18 MPD-6 35
Conv-7 18 MPD-7 23
Average 20 Average 25

Table 3. ROP comparison (Conv. vs. MPD wells)
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campaign field. All the wells mentioned in the comparison had could be used. Table 4 shows the different mud types used in

the following characteristics: conventional and MPD applications.
e A 6¥8” horizontal hole section was drilled in the same The use of a CaCl, mud system with the MPD technique re-
formation as the PWis. duced the mud cost 50% compared to the advanced drilling

« A similar BHA configuration was used. fluid system used conventionally to drill in the campaign field.

e All of the wells required MWs of 95 pcf and above. ECONOMIC COMPARISON
This data shows that utilizing MPD technology resulted in a
25% improvement in ROP. Comparing wells that were drilled with MPD technology with
similar wells that were drilled conventionally reveals a signifi-
MUD SYSTEM cant overall cost saving with MPD.

e When the MPD system is used to determine the pore

Previous studies conducted by Saudi Aramco have shown that pressure value, the overall cost is reduced compared to

the use of conventional potassium chloride polymer, water- using the FTWD tool while drilling conventionally. The

based drilling fluids or single salt brines weighted up with cal- DPPT time is 15 minutes to 20 minutes, compared to the

cium carbonate can lead to several problems, including!%-12: FTWD time, which can take up to 1% hours. In addition,
¢ Differential sticking due to excessive overbalances if the MW must be changed, the adjustment of ECD
exerted on the formation. using the MPD system takes minutes, compared to chang-
e Downhole fluid losses near the end of the horizontal ing the entire mud system while drilling conventionally.
section due to high ECD. e For wells drilled with the MPD system in the campaign
e Formation damage due to excessive solids invasion to field, the average registered NPT due to differential pipe
the formation. sticking was 0.6 hour per well, compared to an average

Prior to introducing the MPD technique to the campaign of 151 hours per well in those drilled conventionally.

field, and to address the challenges previously mentioned, This translates to a savings of more than 6.3 rig days

sodium/potassium formate or calcium bromide drilling fluids per well.
were used. These high-density — up to 142 pcf or 19 ppg — ¢ Drilling with MPD technology allows engineers, in some
fluids can be mixed over a broad range of concentrations cases, to drill through multiple formations with different
and/or temperatures without crystallization and solubility pore pressure regimes at one time, eliminating the need
problems. These drilling mud systems were used to achieve a to case off the upper weaker zone. This was successfully
stable +96 pcf mud system, which is unattainable by using a demonstrated in Well MPD-9, where the lateral was
calcium chloride (CaCl,) mud system alone. drilled from the start to TD as a 6%8” hole using MPD
Introducing the MPD technique meant the use of a high- technology instead of covering the upper formation with
weight drilling fluid system was not required anymore. To a 7” x 5'%” expandable liner, as originally planned. This
achieve the target ECD required for the campaign field forma- yielded a significant savings in the running time and
tion, the basic 80 pcf CaCl, and a more economical system materials required for the expandable liner.
Wells Drilled Conventionally Wells Drilled with MPD
Well MW (pcf) Mud Type Well MW (pcf) Mud Type ECD (pcf)
Conv-1 105 Potassium Formate MPD-1 80 Cadl, 104
Conv-2 102 CaBr, MPD-2 80 Cadl, 101
Conv-3 102 CaBr, MPD-3 75 Cadl, 97
Conv-4 103 CaBr, MPD-4 80 Cacl, 98
Conv-5 95 CaCl /CaBr, MPD-5 80 Cadl, 96
Conv-6 104 CaBr, MPD-6 80 Cacl, 96
MPD-7 80 cacl, 97
MPD-8 80 Cacl, 97
MPD-9 80 cacl, 95
MPD-10 85 Cadl, 106
MPD-11 85 Cadl, 105

Table 4. Drilling fluid systems for conventional and MPD applications
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® As a result of using the MPD system, an improvement
of 23% in rig time was observed, resulting in saving
two rig days for every 4,000 ft drilled in the target
formation. This is a direct result of increasing the ROP
by 25% when compared to conventional drilling.

e When comparing MPD technology with conventional
drilling in the campaign field in terms of mud costs, it
was found that an average of 50% cost savings in
drilling fluid was achieved.

CONCLUSIONS

When analyzing the data collected from all MPD and conven-
tional applications in the campaign field, it is apparent that
utilizing the MPD system presents a step change in the way

to drill reentry horizontal water injector wells in the campaign
field. This was proven without a doubt by an analysis of the
drilling performance and the economics of the wells that were
drilled using MPD as compared to similar wells drilled conven-
tionally.

The successful MPD project in the campaign field is seen as
the first stepping-stone in the adaptation of MPD in different
applications across multiple fields in Saudi Arabia. The lessons
learned (operations, engineering and quality HSE) from the
campaign field application have been instrumental in the suc-
cess of other ongoing projects involving MPD with Saudi

Aramco.
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ABSTRACT

During the last five years, one of the most common matrix
acidizing enhancement techniques for improving zonal cover-
age in open hole or cased hole wells has been to conduct a dis-
tributed temperature survey (DTS) using coiled tubing (CT)
equipped with fiber optic and real-time downhole sensors dur-
ing the preflush stage — before the main stimulation treat-
ment. Measurements are then used to identify high and low
intake zones so the pumping schedule can be modified to selec-
tively place diverters and acidizing fluids with a high degree of
control. Once the stimulation treatment has been completed, a
final DTS analysis is performed to evaluate the zonal coverage
and the effectiveness of the diversion.

Even though this technique has provided satisfactory re-
sults, alternative methods providing a faster and more accurate
understanding of flow distribution between the zones and lat-
erals are needed, especially in cases where there is limited
temperature contrast between fluids and the reservoir. An
innovative CT real-time flow (CTRF) tool has recently been
developed to monitor flow direction and fluid velocity. This
measurement is based on the direct measurement of the heat
transfer from the sensors to the surrounding fluid using a
calorimetric anemometry principle.

This article documents the first worldwide use of this tech-
nology in a Saudi Aramco injector well and provides perspec-
tives and potential applications for this new measurement.

INTRODUCTON

Ghawar field is the world’s largest, most prolific field, produc-
ing 30° to 31° API oil from the Arab-D carbonate reservoir.
The field is more than 250 km (155 miles) long and as much
as 30 km (18.5 miles) wide, and it has more than 300 m
(1,000 ft) of structural closure. The Upper Jurassic Arab for-
mation consists of four geographically widespread carbonate
evaporite cycles or members. These members are labeled Arab-
A, B, C and D. The Arab-D reservoir is limestone with some
dolostone horizons. It stratigraphically comprises the Arab-D
member of the formation and the upper part of the Jubaila for-
mation, Fig. 11,

The reservoir has an average thickness of more than 60 m

Fig. 1. Generalized stratigraphic and reservoir terminology of the Eastern Arabian
Peninsulal.

(200 ft), an average porosity of more than 15% and perme-
ability that varies, but which can be up to several Darcy. The
upper half of the reservoir is dominated by exceptionally high
reservoir quality, while the lower half contains interbeds of
high and relatively lower reservoir quality.

Acid stimulation treatments are regularly performed on
Arab-D power water injection (PWI) wells in Ghawar field.
Maintaining injectivity in PWI wells is considered of vital im-
portance to maintain reservoir pressures above the bubble
point, sustain production rates and maximize ultimate recov-
ery. These acid stimulation treatments are performed to re-
move formation damage resulting from drilling or workover
fluid invasion (near wellbore damage) and long-term fluid in-
jection (deep damage). The objective of the stimulation work
in the Arab-D PWI wells is to radially dissolve the near well-
bore rock and use wormholing to attain acid penetration of
the matrix throughout the entire porous interval, resulting in a
significant amount of damage removal with very little rock
dissolution?.

The well used for the test was an open hole horizontal water
injector in the Arab-D formation. The well was completed in
2000 and started injecting at 9,800 barrels per day (bpd). As
the years passed, the well injection rate declined until it stabi-
lized at 4,000 bpd, so the operator decided it required a matrix
stimulation treatment. This article discusses the successful
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matrix stimulation intervention where a new technology — the
coiled tubing real-time flow (CTRF) tool — was used to measure
bottom-hole parameters to help determine the invasion zone.

JOB OBJECTIVES AND CHALLENGES

The objectives of the job were:

1. Determination in real time of tight or damaged zones for
proper placement of stimulation fluid3.

2. Determination in real time of high permeability thief zones
for proper placement of diverting fluid3.

3. Use of bottom-hole temperatures to verify the working tem-
peratures of stimulation fluids® and use of distributed tem-
perature survey (DTS) temperature corrections in case of an
offset.

4. Monitoring of real-time bottom-hole pressures during the
stimulation to ensure the stimulation treatment is carried
out below fracturing pressure?.

5. Determination in real time of the pre- and post-stimulation
injection profile.

Figure 2 shows the well deviation survey along with a well
cross section.

CURRENT DTS METHODOLOGY

Coiled tubing (CT) with DTS for temperature measurement
has been used widely for matrix stimulation treatment opti-
mization and evaluation. The following two techniques are
used for water injector wells to determine the well profile.

Injection and Warm-back Technique

When injection into a well is stopped, the well will warm up
toward its geothermal gradient, though it will take some time
to do so if there has been long-term injection. The warm-back
rate is a function of injection permeability, and this can be
modeled using an appropriate thermal model so the injection
profile can be determined.

Hot Water Interface Velocity Measurement Technique

If the well has been injecting for an extended period of time,
the reservoir will have completely cooled to the injection tem-
perature and will stay cold long after injection has stopped.
Therefore, when the well is shut-in, the water in the tubing
and casing above the reservoir warms up quickly, usually in a
few hours, because of heat conduction from the uninvaded for-
mation. These conditions produce a volume of hot water in the
tubing just above the reservoir*. Once injection is restarted,
this hot slug of water can be tracked by the DTS fiber optic
system, recording at a suitably high acquisition rate, as the slug
moves down the reservoir interval. The velocity of the hot/cold
water interface can be determined, and this then represents the
flow profile into the reservoir. This technique can be used to
complement the warm-back method, particularly in multilateral
wells where fluid loss to the other laterals is a concern.

A DTS can provide quantitative analysis of the injection
profile except in the following cases:

e There is cross flow, so the warm-back technique cannot
be used.

e The injection rate cannot be kept constant, so the hot

Fig. 2. Wellbore geometry and well cross section.
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interface injection technique cannot be used.

e The CT has become differentially stuck during DTS

acquisition.

CTRF TOOL

The CTREF tool technology, Fig. 3, combines the advantage of
CT placement and real-time monitoring of the wellbore velocity
during the matrix acidizing job. The tool sensors measure the
mean fluid velocity in the gap between the tool and the outside
tubing/casing/hole. The wellbore velocity is used to provide
measurements of the real-time fluid distribution and direction
of flow between the formation layers. The fluid injected

through the CT passes inside the CTRF tool and exits at nozzles
situated between the upper and the lower parts, Fig. 3a. Each
part has a set of four sensors, referred to as A, B, C and D.
They are situated away from the nozzles to avoid any jetting
effects. Each sensor has three heating/sensing probes: up, middle
and down, Fig. 3b. Every probe can be used either as a heater
or as a temperature sensor; in the latter case, it is called an
“ambient probe,” Fig. 3c. When the probe in the middle is
heated and the other two are ambient, the configuration allows
the direction of the flow to be detected. Figure 4 shows the ba-
sic principle of detecting the direction through the CTRF tool.
When the middle probe is heated, the fluid temperature in-
creases slightly in the thin layer adjacent to the sensor surface,

Fig. 3. CTRF tool.

Fig. 4. Basic principle of fluid direction detection through the CTRF tool.
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i.e., a thermal boundary layer is formed. This thermal boundary
layer covers the downstream probe. The latter measures the
temperature of the fluid inside the thermal boundary layer, which
is higher than the temperature of the bulk fluid. The upstream
probe is not affected by the presence of the thermal boundary
layer, and therefore, measures the temperature of the bulk
fluid. Direction detection is determined by calculating the tem-
perature difference between the ambient probes, T,-Tgyy,. The
positive values of this difference indicate an upward flow, or
negative-downward flow. A minimal value between T, and

T 4wn gives the bulk fluid temperature.

The middle probe is heated in such a way that the tempera-
ture difference between the heater and the fluid, AT = Th - Tf,
remains constant. The amount of the dissipated power per one
degree of the temperature excursion, P/AT, depends on the
fluid velocity. The exact functional relationship between the
dissipated power and the fluid velocity can be obtained by per-
forming a downhole calibration. During the job, the fluid
velocity is obtained by measuring the dissipated power and
inverting the calibration relationship. Above certain velocities,
the system may not be able to provide sufficient power to keep
the temperature excursion at the specified level. In this case,
the probe is heated in a constant power regime. For certain flu-
ids, a default calibration relationship may be available in a file
containing the tabulated values of fluid velocity, V, as a function
of the dissipated power and the fluid temperature. These values
for the default calibration relationship have been obtained in a
laboratory flow loop, so can be applicable to a group of fluids
with similar thermophysical properties.

In practice, the best way to establish the calibration rela-
tionship is to perform a downhole calibration check. It consists
of injecting the fluid at various rates and recording the dissi-
pated power as a function of the mean fluid velocity in the an-
nulus. The tool should be positioned in such a way that the
totality of the injected fluid goes either up or down. To do so,
three calibration methods can be used:

o Injecting the fluid at various pumping rates in the
annular space between the tool and the tubing/casing.

e Injecting the fluid through the downhole CTRE, which
measures rates at the tool nozzles (pumping in the CT)
and ensures that all fluid goes either up or down.

e Moving the CT at various speeds.

CTRF tool measurements are recorded either during sta-
tions for precise local measurement or during the up or down
passes of the CT to record log profiles. Figure 5 is an example
of a 2-minute station recording, showing a stable fluid velocity
measurement.

INTERVENTION WORKFLOW
An intervention workflow combining the DTS and CTRF tool
measurements was defined as outlined here.

Step 1: CT real-time bottom-hole flow parameters tool
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Fig. 5. Example of measurements recorded during the a CTRF station.

calibration

1. With the well in the shut-in condition, run in hole (RIH)
with the CT without pumping through the CT.

2. RIH/pull out of hole (POOH) with the CT at different
speeds within the 7” tubing.

3. Pump water through the annulus, keeping the CT station-
ary, but increasing the pumping rates.

4. Pump water through the CT, keeping the CT stationary,
but increasing the pumping rates.

Step 2: Pre-stimulation DTS and acid wash

1. RIH with the CT to total depth (TD) or maximum depth
to record baseline temperatures. Record for a minimum
of 2 hours or until temperature stabilization.

2. Pump a 20% hydrochloric (HCI) acid wash in the open
hole section. Allow the acid to soak for 1 hour and flow
back the well for cleanup.

Step 3: Pre-stimulation CTRF injection profile

1. RIH with the CT to TD and start the seawater injection
down the CT annulus.

2. While bullheading, POOH with the CT while recording
with the CTRF tool.

3. For bullheading with stations, stop for logging stations
while recording with the CTRF tool.

4. RIH with the CT to TD or maximum depth while pump-
ing via the CT at 2.0 barrels per minute (bpm), recording
with the CTRF tool while RIH, then stop at maximum
depth for § minutes.

5. POOH with the CT to the casing shoe, while pumping
via the CT at 2.0 bpm, recording with the CTRF tool
while POOH.

Step 4: Pre-stimulation preflush evaluation and DTS



1. Begin pumping the preflush through the CT at increasing
rates. Calibrate the CTRF tool while inside the casing shoe.

2. RIH with the CT to TD or maximum depth and continue
spotting preflush across the open hole. Continue to
record with the CTRF tool.

3. POOH with the CT to the casing shoe while pumping
preflush through the CT. Continue to record with the
CTREF tool.

4. Begin to displace the wellbore fluid with water by annular
bullheading.

5. RIH with the CT to TD or maximum depth while recording
with the CTRF tool.

6. While at TD or maximum depth, stop pumping through
the annulus and begin recording the DTS warm-back for
1 to 2 hours.

7. After the warm-back is finished, begin the water injection
through the annulus. POOH with the CT to the casing
shoe while recording with the CTRF tool.

Step 5: Stimulation Treatment

1. Pump stimulation as per interpretation of the DTS and
the CTREF tool results.

Step 6: Post-stimulation Treatment

1. Record the post-stimulation DTS.

2. Repeat step 1 and step 3.2 for the post-stimulation treat-
ment evaluation.

JOB EXECUTION

The CT was RIH with pull tests performed at every 1,000 ft.

The CTREF tool calibration checks were performed using the
three methods of calibration: (1) CT movement at different
speeds; (2) annulus pumping at different rates; and (3) CT
pumping at different rates.

The three methods provided similar results. In future inter-
ventions, calibration checks can be performed using the most
appropriate method, depending on operational conditions. Fig-
ure 6 shows the CTRF calibration performed while the CT
was in the cased hole section, i.e., with annulus pumping at
different rates and with CT pumping at different rates. It can
be seen that the CTRF responds to each rate change, and the
measured velocity from the CTRF is the same as calculated on
the surface for a given rate.

As soon as the CT reached the maximum depth of 9,731 ft,
the DTS recording was performed to establish the baseline
temperature profile of the well. Note that the well above the
reservoir slowly warms up toward the real geothermal temper-
ature. In the reservoir there is a zone that is very cold, and this
only warms a little during the measurement period. This interval
indicates where long-term injection has cooled the rock deep
into the reservoir, so it would take a long time for this rock to
warm back up to the true geothermal temperature, Fig. 7.

Fig. 6. CTRF tool log while pumping from annulus and while pumping though CT.
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Fig. 7. Baseline DTS data.

Because the well had been on injection for some time, the
warm-back analysis required the use of the long-term injection
time, and the shut-in warm-back profile was calculated from
the 7-day shut-in period to match the measured DTS data. In
this well, out of the three red zones shown, the two thin zones
from 8,560 ft to 8,600 ft and 8,680 ft to 8,720 ft show the
highest inflow, Fig. 8.

Following the baseline temperature measurement, seawater
was pumped through the annulus while monitoring the DTS
temperatures. Figure 9 shows the plot with the results of the
temperature traces recorded during injection. The initial annu-
lus injection took place at 2.0 bpm, and the temperature traces
moved from the green baseline to the blue trace (gray traces
are the intermediate temperature events). The main injection
interval is at 8,560 ft to 8,600 ft, although the data also shows

Fig. 8. Warm-back injection profile conducted using the baseline DTS.

qualitatively that there is a small amount of flow into the
8,680 ft to 8,720 ft zone.

Seawater was pumped through the annulus at a rate of 3.0
bpm. The CTRF tool data was recorded as the CT was POOH
to the casing shoe. The station data (fluid velocity measure)
was recorded at several depths, Fig. 10. The data is in line with
the DTS data, showing a major intake zone down to 8,650 ft
with no or limited flow below. The upward flow measured at
9,200 ft is a localized movement in time and depth, which is
not representative of the general profile.

DTS data recorded during annulus injection was processed
to track the thermal interface down the well and extract injec-
tion velocity profiles. The data was compared with the profile
obtained from the CTRF tool velocity recording. As the injec-
tion rates were different for both measurements, the compari-
son is qualitative only. Results are shown in Fig. 11.

The CTREF tool identified the intake zone between 8,100 ft
to 8,650 ft, which is similar to the results obtained from the
DTS interpretation, with the main inflow zone on the lower
end of the interval.

The matrix stimulation treatment was optimized based on
the DTS and CTREF tool interpretation. The new schedule
called for pumping a higher volume of diverters into the zones
from the casing shoe to 8,650 ft and focusing the main acid
concentration on the remaining open hole zones; this was
followed by pumping diverter from 8,650 ft to the toe and
pumping the main acid treatment from 8,650 ft to the casing
shoe. The stimulation treatment consisted of HCl acid, a

Fig. 10. CTRF fluid velocity measurement during pre-stimulation profiling (the
blue diamonds indicate the station measurements).

Fig. 9. Annulus injection with the CT at maximum depth and while recording
with DTS sensors.

Fig. 11. Comparison of injection profile measured with CTRF tool (blue
diamonds) and calculated from DTS annulus injection data (light blue circles).
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viscoelastic diverter system and emulsified retarded acid. Once
the stimulation treatment was pumped, a post-flush was
pumped through the CT, and a DTS was conducted with annulus
injection, Fig. 12.

The DTS analysis showed that the well was now injecting
down to the 8,700 ft zone.

A post-stimulation continuous flow profile and measure-
ments at additional stations were recorded by the CTRF tool,
Fig. 13. This profile provides a detailed, quantitative measure
of flow velocity during post-stimulation injection, showing the
major intake zone from 8,660 ft to 8,720 ft.

DTS data recorded during the annulus injection was
processed to track the thermal interface down the well and ex-
tract an injection velocity profile. The data was compared with
the profile obtained from the CTRF tool velocity recording. As

Fig. 12. Annulus injection while recording the DTS for post-job evaluation.

Fig. 13. CTRF fluid velocity measurement during post-stimulation profiling (the

red diamonds indicate station measurements).

Fig. 14. Comparison of injection profile measured with CTRF tool (black line and
red diamonds) and calculated from DTS annulus injection data (light blue circles).

the injection rates were different for both measurements, the
comparison is qualitative only. CTRF results are in line with
DTS data, and the comparative data is displayed in Fig. 14.

CONCLUSIONS

This first CTRF tool field test allowed for the new flow meas-
urements to be validated by comparing the results to the estab-
lished DTS data. Indeed, pre- and post-stimulation velocity
profiles from the CTRF tool and DTS were in agreement, and
both measurements could be used to optimize the stimulation
treatment.

Validation of the CTRF tool measurements opens the door
to a new approach to downhole flow monitoring, allowing for
real-time monitoring of the direction and velocity of the
pumped fluid as it exits the CT using a sensor technology that
makes the tool completely transparent to the operation — it is
a flow-through tool with no fragile spinners, arms or protrud-
ing elements. The CTRF tool can be used as a stand-alone tool
or with a DTS depending on the specific constraints of each
intervention.
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ABSTRACT

A horizontal open hole multistage fracturing (MSF) comple-
tion is the preferred completion method to develop a tight and
heterogeneous carbonate reservoir. Production data analyses
and pressure transient tests are systematically and routinely
conducted on such wells to determine the well productivity in-
dices (PIs) and evaluate key reservoir and fracture parameters.
Open hole MSF completions have been implemented since
2009 and have shown remarkable results compared to other
completions and stimulation strategies, such as vertical wells
with single-stage fracturing or MSF, and open hole multilateral
wells with maximum reservoir contact.

This article presents the modeling and interpretation of the
production and actual pressure transient responses of horizon-
tal open hole MSF wells that were drilled in both the minimum
horizontal stress (0,,;,) direction and the maximum horizontal
stress (0,,,,) direction to assess the production and fracture be-
havior. Creating transverse fractures has led to better produc-
tivity compared to longitudinal fractures in terms of production
performance, which is corroborated in the article through
pressure transient analyses (PTA) and results from field data.
The article evaluates the impact of fracture parameters, such as
fracture half-length, conductivity, orientation and the number
of fractures, on production and pressure behavior. Well testing
and production analysis are very powerful techniques to assess
and compare different types of flow regimes for horizontal
open hole MSF wells drilled in different azimuth directions.

This article discusses and explains the different derivative
shapes captured during well tests and compares these to the
simulated and theoretical models. Also, the transmissibility
values obtained from the mini falloff (MFO) test during the
fracture injectivity operations are compared with the flow ca-
pacity values calculated from the PTA. Challenges to measur-
ing pressure transient responses, such as high wellbore storage,
are addressed, and proper planning and use of best practices in
the PTA to obtain accurate results are discussed and presented.

INTRODUCTION

The main challenges that limit the productivity of gas wells in
carbonate retrograde gas condensate reservoirs are tightness
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and heterogeneity. Drilling horizontal wells and stimulating
them with multiple hydraulic fractures have been extremely
successful in developing these tight reservoirs. It was found,
however, that fracture geometry is affected by stress variations
and drilling directions. Wells drilled toward the minimum hori-

zontal stress (0,,;,) direction that are subsequently stimulated

min)
generate fractures perpendicular to the wellbore axis, thereby
allowing multiple independent fracture placement and mini-
mizing communication risk between the stages. Drilling to-

ward the maximum horizontal stress (O direction creates

max)
longitudinal fractures along the wellbore axis. These fractures
can lead to pressure communications between stages as frac-
tures from one interval overlap the neighboring fractures. An-
other challenge of open hole MSF completion is that it requires
geometric trajectory without geosteering to avoid deployment
problems due to doglegs. This approach may result in less net
reservoir contact. These detailed challenges were addressed in
a previous study!.

The reservoir evaluated in this study has an average perme-
ability of 0.2 millidarcy (mD) and contains a substantial gas
volume in place. It was determined that drilling horizontal
wells in the 0,,;, direction to create transverse fractures during
stimulation treatment with open hole multistage fracturing
(MSF) completion was the best strategy in this field as it over-
came interstage fracture communication and attained high

reservoir contact and gas rates. Initially, the wells had been

drilled in the o

max

ensure borehole stability. Drilling parallel to the o,

direction to avoid drilling difficulties and
min direction
presents challenges in controlling borehole breakouts, but
these difficulties were resolved with the application of real-time
geomechanics, where reservoir pressure and the safe drilling
mud weight envelope are computed based on the data col-
lected and analyzed using a logging-while-drilling approach.
Prior to putting such wells on production, the completion
performance is assessed. The initial assessment is limited to the
data available from the initial post-fracture rate and the esti-
mated transmissibility obtained during the mini falloff (MFO)
test. To better evaluate the performance of the horizontal well
and each individual fracture, production logging must be run.
This option is not always realistic due to the high cost and op-
erational risks associated with well intervention. Therefore, the
pressure transient analysis (PTA) is used and has become vital



to understanding the reservoir and fracture behaviors and esti-
mating their properties. Additionally, the results from the PTA
are used in calibrating the inflow and outflow well perform-
ance, using the wellbore hydraulic models, to design production
strategy and predict well performance with more accuracy.

In this study, we reviewed seven horizontal wells with open
hole MSF completions whose production and pressure data
had been analyzed; two of these wells were drilled toward the
O in direction, while the remaining wells were drilled toward
the o
ing actual PTA. It also addresses the challenges that affect the

nax direction. This article details several case histories us-
interpretation of the derivative plot in terms of flow regimes
identification, reservoir properties and fracture geometry.

In general, the PTA results and the performance data of the
horizontal open hole MSF wells indicated promising improve-
ment in well productivity, particularly in tight and heterogeneous
layers. This finding is consistent with the overall assessment of
horizontal open hole MSF wells in other fields in Saudi Arabial.

Interpretation of PTA in a horizontal well with hydraulic
fracturing is very challenging, especially in tight and heteroge-
neous gas reservoirs. Adding to that complexity is the possibility
of multiphase flow when the flowing bottom-hole pressure drops
below the dew point pressure. Different flow regimes exist in a
multiple fracture system, Fig. 1, as covered in the literature?.
The two main regimes for wells with multiple fractures shown
in Fig. 1 are the compound linear flow and the compound
pseudo-radial flow, but that interpretation can still be incon-
clusive as it is very difficult to detect flows around the fracture.
We noticed that the wells drilled in the o,

nin direction showed
some sort of dual radial flow regime, as is discussed later.

The bilinear flow occurs at a very early time, when the flow
is orthogonal to the fracture, and subsequently along the frac-
ture length into the wellbore. It is indicated by a quarter-slope
on the log-log plot. This flow regime is short and usually
masked by the wellbore storage effect. The early time linear
flow also occurs when the flow is orthogonal to the fracture,
with no pressure losses in the fracture, and is characterized by
a straight line of half-slope on the log-log plot in the pressure
derivative response’. This flow regime is important in comput-
ing fracture parameters and thereby in evaluating stimulation

effectiveness. Results in the very early time period are usually

affected by wellbore storage as the downhole gauges are nor-
mally not at the sand face, but instead are set about 800 ft
above the horizontal section and with surface shut-in tools to
avoid any operational risks.

A brief reservoir description and a discussion of the PTA
analysis, productivity comparison with other completion as-
semblies and MFO test results are provided in the following

sections.
RESERVOIR DESCRIPTION

The carbonate reservoir depositional environment is from the
early Triassic period, mainly consisting of dolomites, lime-
stones and anhydrites. The reservoir is subdivided in seven
stratigraphic layers, B1 to B7, by porosity, Fig. 2. Porosity de-
velopment is mainly found in the B1 layer, which is the main
producing layer. In certain wells, discontinuous porosity devel-
opment is seen in the B2 layer. Even in the B1 layer, the reser-
voir is heterogeneous with significant porosity variations
occurring within the layer. This poses a major challenge in de-
veloping this reservoir®. Typical logs of this carbonate reser-
voir across the field indicated a wide range of porosity
variations, Fig. 2. Average porosity and net pay in the produc-
tive reservoir layer varies from 6% to 10% and 10 ft to 50 ft,
respectively. Figure 3 shows a typical lithological distribution
for this reservoir, where B1 is mostly dominated by limestones,

Fig. 2. Typical reservoir layers by porosity.

Fig. 1. Potential flow regimes for fractured horizontal wells?.

Fig. 3. Typical logs showing lithology for B-1 and B-2 layers across the field.
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favorable to acid reaction. The placement of the lateral (stress
direction) will dictate the angle between the induced fractures
and the wellbore — transverse or longitudinal — Fig. 4.

PTA ANALYSIS

Transverse Fractures

This section provides examples of two wells, Well-A and Well-
B, drilled in the direction of &

min*

We will be focusing on Well-
B as a case study.

Well-B

This well was initially drilled as a vertical pilot hole across
multiple reservoirs. Subsequently, it was sidetracked as a geo-
metric single lateral well across the carbonate reservoir in the
O i direction and completed with the five-stage balanced open
hole MSF completion system. The lateral encountered about
1,300 ft net reservoir contact with 10% average porosity.
Three stages were successfully fractured, while two stages had
poor injectivity so the formation could not be broken down. A
deliverability test was conducted after two months of produc-
tion to evaluate key reservoir and fracture parameters. Figure
5 shows the pressure derivative response from the PTA with a
reasonable analytical match to a fractured horizontal well
placed in a homogeneous reservoir with an infinite boundary. A
clear stimulation signature can be seen through the linear flow
at early times, using a half-slope line fit on the log-log plot.
Sensitivity analyses were subsequently performed, varying
four important parameters to evaluate their impact on the
derivative plot, Fig. 6. The analyses show that increasing the
number of fractures results in less pressure drop in the wellbore
at early times. Almost the same results were obtained while in-

Fig. 4. Fracture geometry relative to stress direction.

Fig. 5. Well-B pressure derivative response with the match.

creasing the fracture half-length, but the pressure drop extended
through the entire test. The analyses also indicate that increasing
the horizontal well length will eventually result in delaying the
radial flow regime, with less downward shift of the derivative
plot. It can be noticed that in a horizontal fracture well model,
the well length obtained is less compared to the one obtained
when matched using a horizontal well model. This is due to
less rate contribution and dominance from the horizontal sec-
tion. The sensitivity analyses shall be used to optimize open
hole MSF completion designs, as well as planning future PTAs.
Table 1 shows the main PTA results for Well-B.

LONGITUDINAL FRACTURES

This section will discuss the PTA of the wells drilled in the

O nax direction, Well-C through Well-G. In this article, we will
be focusing on Well-F. Table 2 is a summary of data for the
stress direction and number of fractured stages compared to
the planned stages for Well-A to Well-G.

Well-F

This well was sidetracked as a geometric single lateral, 50° to
O i, direction, and completed with four-stage balance open
hole MSF across the carbonate reservoir. The sidetrack en-
countered 1,385 ft net reservoir contact with 5% average
porosity. The first stage was acid fractured, but the second,

Well-B

Parameters Value (Analytical)
Fracture Half-Length (ft) 259
Drilled Horizontal Section (ft) 3,750

Total Net Reservoir Contact (log), (ft) 1,600
Number of Fractures 3

Total Skin -6.4

Flow Capacity, kh (mD.ft) 22.5

Pl (Mscfd/psi) 5.2

Radius of Investigation (ft) 1,220

Table 1. Well-B main PTA results
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Fig. 6. Sensitivity analyses for fracture half-length, well length, number of fractures, and fracture conductivity.

Well-A Well-B Well-C Well-D Well-E Well-F Well-G
Stress Direction Minimum Minimum Maximum Maximum Maximum Maximum Maximum
Horizontal Horizontal Horizontal Horizontal Horizontal Horizontal Horizontal
Stress Stress Stress Stress Stress Stress Stress
Stages Fracked 2 out of 4 3outof5 1 out of 3 1 out of 2 0 out of 3 1outof4 2 out of 3

Table 2. MSF summary data

third and fourth stages were matrix acidized due to communi-
cation occurring between the stages. A deliverability test was
conducted after four months of production to evaluate key
reservoir and fracture parameters.

Figure 7 shows the log-log plot of the response from the
pressure buildup test, which has been reasonably matched by
using a horizontal well in a homogeneous reservoir with an
infinite boundary. The early time region is masked by wellbore

storage effects. The radial flow regime was reached after about
300 hours, and key reservoir parameters were calculated using
this test period, Table 3. Due to reservoir heterogeneity, the to-
tal net reservoir contact is 60% of the total drilled length. Fur-
thermore, the effective well length obtained from matching the
derivative plot is almost half the total net reservoir contact.

The total skin value of -4.43 indicates effective stimulation,

Fig. 7. Well-F pressure derivative response with the match.

Well-F

Parameters Value
Fracture Half-Length (ft) 195
Drilled Horizontal Section (ft) 3,650
Total Net Reservoir Contact (log) (ft) 1,385
Number of Fractures 1
Total Skin -4.43
Flow Capacity, kh (mD.ft) 7.44
PI (Mscfd/psi) 0.8
Radius of Investigation (ft) 793

Table 3. Well-F main PTA results
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even though there is a slight skin damage of 1.35 due to flow
restriction from the fracture to the wellbore. The calculated
flow capacity value is very close to the one obtained from the
injectivity test. A linear flow is identified at early time, using
the half-slope line as indicated.

FURTHER PTA OBSERVATIONS

Figure 8 shows a normalized log-log pressure plot for the wells
drilled in the o,

‘i direction. Both wells show a short fracture
radial flow at very early times, followed by a linear flow and
finally by a pseudo-radial flow®> ¢. Well-B confirms that more
fractures result in longer linear flow. The late time on both
derivative plots shows two radial flow regimes that could be
attributed to either reservoir heterogeneity or the boundary
effect. Another explanation could be that the two radial flows
are separated by some sort of transitional flow (close to linear)
in both wells”. Also, the larger the spacing between fractures,
the longer the transitional period will be. These conclusions
will be confirmed with more well data in the future. The shape
of the derivatives matches what has been modeled and simu-
lated for a horizontal well intercepted by an infinite conductiv-
ity longitudinal fracture’- 8, Fig. 9.

Figure 10 compiles the normalized log-log responses for all
wells drilled in the 0, direction to identify distinct reservoir
and fracture features. Well-C, Well-E and Well-F show a clear
linear flow at early times. Well-D and Well-G do not exhibit
hydraulic fracture behavior; they are reasonably matched using

Fig. 10. Log-log pressure plot for the wells drilled in the G,,,,, direction.

Fig. 8. Log-log pressure plot for the wells drilled in the G,,;, direction.

Fig. 9. Hydraulic fracture system with large spacing®.

only the horizontal well model. The behavior of the other
wells closely resembles horizontal wells with longitudinal frac-
tures, Fig. 11. This observation is consistent with the fact that

these wells were fractured in the o, direction, but the frac-

max
ture signature was masked by the wellbore storage. The shape
of the derivatives matches what has been modeled and simu-
lated for horizontal wells intercepted by an infinite conductiv-
ity longitudinal fracture$, Fig. 11. Based on the production
performance, Well-D and Well-G are low producers compared
to the rest of the wells, Fig. 12. The same figure shows that the
productivity is maximized when the well is drilled in the o,

direction.

PRODUCTIVITY COMPARISON WITH OTHER
COMPLETIONS

The productivity of the open hole MSF wells was compared
against the productivity of other completion methods using the
productivity index (PI) and kb data derived from the PTAs.
The comparison wells were completed as a vertical cased hole
completion — with single acid fracturing — and as a horizon-
tal open hole (with acid matrix), Fig. 13. The results show that
open hole MSF wells can provide higher PI for this reservoir,
with kb in the range of 5 mD-ft to 30 mD-ft. Well-G and Well-
D again are low performers compared to wells with other

Fig. 11. Analytical and simulated pressure behavior of a horizontal well
intercepted by a highly conductive longitudinal fractures.
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Fig. 12. Radar map that shows the Pl/flow capacity vs. azimuth.

Fig. 13. P1 vs. kh for open hole horizontal, open hole MSF and vertical wells.

completions, due to the low stimulation effectiveness as previ-
ously discussed.

MFO INJECTION TESTS

MFO injection tests are conducted in the injection period
when treated water is pumped into the formation to create a
small fracture as the pressure is being recorded by a downhole
gauge, Fig. 14°.

The MFO tests are used to determine the transmissibility
values, along with the reservoir pressures, by identifying the

Fig. 14. Illustration of flow periods illustration during a MFO test®.

pseudo-radial flow regime and the other fracture parameters
from linear flow after shut-in. The data is also used later to
calibrate the main fracture design. This method was developed
by Kenneth Nolte in 1997. The reliability of this kind of test is
dependent on a good estimation of reservoir parameters, such
as reservoir pressure and permeability, which are test designing
purposes’. The radial flow region sometimes cannot be inter-
preted from pressure transient response. The objective here is
to compare the kb values obtained from the MFO test with the
ones obtained from the PTA test.

Table 4 shows the calculated transmissibility values from
the MFO test with the kb values for all the wells. We noticed
that many wells did not show reasonable values because the
tests were perturbed due to communication between the
stages. The transmissibility values computed from the first
stage therefore will likely be the most accurate one since that
stage occurs under virgin reservoir conditions. Based on the
findings presented in Fig. 15, only Well-F and Well-G showed

Fig. 15. Comparison of kb values obtained from MFO tests and PTA.

Stage 1 Well-A Well-D Well-E Well-F Well-G
Transmissibility, kh/p, (mD.ft/cP) 1,368 68 509 138 785
Calculated kh (mD.ft) 41 2 15.3 4.1 23.6
kh (PTA) (mD.ft) 12.5 15.5 68 7.4 13.8

Table 4. Valid transmissibility values obtained from the MFO test
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reasonable matches from the tests. Therefore, it can be con-
cluded that kb derived from the MFO test can be misleading,
and the best estimate for kb is using PTA.

The validity of the test cannot be generalized for open hole
MSF wells because they require more time to reach radial flow
compared to vertical wells. Therefore, it has been considered

with more precautions.
CONCLUSIONS AND RECOMMENDATIONS

1. Drilling in the o,
contact, create more independent transverse fractures and

min direction helps to increase reservoir
increase well performance.

2. Based on PTA results showing the normalized PI, wells
drilled in the o,
pared to wells drilled in the o,

3. For wells drilled in the &

min

direction are better performers com-

direction.

direction, the flow regimes seen
are linear or bilinear, radial, transitional and final pseudo-
radial.

4. For wells drilled in the 0,,,,

regimes seen are linear and pseudo-radial. Also, the linear

direction, the only flow

flow lasts for a long period since the fractures are created
along the wellbore.

5. Not all MSF wells exhibit the same flow regimes as the
regime is more dependent on the number of fractures, spac-
ing between the fractures, fracture conductivity and orienta-
tion of the fracture.

6. Some wells — drilled in the o, ., direction — did not

max
show a clear fracture signature because the direction was
not favorable for creating multiple independent fractures.

7. Based on the sensitivity analyses, a smaller pressure drop in
the wellbore is attained with an increase in the number of
fractures, well length, and fracture half-length and fracture
conductivity.

8. The effective well length obtained from PTA is generally less
than the actual net reservoir contact obtained from the
open hole log.

9. Drilling open hole MSF horizontal wells in a kb range of 5
mD-ft to 30 mD-ft in the 0,
performance, compared to open hole horizontal wells and

direction can provide better

cased vertical wells.

10. Wellbore storage can mask the early time features. There-
fore, installing a downhole shut-in tool gauge close to the
reservoir is recommended for better evaluation, especially
for the early flow regimes.

11. The kh values obtained from the MFO test can be mis-
leading when compared with the kh values obtained from
the PTA due to reservoir heterogeneity.
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NOMENCLATURE

p Viscosity
X Fracture half-length
F. Fracture conductivity
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ABSTRACT

Large-scale seawater injection in two high permeability car-
bonate reservoirs within the Khurais field commenced with the
onset of oil production in early 2008. Following the recent
proposal for an incremental development plan that includes an
underlying low permeability (2 millidarcies (mD)) reservoir
with high calcium content (37,000 mg/L) formation water, it
became necessary to examine alternative options to the seawa-
ter injection to avoid calcium sulfate scaling and microbial
fouling. Secondary treated sewage effluent (TSE) from nearby
urban treatment plants is abundant and presents an attractive
option for injection in the high-risk, divalent ion formation
brine (FB) environment.

An initial feasibility study focused on geochemical and mi-
crobial compatibility to assess the benefits expected from sub-
stituting TSE for costly desulfated water was conducted. A
formation damage risk evaluation was also considered critical
for the planned low permeability reservoir development since
the significantly high initial capital expenditure associated with
a new injection water processing facility would further erode
the economic value of the project. Laboratory coreflood exper-
iments and conventional bottle tests were therefore conducted,
in addition to software simulation to appraise the TSE interac-
tion with the formation fluid, and the inorganic scale deposi-
tion tendency at in situ conditions. The microbial study looked
at the potential impact on the reservoir for both microbial con-
tamination and the nutritional load of TSE.

The study confirmed that the sampled TSE had a relatively
low level of contaminants, such as oxygen demanding sub-
stances (ODS), heavy metals and dissolved solids, and pre-
sented minimal formation damage risk compared to both
seawater and field produced water. But it also revealed various
total organic carbon (TOC) content, which may enhance trou-
blesome microbial activities and impact the various systems’
operational stages.

This article discusses the laboratory experiments and simu-
lation conducted to assess the impact of injected TSE on mi-
crobial growth and in situ scale deposition, and the associated
formation damage risk. It also provides insight into the quality
threshold required for effluent injection in a reservoir of high
divalent salt connate water.

INTRODUCTION

The target oil reservoir, Lower Fadhili (LFDL), is relatively
heterogeneous with a permeability variation of 0.1 millidarcy
(mD) to 10 mD and a porosity range of 5% to 20%. The for-
mation mineralogical composition obtained from X-ray dif-
fraction (XRD) analysis indicated 70% to 80% calcite and 10%
to 20% ankerite, with less than 10% clay material. The network
of wastewater treatment plants is located approximately 145
km southwest of the field. The undeveloped reservoir is ap-
proximately 5,000 ft subsea with an initial pore pressure of
~2,800 psi and a static temperature of ~155 °F. The formation
brine (FB) is very saline — total dissolved solids (TDS) are
~205,000 mg/L — with a calcium content of ~37,000 mg/L and
undetermined amounts of total organic carbon (TOC). The
Arabian Gulf seawater is relatively rich in sulfate, > 4,000 mg/L,
compared to the low sulfate ion content in treated sewage ef-
fluent (TSE), indicating a considerably lower risk of calcium
sulfate scale deposition should TSE replace seawater injection,
Table 1. Available information on the use of TSE for secondary
recovery injection is scarce!. Depending on the physical, chem-
ical and biological processing specifications for its treatment, it
is not unexpected for TSE to carry elevated concentrations of
residual suspended matter with high numbers of aerobic and
anaerobic bacteria, Fig. 1. Major risks associated with use of
the effluent for injection have since been identified as follows:

e Solids/sediments-related formation plugging.

e Presence of sulfate reducing bacteria (SRB) and other
troublesome microorganisms leading to fouling and
microbially induced corrosion (MIC).

e Chemical component incompatibility related problems
as a result of precipitates, e.g., phosphates associated
with the presence of detergent soaps? and process
treatment byproducts in the TSE.

o Health, safety and environmental (HSE) related
problems due to the presence of heavy metals/hazardous
components in the TSE, such as cadmium, chromium,
lead, aluminum and mercury, associated with the
effluent’s residue from manufacturing industries.

Wastewater pollutants’ can be classified into four main
categories, as given here:
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. . Formation Water Produced Water Treated Arabian Gulf TSE (Public
Chem|c§l and Physical (Lower Fadhili (Offset Seawater (Quarrayah Wastewater
]t Reservoirs) Reservoirs) Seawater Plant) Treatment Plant)
lonic Composition
Calcium, Ca? (mg/L) 37,000 4,900 630 14
Magnesium, Mg?* (mg/L) 6,700 1,100 2,100 44
Sodium, Na* (mg/L) 34,000 20,100 17,200 274
Potassium, K* (mg/L) 1,000 500 NA 31
Barium, Ba* (mg/L) <1 - - <1
Strontium, Sr** (mg/L) 1.4 - 0.1 <1
Total Iron, Fe* (mg/L) NA - - <1
Chloride, CI- (mg/L) 122,500 38,500 31,200 349
Bicarbonate, HCO_ (mg/L) 330 430 190 224
Sulfate, SO,* (mg/L) 480 470 4,100 446
Phosphate, PO,* (mg/L) NA NA NA <10
Heavy Metals
Aluminum NA NA <10 <10
Arsenic <10 <10
Cadmium 0.01 NA <1 <1
Chromium - +/-1.0 <1 <1
Lead <10 <10
Zinc NA NA
Mercury NA NA
Physical Properties
TDS (mg/L) 205,000 63,500 55,000 1,351
Specific Gravity 1.15 1.05 1.05 1.001
pH 4.8 6.5 7.0-7.2 7.4
Particle Size Distribution NA NA 300 - 1,000 NA
Total Suspended Solids (mg/L) NA NA 3-4 NA

Table 1. Water composition analysis

e Oxygen demanding substances (ODS): These pollutants
place demand on the wastewater’s natural supply of
dissolved oxygen.

e Pathogens: Infectious microorganisms from city sewage
or certain kinds of industrial food wastes present a
considerble risk of waterborne diseases in the absence of
disinfection/chlorination treatment.

e Nutrients: Sewage/industrial wastewater is rich in
carbon, nitrogen and phosphorus used by oil field
bacteria.

e Inorganic and synthetic organic chemicals: These vary
from household cleaning/washing chemicals and
detergents to manufacturing/heavy industry waste
(cement, paint, synthetic organic chemicals, heavy
metals, etc.), some of which may be toxic and harmful
at relatively low concentrations.

Adequate wastewater treatments, such as settling, filtration
and chlorination, can result in usable premium quality water
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for waterflooding in a specific reservoir. International regulatory
bodies for wastewater systems have set recommended mini-
mum quality* specifications for discharging effluents such as
TSE. While these may vary depending on the local environ-
ment, a minimum standard based on critical HSE-related pa-
rameters is presented in Table 2. Since complete removal of
pollutants may not be necessary, our investigation focused on
determining if the existing TSE quality would effectively limit
formation damage and induce better injectivity in the carbon-
ate reservoir as compared to the alternative seawater.

The authors are not aware of previous Saudi Aramco expe-
rience regarding the use of sewage effluent for water injection
operations; however, topside applications of secondary effluent
from a Riyadh sewage treatment plant for a cooling water sys-
tem at a Riyadh refinery® have established that TSE increases
the risk of biological fouling, calcium phosphate (Cas(POy),)
scaling and foaming. Biocides, scale and corrosion inhibitors,
anti-foams and blowdown control were consequently used to
control the problems encountered at the refinery.



Fig. 1. Schematic of sewage treatment plant.

HSE-Related Parameter Threshold Value Remarks
Biochemical Oxygen Demand (BOD) (mg/L) 20 “TOCT

Total Suspended Solids (mg/L) 25

Fecal Coliforms (counts per 100 ml) 400 After disinfection

Residual Chlorine (mg/L, min/max) 0.50/1.0 Minimum after 30 minutes contact time
pH (unitless) 6.0-9.0

Phenols (micrograms/L) 20

Oils and Greases (mg/L) 15

Total Phosphorus (mg/L) 1.0

*BOD = 23.7 + 1.68 x TOC

Table 2. International EPA recommended wastewater HSE-related threshold limits

WATER COMPOSITION ANALYSIS AND SCALE
DEPOSITION RISK

Geochemical analysis was conducted to determine the amount of
major pollutants, including ODS, nutritional load and inorganic
compounds such as heavy metals in the TSE. The ion concen-
trations indicated that TSE is relatively “sweet” compared to
seawater and formation water — with lower concentrations of
calcium, sodium, chloride, sulfate and TDS. The amount of
heavy metals, i.e., arsenic, cadmium, chromium, copper, lead,
mercury and zinc, with densities above 4 g/cc was determined
to be below the critical threshold for hazardous materials.

The reservoir brine is dominated by Na-Ca-Cl ions (~96%)
with a high calcium content, unlike the offset reservoirs (Arab-
D and Hanifa). The critical chemical ions concentration ratios
(Mg/Ca, Na/Ca and SO4/HCO3) of the different waters (TSE,

FB and seawater), as well as the calcium sulfate scale deposi-
tion risk at downhole physical conditions, are summarized in
Table 3. Since the Mg/Ca ratio of the seawater (0.33%) is much
higher than that of the FB (0.18 %), seawater injection is ex-
pected to trigger an ion exchange to balance the chemical dise-
quilibrium. This will result in magnesium ions from the mixed
brine phase being retained onto the rock, while calcium ions
are stripped from the carbonate rock matrix in the brine
phase®. TSE injection, however, presents minimal scale deposition
risk due to low sulfate (< 450 mg/L) and phosphate (< 10 mg/L)
ions content. The scale prediction using fluid mixed with FB
was facilitated with the ScaleSoftPitzer (version 4.0) computer
application, which is an Excel™ based simulation program that
can be used to calculate inorganic scale tendency parameters —
scaling index (SI) and mass deposition (MD).
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Test Conditions FB Seawater TSE
Mg/Ca Cation Ratio 0.18 0.33 3.14
Na/Ca Cation Ratio 0.92 27.3 19.57
SO,/HCO, Cation Ratio 1.45 21.6 1.99
*Calcium Sulfate Scale Risk - SI/MD (mg/L) NA 0.58/2940 None

*Mixed fluid with FB at in situ conditions

Table 3. Critical chemical ions concentration ratio and calcium sulfate scale risk

ROCK MINERALOGY AND CLAY SWELLING/
DISPERSION RISK

The mineralogical composition of the formation, obtained from
XRD analysis of the reservoir rock, indicated 70% to 80%
calcite and 10% to 20% ankerite with less than 10% clay ma-
terial. Further analysis of the clay content indicated that the
rock is composed of illite and a layer of mixed illite/smectite
clays (6% to 7%) in addition to kaolinite (3% to 4%). The
reservoir rock mineralogy, pore structure and formation fluid
in combination with the injection TSE biochemical composition
were used to infer the potential formation damage effects due
to the interaction between the injection fluid and the reservoir.
A risk of smectite clay swelling due to osmotic pressure dif-
ferentials, which can bridge the pore throats and lead to a
gradual reduction in permeability’, is present given the salinity
contrast between the relatively fresh TSE (350 mg/L Cl-) and
the high salinity FB (122,500 mg/L Cl-). Additionally, kaolinite
clay deflocculation and dispersion could have a similar effect
on permeability in this case, due to the narrow pore throats of
the low permeability reservoir. The critical flow rate, corre-
sponding to the interstitial velocity beyond which clay mobi-
lization is expected, can be determined through a critical rate
test in the laboratory®. This data then can be used with appro-
priate simulation models to determine the maximum TSE in-
jection rate and the sensitivity of variable reservoir properties
to the expected long-term injection. The currently planned
water injection rate per well is 10,000 barrels per day, which
translates to an equivalent flow velocity of ~0.03 ft/minute at
the 872" wellbore sandface. Given the LFDL reservoir depth
and permeability, the critical velocity is expected to be higher
than that of shallower reservoirs at similar water injection rates.

RESERVOIR FLUIDS AND MICROBIAL-INDUCED RISKS

Bacteria colonization of oil field systems is a major cause of
concern and can lead to a number of operational complica-
tions. SRB, a group of the best known heterotrophic microor-
ganisms, is the prime cause of reservoir souring, process
equipment fouling and MIC in processing installations. Bacte-
ria fouling is also responsible for lowering the quality and
quantity of recovered oil and for a number of operational
complications. For microbes to develop into an operational
problem, a number of prerequisites have to be met:

® Availability of an electron donor.

e Availability of nutrients, including those required in
minute concentrations.

* Availability of an electron acceptor.
e Water activity of a,, > 0.92.
e Tolerable operating conditions.

e Absence of inhibitory compounds.

The chemical compositions of the relevant compounds in
TSE and the formation water were previously shown in Table
1. The nutritional composition of different TSE samples con-
sidered for injection into the reservoir for secondary recovery
is shown in Table 4. Formation water contains sulfate (480
mg/L); no known volatile fatty acid and no hydrogen sulfide
(H,S) were reported. Laboratory tests further indicated that
formation water is free of known inhibitory compounds and
therefore presents a suitable environment for prokaryotic
growth when supplemented with a source of utilizable organic
carbon. The commingling of untreated TSE with formation
water is therefore expected to stimulate microbial growth in

Nutritional Parameter TSE/WWTP-1 TSE/WWTP-2 TSE/WWTP-3 Formation Water
TOC (mg/L) 40.3 32.155 57.3 Undetermined
Sulfate (mg/L) 476 422 413 480
Phhosphate (mg/L) 5.5 6.6 104 NA
Ammonia (mg/L) ~5.0 ~5.0 ~5.0 NA
*WWTP field samples collected May-June 2014

Table 4. Average nutritional composition of three TSE samples and formation water
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the reservoir and production system. Consequently, a study to
remove the organic carbon from the TSE prior to injection is
underway to curtail the growth of microorganisms.

LABORATORY EXPERIMENTS

The three effluent samples were collected and duly preserved at
39 °F (4 °C) during their transportation from the wastewater
plant to the laboratory. Microbial analysis using the serial dilu-
tion most probable number (MPN) method was then con-
ducted to enumerate values for SRB and general aerobic bacteria
(GAB) in the TSE. The growth broths used for the serial dilution
enumeration were prepared using sterile wastewater treatment
plant (WWTP-2) effluent. The resulting data is critical to eval-
uate the suitability of the different TSEs to support prokary-
otic growth. Serial dilution vials were incubated at 95 °F (35
°C) for 28 days before they were examined for growth.

Compatibility tests were carried out for mixed waters —
TSE with FB at different mix ratios — using simple, classical
jar tests, considered adequate for this operation, which does
not involve high-pressure or high temperature conditions. This
test involved using synthetic FB and introducing TSE water to
form 10%, 30%, 50%, 70% and 90% TSE solutions. The un-
filtered TSE water was mixed with the FB in varying amounts
and monitored for precipitation at room temperature, after
which the mixed fluids were placed in an oven for 16 hours
(temperature = 150 °F). Visual inspection of the mixed fluid
samples was used to appraise the fluid’s clarity.

All three treatment plant TSE liquid samples were subjected
to GAB/SRB enumeration. Only the WWPT-1 sample was sub-
sequently subjected to coreflooding tests since it represented
the best quality, based on bacteria analysis. Tests were carried
out using reservoir core plugs and different injection water at a
constant temperature of 150 °F to determine the relative for-
mation permeability after injection of the different waters. The
water samples used were unfiltered TSE, while the core plugs
were pre-saturated with synthetic FB.

Two of the core plugs used for the coreflood experiments
were taken from the reservoir section that had a porosity of
18% to 20% and permeability of 1.4 mD to 1.7 mD. Core
sizes were 2.1” to 2.6” length by 1%” diameter, Table 5. The
samples were flooded with synthetic FB under pressure condi-
tions (pore pressure of 1,000 psi and confining pressure of
2,000 psi) at an oven temperature of 155 °F, which is equal to
reservoir temperature, Fig. 2.

RESULTS AND DISCUSSION

The microbial analysis confirmed that common oil field bacte-
ria, such as SRB and GAB, colonize both the TSE and forma-
tion water; however, the lack of biogenic H,S in the formation
water indicates nutritional limitation for bacterial growth. The
commingling of TSE with formation water was shown to pro-
vide suitable conditions for prokaryotic growth, given the fa-
vorable conditions. The growth of SRB biomass and the
associated sulfide generation is shown in Eqn. 1, where carbon
is represented by equivalent acetate. The equation assumes
that other physiochemical conditions, including dissolved
gases, temperature profile, pressure, pH, treatment and in-
hibitory compounds, trace elements and mineral composition,
are within the tolerance limit of the bacteria.

CH;COO" + SO2- = H,0 + CO, + HCO 3+ 8 (1)

The semi-quantitative MPN technique was used to access the
number of viable bacteria in the effluent samples. Results of the
microbial enumeration are presented in Table 6 and indicate
different numbers of both SRB and GAB in the three effluents.
The results show none to moderate numbers, respectively, in
the WWTP-1 and WWTP-2 samples. In contrast, medium to
high numbers were detected in the WWTP-3 sample, which
was attributed to inadequate anti-microbial treatment at the
time of sampling. Since SRB and GAB were detected in all of
the different TSE and formation water mixtures, the availabil-
ity of nutrients in the commingled TSE and formation water is
considered a major concern as it provides the conditions for
microbial proliferation. Based on Eqn. 1 and the lack of scav-
enging materials, it is anticipated that around 50 mg/L of H,S
would be produced. Consequently, a study is underway to es-
tablish the most suitable technique to remove organic carbon
(nutrient) from TSE prior to injection, and a stringent biocide
treatment has been designed to protect topside facilities from
fouling and MIC. The nutritional load in injection water is of
less concern in a reservoir of high TOC and high “geological”
H,S concentrations.

The inorganic scale deposition risk” can be inferred from a
combination of the predicted SI and MD, mg/L. Only a risk of
calcium carbonate (calcite) scale was identified from the simu-
lation, and even this was considered low since the maximum
MD was less than 77 pounds per thousand barrels (ptb),
where 1 ptb = 2.856 mg/L, at 60% TSE content of mixed

. . . Air Rock Brine
Experlr_nent Type/ Core Plug Lepgth Dlar_neter Porosity Permeability, Quality Index Permeability,
Scenario No. (in) (in) (%) K. (mD) ! RQI (microns)' K_(mD) 4
Injection Performance 43 2.57 15 20.3 17 0.09 NA
Comparison Test-1
Injection Performance 41 2.10 15 19.8 14 0.08 1.53
Comparison Test-2

Table 5. Summary of physical/petrophysical data for core plugs used for coreflood tests
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Fig. 2. Dynamic coreflood test equipment schematic.

Bacteria TSE/ TSE/ TSE/

Content WWTP-1 WWTP-2 WWTP-3
SRB (MPN/ml) <0.4 0.9 9.3 x 10*
GAB (MPN/ml) <0.4 4.3 x 102 9.3 x 108

Table 6. SRB and GAB enumeration in three TSE samples using the MPN technique

brine, Fig. 3. The simulation was done for static fluids at
bottom-hole conditions of 2,800 psi and 150 °F and at the
expected producing wellhead conditions of 400 psi and 100 °E
The relative stability of the water or TSE-brine mix fluid may
change with scale or precipitate deposition as a result of
changes in pressure, temperature and pH. Figure 4 shows the
fluid-fluid compatibility/scale precipitation tests at room and
specific downhole test conditions (150 °F and 1,000 psi),
which indicated no visible scales for different TSE/FB mixing
ratios: 10/90, 30/70, 50/50, 70/30 and 90/10.

Fig. 3. Calcite SI and MD prediction (mixed TSE FB mix fluid).

Fig. 4. Bottle test results of mixed brine compatibility/scale precipitation
investigation of TSE with synthetic FB.
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Experiment Type/Scenario Stage No./Fluid Type/PV at Flow Rate
Stage #1 Stage #2 Stage #3 Stage #4 Stage #5 Stage #6
Iniection Performance FB TSE Produced Water | Seawater FB
CoJm arison Test-1 16 PV at 30 PV at 17 PV at 18 PV at 24 PV at
P 0.5 cc/min 0.5 cc/min | 0.5 cc/min 0.5 cc/min 0.5 cc/min
Iniection Performance FB TSE Produced Water | Seawater TSE FB
ch)m arison Test-2 18 PV at 38 PV at 22 PV at 22 PV at 20 PV at 13 PV at
P 0.5 c¢/min 0.5 c¢/min 0.5 c¢/min 0.5 cc/min 0.5 cc/min 0.5 cc/min

Table 7. Details of coreflood tests using single mode/lateral injection

The coreflood experiments, Table 7, were carried out using
different injection water in an axial mode, as shown here:

o Injection Performance Test-1 (core plug 43): FB (16 PV)
— TSE (30 PV) — Field Produced Water (17 PV) —
Seawater (18 PV) — FB (24 PV).

e Injection Performance Test-2 (core plug 41): FB (18 PV)
— TSE (38 PV) — Field Produced Water (22 PV) —
Seawater (22 PV) — TSE (20 PV) — FB (13 PV).

The coreflood tests showed the impact of different injection
waters on the formation permeability for the two core plugs,
Figs. 5 and 6, respectively. The first part of each coreflood ex-
periment was conducted to determine the base permeability by

Fig. 5. Coreflood test/comparative injection performance — differential pressure vs.
PV (core sample #1).

Fig. 6. Coreflood test/comparative injection performance — differential pressure vs.
PV (core sample #2).

using the synthetic FB as the displacement fluid prior to subse-
quent injection of other fluids at the same flow rate. Although
the initial synthetic FB displacement for sample 43 did not
reach equilibrium conditions as the differential pressure (DP)
was still declining after injection of 16 pore volumes (PVs), the
relative permeability of the subsequent injection waters — i.e.,
TSE, produced water (from developed offset reservoirs) and
seawater — was estimated at the same bottom-hole conditions
of temperature and pressure. Analysis of the differential pres-
sure trends with the PV at the constant injection rate of 0.5
cc/min indicated that TSE had the lowest potential for causing
damage in the reservoir. The highest DP was observed during
produced water injection, thereby indicating the poorest injec-
tivity performance.

CONCLUSIONS

1. Common oil field bacteria, SRB and GAB, were detected in
the three different TSE samples collected from considered
wastewater treatment plants.

2. Commingled TSE and formation water represents a high
risk of bacteria proliferation; however, a study is
underway to remove the organic compounds of TSE prior
to injection, while a stringent biocide treatment has been
devised to protect topside facilities from fouling.

3. The injection of TOC-free TSE supported by a stringent
biocide treatment and comprehensive monitoring scheme
is expected to curtail microbial growth and associated H,S

generation.

4. The inductively coupled plasma generated chemical ion
concentrations indicated that TSE is relatively “sweet”
compared to other water samples — it has the least
calcium, sodium, chloride, sulfate content and TDS. Only
calcium carbonate (calcite) scale risk was observed, and
this was appraised to be low relative to the scale risk of
other injection water sources in the field — max SI ~3,
and MD < 100 ptb. In addition, the heavy metals content
was observed to be below the critical threshold for
hazardous materials.

5. The content of heavy metals, i.e., arsenic, cadmium,
chromium, copper, lead, mercury and zinc, with densities
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General Physical Properties

Heavy Chemicals/Hazardous Components

TSE should be colorless and odorless

Most hazardous heavy metals content (mercury, arsenic,
cadmium and chromium) < 1 mg/L.

Total suspended solids < 0.2 mg/L

Other heavy metals content (lead, zinc, aluminum and iron)
< 10 mg/L.

*Solids particle size (D ) > 2 microns

Non-acidic gas content with pH ~7.0.

Total suspended oil/oil-in-water < 1 ppm

Inorganic Scale-Related Chemical lons

Microbial/Biochemical-Related Components

Bicarbonate content — as low as possible

BOD < 10 mg/L.

Sulfate content < 500 mg/L

Ammonia content < 10 mg/L.

Phosphate content < 10 mg/L

*Solids specification based on average pore throat size.

SRB < 10 count/mL and total bacteria content < 10* count/mL (in
customarily treated TSE from WWPT-1 and WWPT-2).

Table 8. Critical injection TSE parameters specified for formation damage prevention

above 4 g/cc was found to be below the critical threshold

for hazardous materials.

6. For water injection in the low permeability carbonate
reservoir, the acceptable minimum water quality can be
defined by the solids’ particle size (D) and distribution

with respect to the target injection reservoir pore throat
size, i.e., D, > 1/3 pore throat diameter. This is in addition

on Qil Field Chemistry, The Woodlands, Texas, April 13-135,
2015.

NOMENCLATURE

a,, osmotic pressure

D, average solids particle diameter

to the critical ion concentration that exacerbates corrosion,

scale precipitation and formation damage risk.

7. The critical formation damage-related parameters were
grouped under four major categories: General Physical
Properties, Heavy Chemicals/Hazardous Components,
Potential Inorganic Scale-Related Chemical Ions and
Microbial/Biochemical-Related Components, Table 8.

8. Coreflood experiments were carried out to compare the

injectivity performance of TSE against that of the Arabian 2

Gulf seawater and current field produced water; results

indicated that TSE was the least damaging when used for

water injection in the low permeability reservoir.

9. The integration of the microbial study with the
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ABSTRACT

Horizontal carbonate reservoir stimulation has attracted con-
siderable attention in the past decade as one of the major areas
for development in matrix stimulation engineering. Modern
technologies have enabled interventions in extended reach and
even mega-reach wells. In the Middle East especially, carbonate
field development strategies have used mega-reach wells as the
main technique in achieving the highest possible reservoir contact.
In such a case, coiled tubing (CT) intervention becomes a necessity.

With carbonate acidizing — since more than 50% of the
matrix is soluble in acid — the objective is to bypass the for-
mation damage and increase productivity by creating new highly
conductive channels called wormholes. The success of a treat-
ment is a function of fluid penetration, acid reactivity, injection
rate and diversion. To increase the success of the treatments,
improvements have been made recently in injection rate and
diversion using the latest CT intervention technologies. The in-
troduction of CT provides significant advantages in stimulation
execution, yet also presents some challenges. Real-time downhole
measurements transmitted with fiber optic telemetry are used
frequently to improve chemical diversion and fluid placement;
however, when this technology is deployed, pumping rates are
significantly limited to a maximum of 2.0 barrels (bbl)/min.

Extensive engineering work was invested in finding a solution
to this challenge. The main objective was to obtain optimum
diversion using downhole “point” and distributed measurements
without sacrificing high injection rates. So, modifications to
the existing downhole measurement system were introduced
that enable pumping rates beyond 5.0 bbl/min. The key focus
of the redesign was the repackaging of the downhole tools, as
well as improvements in the telemetry link to surface. The
result has been an expansion of the operating envelope of the
technology.

Yard testing has been completed, and results have been en-
couraging. The solution has been piloted in the field, and a
field case study showed remarkable injectivity improvement.

INTRODUCTION

Most of the reservoirs in Saudi Arabia are carbonates with gas
wells, oil producing wells and water injection wells. Injectivity

in water injection wells that are drilled in carbonate reservoirs
is mostly affected by injection carryover — materials/particles
in the injected water that can impair permeability. With perme-
ability reduced, well pressure builds up and injectivity drops. A
matrix stimulation treatment, preferably with coiled tubing
(CT), is then needed to overcome the formation damage and
restore permeability and injectivity. Field-A in Saudi Arabia is
produced using water injection as a means of pressure mainte-
nance. Water injection improves sweep efficiency and restricts
the pressure decline. Water injection takes place at the reser-
voir peripheries; sometimes the water injectors are in the same
layer as the oil producers, but when aquifer mobility is very
low and cannot act as an effective water drive, they may be in
a water layer below the oil layer.

Field-A reservoirs are carbonates that are mostly completed
as open holes. The reservoir has added complexity due to the
presence of fractures, fissures and fault networks. As the only
purpose of water injectors is to support oil producers, water
injection into these wells must be homogeneous and at a high
rate with low injection pressures. Because of the nature of car-
bonates when water is injected, the water preferentially takes the
path of least resistance, which is provided by fissures, fractures
and faults. Therefore, to achieve injection into a rock matrix, an
intervention of matrix acidizing is needed. Fluid placement in
appropriate zones is very crucial to the success of the treatment.

FIELD AND RESERVOIR DESCRIPTION

Reservoir-A consists entirely of mud supported limestones that
lack megascopic pore spaces. Porosity is in the form of micro-
pore spaces (< = 10 um in size). Evidence for this microporosity
includes the high porosities, 5% to 32%, within these fine-
grained rocks shown in porosity logs and core plug analyses;
the absence of any visible porosity — even in thin sections —
to account for the high pore volumes; and 2,000x scanning
electron microscope images that show a crystal framework
texture composed of microrhombic calcite crystals with 2 um
to 5 um pore spaces between them. The microporosity is
thought to reflect the retention of primary intercrystalline
spaces within the precursor lime mud sediment, with little in-
troduction of allochthonous calcite to occlude the pore spaces.
Flow meters indicate that the reservoir is capable of producing/
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injecting large volumes of oil/water, but that stratigraphic pre-
dictability of the flow is lacking, and that thin (2 ft to 10 ft),
low porosity (< 15%) intervals can contribute over 60% of the
entire flow. These reservoir attributes, coupled with the low
“matrix” permeabilities — 0.1 millidarcy (mD) to 10 mD —
of the reservoir, indicate the presence of an apparent perme-
ability that is controlling fluid flow. Core studies revealed that
this apparent permeability is in the form of high angle frac-
tures. The fractures are £1 mm wide, contain hydrocarbon
residue and calcite cement, and in many cases are in close asso-
ciation with high amplitude stylolites. This suggests a genetic
link between stylolitization and fracturing; borehole imaging
log data are providing valuable insight into fracture location,
abundance, orientation and size in noncored wells. Reservoir-
A is separated from another reservoir, which has highly favor-
able rock properties, by over 450 ft of fine-grained and
impermeable carbonates; however, there is evidence that these
two reservoirs are in pressure fluid communication via a net-
work of fractures. This reservoir communication, together
with the reservoir heterogeneity of Reservoir-A in the form of
micropores and associated fractures, presented a challenge for
reservoir geology and reservoir engineering as a development
plan involving horizontal producers was formulated; the need
was to mitigate reservoir communication and to efficiently and

effectively extract the reserves within this reservoir!.

JOB OBJECTIVES AND CHALLENGES

The well in this study is a 6/8” open hole water injector drilled
in 2001, Fig. 1. The well had been shut-in since its completion.
It was decided to stimulate the well after initial injection results
showed a rate of 6,000 barrels per day (B/D) at 1,786 psi well-
head pressure (WHP). The goal of the stimulation was to in-
crease the injection rate, and the following job objectives were
identified:

e Determine tight or damaged zones for proper placement

of stimulation fluid?.

e Determine high permeability thief zones for proper
placement of diverting fluid?.

e Determine bottom-hole temperatures (BHTS) to verify
working temperatures of stimulation fluids?.

e Determine bottom-hole pressures (BHPs) during

Fig. 1. Open hole horizontal water injector.
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stimulation so that stimulation treatment is carried out

below fracturing pressure?.

e Perform pre-stimulation and post-stimulation well test
analysis to identify reservoir parameters.

PROPOSED SOLUTON AND PRE-JOB PLANNING

Considering the challenges of the operation, the use of CT
with fiber optics was deemed essential since this technology
enables real-time downhole measurement. It consists of optic
fiber, inside the CT, connected to the bottom-hole assembly
(BHA), where this fiber acts as a source of telemetry from the
downhole tools to the surface in real time. When the CT is sta-
tionary at total depth (TD), the fiber can also be used to make
distributed temperature measurements all the way down the well.

A distributed temperature survey (DTS) has been conven-
tionally used to monitor the performance of water injectors by
employing the warm-back technique. The well is shut-in for a
period of time and the temperature response is recorded while
the well warms back toward the geothermal gradient. Under
injection conditions, the cold water injected into the well cools
the surrounding rock, including the nonpermeable intervals
above the reservoir; it is the warming of these intervals that is
measured. Normally, the only information that can be obtained
during injection is the lowest extent of fluid injection; in unusual
cases, if the flow rate is low enough, the injection profile can
be determined by using the geothermal gradient and inflow
profile into the reservoir. In most cases, though, injection is
stopped, and the surrounding rock warms back to the geother-
mal gradient over time as a function of the formation’s thermal
properties. If a permeable interval has been injected with cold
water, the rock cools in a much greater radius around the well-
bore than the rock in intervals that were not injected with cold
water, such as those behind the casing. Therefore, the injected
intervals warm back up at a much slower rate than those that
were not injected with cold water. The magnitude of this effect
is a function of the injection rate, interval permeability, time
and the thermal properties of the fluid and rock.

The downhole tools? at the end of the CT also provide real-
time measurements of bottom-hole parameters. These tools are:

e The BHT sensor.

e The BHP gauge (to measure the inside and outside
pressure of the CT).

e The casing collar locator for depth correlation.

e The use of gamma rays for depth correlation and lateral
identification.

e Tension and compression tools for bottom-hole CT

tension and compression forces.

Conventional downhole tools that are used to conduct a DTS
and to obtain real-time bottom-hole parameter measurements
are sized to 2%4”, and flow rates when using these tools are
limited to only 2.0 bbl/min. This low rate and some limitations



with respect to fiber parameters, results in the following during

matrix stimulation:

¢ Long pumping time, leading to a long job execution
time.

e An inability to obtain deeper penetration of stimulation
fluids, which restricts the depth of wormholes.

e A tendency for the low-tensile strength Inconel fiber
carrier, which carries fibers inside for the DTS and is
used for telemetry purposes, to break at high pump rates.

o The adverse effect on the Inconel fiber carrier of certain
fluids, especially when sticky or highly viscous fluids are
pumped.

Because the above limitations lead to low execution effi-
ciency, a new tool was developed specifically for CT interven-
tions with real-time bottom-hole parameter measurements
during stimulation that included the following upgrades:

e The new 3%” BHA consists of (1) BHT sensor, (2) BHP
gauge (to measure the inside and outside pressure of the
CT), and (3) gamma ray for depth correlation and for
lateral identification.

e The tool is rated up to 8.0 bbl/min. This high rate
enables deeper penetration of fluids and leads to the
creation of deeper wormholes.

e The tensile strength for the Inconel fiber carrier to be
used with this tool is double that of the fiber for the
2%8” tool, which permits not only high pump rates, but
also the pumping of very viscous fluids that could not
be pumped when conventional CT tools were deployed
for measuring real-time bottom-hole parameters.

e The high rate permitted by the new tool can also help in
faster descaling and clean out jobs.

Given the availability of this high flow rate tool for CT in-
tervention with real-time bottom-hole parameter measure-
ments, it was decided that the stimulation pumping schedule
would be optimized by using DTS, and to decrease the time of
the job, a pressure gauge would be used to conduct pre-stimu-
lation and post-stimulation well tests using the concept of in-
jection and falloff analysis®.

Injection and falloff testing, Fig. 2, is pressure transient test-
ing during the injection of a fluid into a well. It is analogous to
drawdown testing for both constant and variable rates. Shut-
ting in an injection well results in a pressure falloff that is simi-
lar to pressure buildup in a production well. The distinction
between injection/falloff and conventional drawdown/buildup
testing is that the flow characteristics of the injected fluid are
different from those of the original reservoir fluids, so that
multiphase reservoir flow must be considered when interpret-
ing these tests’.

The following operational job steps were defined and exe-
cuted to meet the job objectives:

e Confirm wellbore accessibility to TD.

Fig. 2. Injection and falloff well test*.

e Perform DTS when CT is at TD. Record baseline DTS.

e Perform pressure transient analysis (PTA) while CT is at
casing shoe. Monitor bullheaded water.

e Reciprocate CT along open hole interval while pumping
preflush. Reach TD to perform DTS. Conduct preflush
warm-back and record response. Optimize pumping
schedule based on preflush warm-back response.

e Pump stimulation treatment of acid, diverter and
emulsifying agent. Run CT in hole to TD and perform
DTS. Reciprocate CT along the open hole interval while
pumping post-flush. Conduct post-flush warm-back.

e Perform PTA while CT is at casing shoe. Monitor
bullheaded water.

e Pull CT out of hole.

JOB EXECUTION

The job was executed as per the job steps previously men-
tioned. This section describes the different parts of the job:
pre-stimulation evaluation, stimulation execution and post-
stimulation treatment evaluation.

Pre-stimulation Evaluation

As the well was an injector, it was agreed to have the well on
injection for some time before running the CT in hole. This
provided an idea of the pre-stimulation maximum injection
rate. It was also agreed to shut-in the well for some time so
that once the CT was run in hole (RIH) and the DTS was con-
ducted, the well would show the extent that fluid at the maxi-
mum injection rate had reached in the open hole section. This
would also show the high permeability thief zones and the low
permeability tight/damaged zones. Figure 3 shows the CT
downhole parameters during the first DTS, the baseline
measurement. Table 1 explains Figure 3.

Figure 4 shows the results from the baseline DTS that was
conducted. Baseline data were acquired for nearly 3 hours.
The dark green trace shows the last trace recorded during the
baseline acquisition. It clearly shows tight/damaged intervals
near the heel and toe section, whereas from 9,200 ft to 10,795
ft, it shows high permeable thief zones; the highlighted section
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shows the complete open hole interval. The baseline DTS pro-
vides the long-term injection temperature of the well.
The CT was brought to the casing shoe after the baseline

Fig. 3. Pre-stimulation DTS (baseline) and PTA execution, with CT downhole
parameters.

DTS recording to conduct the injection/falloff pressure transient
testing.

The preflush was then pumped via the CT while reciprocat-
ing the CT in the open hole section, as shown in Fig. 5. Table
2 explains Fig. §.

Fig. 5. Preflush DTS (warm-back) execution and with CT downhole parameters.

Table 1. Pre-stimulation DTS (baseline) and PTA execution

Parameter Event
Parameter Event A CT at TD. Started pumping preflush using
jetting tool.
A CT at TD. Started baseline DTS. 5 POOH from CT to casing shoe while
B End DTS. Pull out of hole (POOH) to casing pumping.
shoe. C RIH from casing shoe to TD while
C Stop POOH to inject through annulus. pumping.
D Dropped pump rate to 0 bbl/min at 980 Maintain pump rate maintained at 3.75
bbl pumped. D bbl/min (maximum circulation pressure
- 5,000 psi).
Measure pressure response with pump — _
E rate increase up to 6.42 bbl/min in gradual E Finished pumping preflush.
steps at WHP of approx. 1,400 psi. r Start conducting warm-back DTS for 3
F Performed PTA for 6 hours. hours.

Table 2. Preflush DTS (warm-back) execution

Fig. 4. DTS baseline.

54 SUMMER 2015 SAUDI ARAMCO JOURNAL OF TECHNOLOGY




Fig. 6. Preflush DTS warm-back.

The CT was then RIH to TD to record the preflush warm-
back DTS, Fig. 6. High permeability thief zones and tight/dam-
aged zones were identified, and the stimulation treatment was
optimized accordingly. Tight/damaged zones were identified at
9,040 ft to 9,240 ft, 9,400 ft to 10,005 ft, 10,295 ft to 10,490
ft, 10,870 ft to 11,010 ft, and 11,140 ft to 11,431 ft.

Stimulation Treatment Execution

Figure 7 shows the optimized stimulation treatment that was
pumped as per a modified schedule, with downhole CT pa-
rameters. The stimulation treatment consisted of hydrochloric
acid, a diverter and a retarded acid for deeper wormhole pene-
tration. The pumping rate was maintained between 3.3 bbl/
min and 3.75 bbl/min, limited by a circulation pressure of

5,000 psi, as per the program. The retarded acid was generally
pumped at a lower rate of 3.3 bbl/min, and the diverter was
pumped at a higher rate of 3.75 bbl/min. The downhole
pressures, Fig. 7, indicated a constant pressure differential
(i_CTBHP - i_ANBHP) of about 1,100 psi on the jetting tool
throughout the stimulation sequence, indicating very good jet-
ting through nozzles. Table 3 provides an explanation of Fig. 7.

Post-Job Evaluation
After the stimulation treatment, a post-flush was pumped with

CT while reciprocating the CT in the open hole section. The
CT then was RIH to TD to record the warm-back DTS. When

Parameter Event

A Start pumping stimulation treatment.

Maintain pump rate maintained
B between 3.3 bbl/min and 3.75 bbl/min
(<5,000 psi circulation pressure).

POOH from TD to casing shoe while

¢ pumping treatment stages.

D Treatment fluid consists of acid, retarded
acid, spacer, and diverter.

E Finished pumping treatment. RIH again

to TD while pumping post-flush.

Fig. 7. Stimulation treatment with CT downhole parameters.

Table 3. Stimulation treatment execution
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Fig. 8. Post-stimulation evaluation: post-flush DTS warm-back and PTA
execution with CT downhole parameters.

the DTS warm-back recording was finished, the CT was
POOH to the casing shoe, and water was injected from the
annulus of the CT while recording the downhole parameters for
the injection/falloff PTA. Figure 8 shows the CT downhole pa-
rameters while pumping the post-flush. Table 4 explains Fig. 8.

Figure 9 shows the DTS warm-back after the post-flush. This
was used for post-stimulation treatment evaluation by compar-
ing it with the preflush warm-back DTS. The post-stimulation
warm-back analysis shows a relatively uniform profile as com-
pared to the pre-stimulation DTS warm-back graph.

The final pumping rate achieved was 6.4 bbl/min, where it
was kept steady until the end — 820 bbl overall. Significant
drops in WHP — from 1,300 psi pre-stimulation to 950 psi
post-stimulation at 6.4 bbl/min — and drops in downhole
pressure — from 4,350 psi pre-stimulation to 3,850 psi post-
stimulation at 6.4 bbl/min — were observed. The downhole
pressures were monitored for 6 hours while performing the

Parameter Event

RIH from casing shoe to TD while

A )
pumping post-flush.

B Pumping displacement.

C With post-flush out of CT (at TD), start
warm-back DTS for 3 hours.

D POOH CT just above casing shoe.
Line up to annulus and increase pump

E rate in steps to 6.42 bbl/min at WHP of
approximately 900 psi.

F Finished post-stimulation injection. Stop
pumps.

G Performed PTA for 6 hours.

Table 4. Post-stimulation evaluation

PTA. Results were compared to the results for the PTA con-
ducted before stimulation. Figure 10 shows the log-log plot for
the falloff conducted pre-stimulation (orange — pressure and
its derivative) and post-stimulation (green — pressure and its
derivative). The log-log plot behavior shows that skin was
reduced; the zones that previously had not been contributing
to injection were now contributing. Consequently, determina-
tion of effective length, skin and permeability was possible for
pre- and post-stimulation. The injectivity index of the pre-
stimulation injection was 20.0 B/D psi, whereas the injectivity
index of the post-stimulation injection was 200.9 B/D psi.

Fig. 9. Post-flush DTS warm-back.
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Fig. 10. Log-log plot showing pre- and post-stimulation falloff PTA results.

LESSONS LEARNED AND POST-JOB RESULTS

The first worldwide deployment of the high flow rate system
via CT with real-time bottom-hole parameter measurements
was very successful, with tangible improvements; the post-
stimulation injection rates were 10 times the initial injection
rates. High flow rate matrix stimulation achieved efficient jet-
ting through the downhole tools. Use of DTS and PTA resulted
in better evaluation of the treatment and enabled the modifica-
tion of the pumping schedule, which could be customized for
the well. The increased effectiveness of the on-the-fly treatment
schedule and less time spent stimulating the well are additional
benefits observed on this job.

Because of the limitation on circulation pressure of 5,000
psi in this job, the tool configuration did not allow for a pump
rate greater than 3.7 bbl/min when pumping the preflush and
post-flush from the CT. Also, while conducting the pre-stimu-
lation and post-stimulation injection via the annulus for the
PTA, WHP was 1,400 psi and 900 psi, respectively, at 6.42
bbl/min. After stimulation, the well was put on injection of
14,000 B/D at 1,010 psi WHP.
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ABSTRACT

This article is focused on the main results from a computational
modeling effort to study the effects of magnetohydrodynamics
(MHD) on fluid and heat flow characteristics in pipes, using a
zero-equation turbulence model. MHD forces are an inherent
part of some processes, such as nuclear reactors. MHD can also
be used externally to reduce or increase the heat transfer in
other applications, including the stirring of molten metal, tur-
bulence control in induction furnaces, the damping of buoy-
ancy-driven flow during solidification and the shaping of steel
ingots. This article describes how the magnetic field effect is
applied to a conductive fluid, which results in what is known
as the Lorentz force, and how it alters both hydrodynamic and
thermal boundary layers.

This work involved simulating fully developed, Reynolds
averaged, turbulent MHD pipe flows with wall heating. Uncer-
tainty was approximated through grid independence and
model validation. The effects of the Reynolds, Hartmann and
Prandt]l numbers on heat transfer characteristics were investi-
gated. With an increasing Hartmann number, heat transfer was
found to increase toward the side layer. Increasing the Prandtl
number was shown to enhance heat transfer. Increasing the
Reynolds number decreased the effect of the Hartmann num-
ber. Heat exchanger enhancement by MHD can potentially
find practical applications, since MHD can increase heat trans-
fer in pipes, although at the cost of greater pressure drop.

INTRODUCTION

The technique for controlling boundary layers by means of an
electromagnetic force known as the Lorentz force is useful for
controlling fluid and heat flows. The technique is relatively old,
tracing its origins to the mid-1930s!-3. Interest in the technique has
revived in recent years, and more numerical and experimental
investigations have been carried out, benefiting from the rapid
advancement in computational simulation. Applications include
reducing the drag of blunt bodies in seawater, and enhancing
liquid delivery in pipes and cooling in nuclear reactors. Recent
work* has been done on fusion reactors and magnetohydrody-
namics (MHD) flow. In studies, MHD flows in ducts are divided
into three regions: The core region, the Hartmann layer and
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Fig. 1. Three distinct regions of MHD flow in a duct.

the side layer, Fig. 1.
Viscous forces are negligible in the core region where velocity



is nearly constant. Near the solid wall, the shear stress is high
due to viscous forces and the magnetic force’s interaction in
the Hartmann layer (normal to the applied magnetic field).
The flow structure in the side layer is strongly dependent on
the wall conductance and the current density distribution of
the applied field.

The objective of the current work is to characterize flow
and heat transfer in pipes in the presence of a transverse
magnetic field, and to provide correlations as functions of
Reynolds, Prandtl and Hartmann numbers. A range of
Reynolds numbers from 500 to 100,000 will be investigated,
as will the Prandtl numbers of 0.1 and 1.0, and the Hartmann
numbers of 0, 10 and 100.

In a MHD duct flow, the flow speed in the side layers is
higher than that in the other two regions, forming what is
known as M-shaped velocity profiles. Due to its fundamental
and practical importance, the effect of MHD on turbulence
has drawn special attention. Moffat (1967)3 was the first to
show analytically that turbulent velocity fluctuations can be
damped by applying a uniform magnetic field. Fraim and
Heiser (1968)° studied the influence of a high intensity mag-
netic field on the turbulent flow of liquid mercury in a circular
duct. The strength of the magnetic field plays a major role in
turbulence generation as well as its suppression.

Experimental work® has shown that the magnetic force,
when applied in the flow direction of an electrically conduct-
ing fluid, produces an increase in the velocity field near the
wall; the thickness of the boundary layer is reduced, as well as
its turbulence fluctuations. The generated electromagnetic
force also increases the mean wall shear stress and reduces tur-
bulence. The effect of applying a MHD force on turbulent salt-
water in a channeled flow has been studied”. Their results
show that the drag is reduced when a Lorentz force is applied.

The energy needed to generate the Lorentz force is much
higher than the energy saved due to the reduced drag. Ya-
mamoto et al. (2008)8 studied the flow and heat characteristics
of fluids having a low magnetic Reynolds number and Prandtl
number. Their work utilized direct numerical simulation and
the k-€ model simulation of MHD flow. They found that the
similarity law between the velocity and the temperature pro-
files was not satisfied with an increasing of the Hartmann
number, especially near the critical Hartmann condition
needed to maintain turbulent flow. At higher Reynolds number
conditions, MHD models coupled with the k-&¢ model were
able to reproduce the MHD pressure loss trend with an in-

creasing Hartmann number.
THEORY AND METHODOLOGY

Hannes Alfvén was the first to introduce the term “Magneto-
hydrodynamics.” He described astrophysical phenomena as
belonging to an independent scientific discipline. The official
birth of incompressible fluid MHDs came in 1936-1937 when
Julius Hartmann and Freimut Lazarus performed theoretical

and experimental studies of MHD flows in ducts. The most
appropriate name for the different phenomena would be
“MagnetoFluidMechanics,” but the original name of “Magne-
tohydrodynamics” is still generally used. MHD deals with the
dynamics of electrically conducting fluids and their interac-
tions with magnetic fields. Table 1 shows various electrically
conducting fluids.

The velocity field, v, and the magnetic field, B, are coupled.
Any movement of a conducting material in a magnetic field
generates electric currents, J, which in turn induce a magnetic
field. Each unit volume of liquid having ]| and B experiences an
MHD force, ~] x B, known as the “Lorentz force,” Fig. 2.

MHD is divided into two distinct areas of interest: The MHD
accelerators, which accelerate fluids through the Lorentz force,
J x B, Fig. 3; and the MHD generators, which convert the kinetic
energy of a fluid and its enthalpy into electricity. The study in
this article is focused on the MHD accelerators.

The mathematical model consisted of the following
Reynolds averaged Navier-Stokes and electric potential equa-

tions:
Continuity:
- 1
Vu=0 )

Liquid o, {1/Q.m}
Weak electrolytes 10*to 102
Strong electrolytes 10" to 102
Water + 25% NacCl (20 °C) 21.6
Pure H,S0O, (20 °Q) 73.6
Molten salts ~150
(FLiNaBe, FLiBe at 500 °C)
Liquid metals 10° to 107
Mercury (20 °C) 1.0 x 108

Table 1. Electrical conductivities of some fluids that have the potential to interact
with a magnetic field

Fig. 2. Vector representation of MHD flows in a duct.
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Fig. 3. MHD accelerators application.

Momentum:

pu Vii=pg-Vp + J XB +uv’u 2)
Conservation of Charge:

VeJ=0 (3)
Ohm’s Law:

J=0(-Vo+i xB) (4)
Energy:

uvT =av’T ()

Assumptions

1. The viscous dissipation and Joule heating are neglected in
the energy equation.

2. The interaction of the induced magnetic field with the flow
is negligible compared with the interaction of the applied
magnetic field with the flow.

3. The flows are fully developed both hydrodynamically and
thermally, and in a 2D cylindrical coordinate system.

4. The density, viscosity, specific heat and thermal conductivity
of the liquid and the electrical conductivity are constant.

A commercial computational fluid dynamics (CFD) code
was used in this study. The structured grid was built in a Gam-
bit preprocessing environment. The mesh comprised 20,000,
30,000 and 40,000 hybrid cells. Figure 4 shows the physical
geometry of the pipe. Figure 5 shows computational simula-
tions of mesh quality and varied wall thicknesses. The numeri-
cal modeling was carried out using the Semi-Implicit Method
for Pressure Linked Equations (SIMPLE) algorithm. SIMPLE is
a widely used numerical procedure to solve the Navier-Stokes
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Fig. 4. Cross section of the pipe (first quadrant) with the constant field vector, B.

Fig. 5. Computational grid sizes with varied wall thicknesses.

equations’ and second order schemes. The linearized equations
were solved by employing the Gauss-Seidel technique with an
algebraic multi-grid scheme!®.

There are two sources of uncertainty in CFD, modeling un-
certainty and numerical uncertainty!!. Modeling uncertainty
can be approximated through theoretical or experimental vali-
dation, while numerical uncertainty can be approximated
through grid independence. The velocity distributions in Figs.
6 and 7 show grid independence and model validation for the
cases without and with a magnetic field, respectively. The nu-
merical prediction with 40,000 cells is within +5%. Therefore,
we assumed the modeling uncertainty to be +5%.

Grid independence and model validation were based on the
solution of Gold (1962)!. Velocity distribution, pressure drop,
inductive electric current density distribution and heat transfer
characteristics were produced to clarify the mechanisms of
asymmetric heat transfer in liquid MHD flow. The side layers,
where the velocity is increased, are formed in the liquid film



Fig. 6. Velocity distribution in the transverse direction without a magnetic field:

(a) published, and (b) computed.

near the side walls. The side layers become thinner in the di-
rection perpendicular to the magnetic field with an increase in
the applied field strength.

The dimensionless parameters used are defined as follows:

e Reynolds number: The ratio of the inertial to the
viscous forces in the flow.

Re = pUD/u ()

e Prandtl number: The ratio of momentum diffusivity to

Fig. 7. Velocity distribution in the transverse direction with magnetic field; Prandtl
number = 0.1, Hartmann number = 63, and Reynolds number = 200.

thermal diffusivity.

Pr=t )
o

e Hartmann number: The ratio of the electromagnetic
force to the viscous force.

Ha = BL\/§ (8)

e Nusselt number: The ratio of convective to conductive
heat transfer.

Ny = }%) 9)

Correlations were developed as functions of wall thickness
and Reynolds, Prandtl and Hartmann numbers for a total of
72 cases. The test matrix is shown in Table 2.

RESULTS AND DISCUSSION

Laminar Flow

Figure 8 shows the laminar flow simulation results with zero
wall thickness at a Reynolds number of 500, at a Prandtl number

Wall Thickness Reynolds Prandtl Hartmann
(t/D) Number Number Number
0.00 500 0.1 0
0.01 5,000 1.0 10
0.10 10,000 100

100,000

Table 2. Matrix for the numerical simulations performed
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Fig. 10. Normalized friction factor along the wall of the pipe.

Fig. 8. The “Laminar Case.”

of 1 and at three values of the Hartmann number, 0, 10 and
100.

Figure 9 shows the predicted heat transfer as enhanced at a
higher Hartmann number and lower wall thickness.

Figure 10 shows that the computed friction factor is re-
duced in the pipe’s centerline and at a lower wall thickness.

Fig. 9. Normalized Nu along the wall of the pipe.
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Turbulent Flow

Assuming that the magnetic force has no effect on turbulence,
the turbulent flow can be determined based on the pressure
drop given by the Moody’s chart. The procedure used for cal-
culating the turbulent flow field is as follows.
e Determine the friction factor from the Moody’s chart
for smooth pipe at a specified Reynolds number, Re.

o Determine the pressure drop from the correlation.

o Adjust the shear stress to satisfy continuity.

dP_ 1
dx =5D fpu? (10)

By replacing the molecular viscosity in the momentum equa-
tion with the effective viscosity, W.¢, we define the eddy viscos-
ity ratio (EVR) as a given value. Then the momentum equation

becomes:
p i Vii=pg—Vp+T xB+pyy Vit (11)

Using the turbulent Pr, = 0.87, we evaluate the turbulent
thermal conductivity, &, as:

k., =k +k, (12)
ke =11 (13)
Pr,
_He
£ = 1 (14)
ke = & (15)
0.87

So, the thermal boundary condition becomes:



(&) =1 (16)
or’/r=R k off

Figure 11 shows a contour comparison of velocity, electric
potential and temperature for both the laminar flow case at a
Reynolds number of 500 and the turbulent flow case at a
Reynolds number of 100,000. The Prandtl number was set at
1, and wall thickness was zero. The electric potential resembles
the force working against the fluid, slowing it down in the red

colored region of the contour plot.
Heat Transfer

Figure 12 shows the turbulent flow results for the Nusselt
number at Reynolds number = 5,000, EVR = 2.05 and k, =
0.2356. Maximum heat transfer enhancement occurs at Hart-
mann number = 100 and zero wall thickness. Table 3 shows
the computed values of the simulation’s parameters.

Figure 13 shows the turbulent flow results for the Nusselt
number at Reynolds number = 10,000, EVR = 3.84 and k, =
0.22. Maximum heat transfer enhancement occurs at Hart-
mann number = 100 and zero wall thickness. Table 4 shows
the computed values of the simulation parameters.

Figure 14 shows the turbulent flow results for the Nusselt
number at Reynolds number = 100,000, EVR = 26.8 and

Fig. 11. The effect of magnetic field on fluid and heat flows.

k, = 0.154. Maximum heat transfer enhancement occurs at

Hartmann number = 100 and zero wall thickness. Table §

shows the computed values of the simulation parameters.

Fig. 12. Nusselt number variations along the pipe circumference; Reynolds
number = 5,000, Prandtl number = 1.

Case Ha [B] AP {Pa/m} {m/s}
1 0[0T] 0.61 0.250008
2 10 [0.16 T] 1.27 0.249
3 100 [0.5T] 12.3 0.248

Table 3. Simulation run’s parameters for the Nusselt number variation curves of
Fig. 12; Reynolds number = 5,000, Prandtl number = 1

Fig. 13. Nusselt number variations along the pipe circumference; Reynolds

number = 10,000, Prandtl number = 1.

Case Ha [B] AP {Pa/m} {m/s}
1 0[0T] 0.484 0.250008
2 10[0.16 T] 0.83 0.249
3 100 [0.5T] 8.16 0.248

Table 4. Simulation run’s parameters for the Nusselt number variation curves of
Fig. 13, Reynolds number = 10,000, Prandtl number = 1
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Fig. 14. Nusselt number variations along the pipe circumference; Reynolds
number = 100,000, Prandtl number = 1.

Fig. 15. Pressure drop vs. Hartmann number at varied Reynolds numbers and
wall thickness.

Case Ha [B] AP {Pa/m} {m/s}
1 0[0T] 0.484 0.250008
2 10[0.16 T] 0.83 0.249
3 100 [0.5T] 8.16 0.248

Table 5. Simulation run’s parameters for the Nusselt number variation curves of
Fig. 14; Reynolds number = 100,000, Prandtl number = 1

Pressure Drop

The pressure drop was calculated from Eqn. 10 and Eqn. 17,
where the friction factor follows the Moody diagram for
smooth pipe; it is adjustable based on roughness.

1 6.9 e/DN\1.11
7]7:_1'8[’05,[1764_(3__7) ] (17)

Figure 15 shows that at low Reynolds numbers and high
pipe wall thickness, a higher pressure drop occurs. Table 6
shows the computed values of the pressure drop.

CONCLUSIONS

The flow of conductive liquid in a circular pipe subjected to a
transverse magnetic field was computed using a commercial
CFD code. Under the assumption that the turbulence was not
being affected by the magnetic field, it was found that the heat
transfer at the pipe wall can be enhanced significantly due to
the effect of the Lorentz force.

The heat transfer enhancement was found higher in laminar
flow conditions. In turbulent conditions, the computations
found that the side layers of flow were squeezed in a direction
perpendicular to the applied magnetic field — a stream-wise
direction.

Although heat transfer enhancement could be achieved, the
simulation showed that this enhancement comes at the cost of
increasing the pressure drop by an order of magnitude or

higher.
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Thickness (t/D) = 0.0 Thickness (t/D) = 0.01 Thickness (t/D) = 0.1
Re
5,000 10,000 100,000 5,000 10,000 100,000 5,000 10,000 100,000
Ha
0 0.61 0.484 0.278 0.61 0.484 0.278 0.61 0.484 0.278
10 1.27 0.83 0.313 1.275 0.83 0.313 1.32 0.85 0.316
100 12.3 8.16 2.175 13.3 8.55 2.19 23.7 13.6 2.57

Table 6. Calculated numerical values of pressure drop {Pa/m} vs. Hartmann number
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NOMENCLATURE
B,B  magnetic field (T)
specific heat (kJ/kg-K)
pipe diameter (m)

[SNs
=

absolute roughness (mm)

force (N)

friction factor

Earth gravitational acceleration (m/s?)

=)

magnetic field strength (A/m)
convective heat transfer coefficient (W/m?2-K)

-v:wxmm

electric current density (A/m?2)
thermal conductivity (W/m-K)

o
~

characteristic length scale (m)
pressure (Pa)

polar coordinate axis (m)

heat transfer rate (W)

temperature (K)

thickness of pipe wall (m)

velocity (m/s)

Cartesian coordinate axis, x-axis (m)

R g YT A

=1
()

Cartesian coordinate axis, y-axis (m)
thermal diffusivity (m?2/s)

ratio of turbulent to laminar viscosity
electric potential (volt)

polar coordinate angle (rad)
dynamic viscosity (kg/m-s)

magnetic permeability (N/A?2)
kinematic viscosity (m?/s)

density (kg/m?)

electric conductivity (1/Q - m)

shear stress (N/m?)

4“9V <ETT QO8 ™R X

SUBSCRIPTS

eff effective

/ laminar

L Lorentz

p constant pressure
t turbulent

. free stream
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ABSTRACT

A case history is presented for a horizontal injector well drilled
at the base of a moveable oil column on top of a tar mat in a
carbonate oil reservoir in the Middle East. The well was placed
utilizing real-time logging-while-drilling (LWD) nuclear mag-
netic resonance (NMR) oil viscosity correlations and forma-
tion tester mobility data.

As this was a pilot water injector placed at an oil/tar inter-
face with limited historic oil viscosity vs. depth data, obtaining
quality calibration oil samples was considered critical. Both
LWD and pipe conveyed tough logging conditions (TLC) for-
mation tester data sets were acquired. Consequently, direct
comparisons of LWD acquired and TLC acquired formation
pressures and formation mobilities were possible. The compar-
ison proved the reliability of the LWD formation mobility
data. The LWD measured formation pressures, however, were
supercharged compared to the TLC formation tester measured
formation pressures, which were largely in line with expected
formation pressures.

The oil viscosity results from the TLC formation tester in situ
viscosity fluid analyzer and from the NMR viscosity correlation
compared favorably with the laboratory results from the fluid
samples acquired by the TLC formation tester. This indicates
that accurate real-time in situ fluid property determination is
possible with a modern formation tester and NMR tools.

In this reservoir, during the early phase of acquiring oil vis-
cosity vs. depth data at the oil/tar transition zone, the main les-
son learned was that the deeper section of the case study well
contained higher asphaltene content, which caused the well-
bore plugging that prevented reservoir access after suspending
the well for tie-in. A clean out operation was unsuccessful, as
plugging reoccurred. Current plans are for the well to be side-
tracked again in the 3 centipoise (cP) to 20 ¢P oil interval at
the top portion of the oil/tar transition zone.

INTRODUCTION

In Saudi Arabian oil fields with reservoir situations where
heavy oil zones/tar mats exist, logging-while-drilling (LWD)
formation tester mobility steering is commonly used for opti-
mization of water injector well placement!*. The mobility

measurements from the LWD formation tester are stationary
measurements that require halting the actual drilling opera-
tion. These point tests, typically measured at regular intervals
of a few hundred feet during drilling of the reservoir section,
are used as positive proof that the well has not entered into the
low mobility or immobile reservoir interval of high viscosity
heavy oil/tar located below the recoverable oil in the reservoir.

In heavy oil/tar mat applications, the availability of real-
time LWD nuclear magnetic resonance (NMR) measurements
provides relatively strong evidence of heavy oil/tar. As de-
scribed elsewhere® ¢, tar can be detected using the missing
porosity tar indicator and excess bound fluid concept. More-
over, a fairly robust NMR oil viscosity correlation has been de-
veloped” that allows for estimation of the oil viscosity on the
basis of the real-time LWD NMR data. In Saudi Aramco well
placement operations, the LWD NMR data is routinely
processed twice a day for oil viscosity determination. If the
missing porosity and/or excess bound fluid tar detectors
indicate heavier oil at the drill bit, the drilling operation is
stopped. The formation tester then acquires mobility measure-
ments, and the oil viscosity correlation algorithm is run for
validation. If the measurements confirm high viscosity/low mo-
bility, a decision is made to drill stratigraphically upward to
return the drill bit to the lower viscosity in situ oil.

In this reservoir, only limited historic oil viscosity vs. depth
data at the actual oil/tar interface was available. As the well
described in this article was a pilot water injector placed at the
interface, obtaining calibration oil samples was considered
critical. The NMR viscosity correlation” had been developed
on the basis of samples from a different Saudi Arabian oil field
with a similar tar mat problem. Therefore, it was necessary to
verify that the NMR oil viscosity correlation provided reason-
able results in this particular reservoir. Fluid samples were
acquired using the pipe conveyed tough logging conditions
(TLC) formation tester and tested in the laboratory to allow
comparison of the actual laboratory oil viscosity and density
results with the fluid analyzer viscosity and density measure-
ments from the TLC formation tester, as well as with the oil
viscosity calculated from the NMR viscosity correlation.

Since LWD formation tester data was already being ac-
quired for mobility steering purposes and a TLC formation
tester run was necessary to obtain the calibration fluid samples,
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a unique opportunity presented itself to acquire LWD and TLC
formation pressure and formation mobility measurements at
the same depths and to compare the two data sets for valida-
tion purposes.

Because Saudi Arabian water injector well placement case
histories utilizing formation testers and NMR data have previ-

d® 8.2 — and the intent in this article is not

ously been publishe
to share the same operational information as in the previous
articles — the actual well placement of this pilot water injector
well is only briefly described as required for context. The focus
of this publication is to present the in situ oil characterization
obtained from both formation tester evaluation and NMR

data, including validation with oil sample laboratory results.

FIELD DESCRIPTION AND THE HEAVY RESERVOIR
DEVELOPMENT HISTORY

The well described in this article was drilled in a giant mature
oil field in the Kingdom of Saudi Arabia. The field was discov-
ered in the early 1940s and has mainly been produced from
two large fractured carbonate oil reservoirs'® 11, The field con-
tains various other hydrocarbon-bearing reservoirs. Many of
these hydrocarbon reservoirs are associated with a high-relief
dome structure!®. Saudi Aramco is currently pursuing further
delineation, including pilot production and injection programs,
for several of these secondary reservoirs with the intent to
cost-effectively produce all hydrocarbons through the existing
infrastructure!2. As the field is mature and the infrastructure is
ageing, optimum value can only be achieved by not delaying
the investment in the secondary reservoir development wells
too far into the future!?,

One of the dome structure reservoirs, the “Heavy” reser-
voir, is an ample heavy oil accumulation located above the two
main producing horizons'?. This heavy oil accumulation was
discovered in 1941 and has been produced since 194713, Due
to the ease of operations in extracting oil from the main pro-
ducing horizons — and other highly prolific Saudi Arabian gi-
ant oil fields — the Heavy reservoir is at this point virtually
undepleted!?. An extensive data acquisition program that has
taken place over the past few years made it clear that the mo-
bile heavy oil is under laid by 300 ft of tar, which totally sepa-
rates the oil column from the aquifer’3. In 2010, the first pilot
injector well was placed at the oil/tar interface. This pilot wa-
ter injector is the case history well presented in this publication.

OIL CLASSIFICATION AND PHYSICAL OIL PROPERTIES
Crude Oil Classification

£

The terminologies “heavy oil,” “tar,” “bitumen” and “as-
phalt” are not consistently applied in the oil industry. Different
definitions exist, but many apply these terms almost inter-
changeably. A U.S. Geologic Survey (USGS) Fact Sheet!'* sug-

gests one approach to defining the petroleum types, Fig. 1.
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A study group formed by the World Petroleum Congress
(WPC) in 1980, with representatives from the five WPC mem-
ber countries (Canada, the Netherlands, the United Kingdom,
the United States and Venezuela), reviewed the oil and gas
classification and nomenclature systems used by various coun-
tries and recommended the universal adoption of the classifica-
tion presented in Table 1135, The Society of Petroleum
Engineers (SPE) has adopted the WPC definitions as appropri-

ate for reserves and resource management purposes'®.

Physical Properties and Conditions Affecting In Situ
Oil Viscosity

The in situ oil viscosity is dependent upon the gas-free (dead)
oil viscosity and the amount of dissolved gas in the oil, i.e., the
solution gas-oil ratio (GOR), measured in standard cubic feet
per standard barrel (scf/sbbl). Two classic charts, Fig. 2 and
Fig. 3, demonstrate the effects that the oil API gravity, reser-
voir temperature and GOR have on in situ oil viscosity.

The correlation from Beal (1946)!7, Fig. 2, is used to find
the gas-free crude viscosity at reservoir temperature as a func-
tion of API gravity. The chart shown in the figure is repro-
duced from Standing’s (1974)'8 student chart book. Professor
Standing based his chart on the version in the Petroleum Pro-
duction Handbook (1962)" rather than Beal’s more compli-
cated original. Beal’s correlation was based on 953 crude oil
samples taken from 747 different oil fields, including approxi-
mately 500 U.S. fields.

The dead oil viscosity, as determined from Fig. 2, is then ad-
justed for the amount of solution gas the crude contains in the
reservoir by means of the correlation from Chew and Connally
(1959)20, Fig. 3, which determines the in situ oil viscosity at
saturation conditions. Figure 3 is also reproduced from Stand-
ing (1974)'8. Chew and Connally’s correlation was based on
456 crude samples, mainly from U.S. reservoirs, but the sample

Fig. 1. Definition of petroleum types'?.

Crude Minimum API Maximum API
Classification (degrees) (degrees)
Light Oil 31.1° N/A
Medium Qil 22.3° 31.1°
Heavy Oil 10° 22.3°
Extra Heavy Oil N/A 10°

Table 1. WPC crude classification'’




Fig. 2. Beal’s gas-free (dead) oil viscosity correlationl”-19,

Fig. 3. Chew and Connally’s gas saturated (live) crude viscosity correlation!$ 20,

set also included ~20 Canadian and South American samples.

If the reservoir pressure is greater than the saturation (bub-
ble point) pressure, a further adjustment (increase) of the oil
viscosity is required to account for the degree of undersatura-
tion at reservoir conditions.

Heavy Reservoir: Crude Classification and In Situ Oil
Viscosity

Table 2 presents the actual fluid data for the Heavy reservoir,
or the mobile oil column located above the tar mat. Based on
the USGS crude definitions'4, this oil is classified as light oil.
The WPC classification!® defines this crude as medium oil.

Based on the data reported in Table 2, using the API gravity
and reservoir temperature as input for Beal’s correlation in Fig.
2, the estimated dead oil viscosity is ~3 centipoise (cP). Using
this estimated dead oil viscosity and the reported solution
GOR, the estimated in situ oil viscosity at saturation pressure
determined from Chew and Connally’s correlation in Fig. 3 is
~2 cP.

Figure 4 presents the actual laboratory oil viscosity results
for the Heavy reservoir at reservoir temperature as a function
of pressure above crude saturation pressure, i.e., undersatura-
tion pressure. The presented curve is a linear regression curve
based on data from four fluid samples.

Using Beal’s correlation combined with Chew and Con-
nally’s correlation for approximating the in situ oil viscosity
appears to work reasonably well for the lighter Heavy reser-
voir crude located above the tar mat. As has been pointed
out?!, however, these correlations do not consider the chemical
nature of the hydrocarbons that make up the crude part of the
reservoir oil. The actual chemistry is important in predicting
liquid hydrocarbon viscosity behavior, particularly when the
fraction of heavier components starts to increase dramatically
at the oil/tar interface.

Fluid Parameter Data Unit

API Gravity 27.4 °API

Field Solution GOR 145 scf/bbl
Flash Solution GOR 205 scf/bbl
Reservoir Temperature 215 °F

Table 2. Heavy reservoir fluid properties

Fig. 4. Heavy reservoir crude viscosity at reservoir temperature as a function of
the degree of undersaturation.
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Below the Oil/Tar Interface: State-of-the-Art Heavy
Oil/Asphaltene Science

In recent years, the understanding of the asphaltene’s molecular
properties, especially the distribution of asphaltene molecular
weight, has considerably improved. The increased asphaltene
understanding is a result of research and field studies conducted
by Schlumberger’s Oliver Mullins et al.?22°, Andrew Pomer-
antz et al.3% 31 and Julian Zuo et al.3? 33 together with Saudi
Aramco’s Doug Seifert et al.>* 3% and co-researchers from service/
operating companies, universities>® 37 and research affiliations.
A key concept in this research is that the asphaltene’s aggre-
gate structures, first found in laboratory solvents, are also
found in crude oils. A simple representation of the molecular
and colloidal structures of asphaltenes in crude oils and
laboratory solvents was first published as the modified Yen
model??, named after the founder of modern asphaltene sci-
ence, the Chinese professor Teh Fu Yen. This published model

8. The predominant

was later renamed the Yen-Mullins mode
molecular and colloidal structures of asphaltenes, as presented
in the Yen-Mullins model??, are shown in Fig. S, which indi-
cates that at low concentrations, as in condensates, asphaltenes
are dispersed as a true molecular solution (left); for black oils,
asphaltenes are dispersed as nanoaggregates of molecules (cen-
ter); and for heavy oils, asphaltenes are dispersed as clusters of
nanoaggregates (right).

Figure 6 displays the percent of asphaltene in an oil/tar tran-
sition zone for a giant Saudi Arabian Jurassic oil field. The oil
samples used for deriving the previously mentioned NMR vis-
cosity correlation” were obtained from this oil field. As pre-
sented in Fig. 6, the oil/tar transition zone from the mobile oil
zone (asphaltene ~3%) to the immobile tar mat (asphaltene >
35%) in this oil field is approximately 275 ft true vertical
depth (TVD).

A new asphaltene equation of state (EoS), the Flory-Hug-
gins-Zuo (FHZ) EoS, has been developed as part of this re-
search3% 33, With the particle size known, the effect of gravity
can be determined. As described by Archimedes buoyancy, the
asphaltene particles are negatively buoyant in the smaller parti-
cle crude oil. In the FHZ EoS, the gravity term — given by
Archimedes buoyancy in the Boltzmann distribution — is com-
bined with a chemical solubility term and an entropy term to
fully describe the asphaltene behavior.

Fig. 5. The Yen-Mullins asphaltenes model?2.
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Fig. 6. Aspalthene percentage as a function of depth in a Saudi Arabian oil field>”-
28, 34, 35,

Application of Heavy Reservoir Case Study Well Fluid
Samples

The purpose of acquiring the fluid samples from the case study
well was to gain understanding of the asphaltene percent vs.
depth at the oil/tar interface and the resulting oil viscosity rela-
tionship. This new knowledge of the crude’s chemical nature
will improve pre-drilling trajectory planning for future hori-
zontal water injector wells and allow fine-tuning of the NMR
viscosity correlation” to data from this field. After the correla-
tion has been tuned with further crude samples, the NMR
crude viscosities measured from all wells will be used with
NMR data in this reservoir for a spatial oil property character-
ization. The tuned NMR viscosity correlation will also en-
hance the real-time mobility steering when placing new water
injector wells. If required, once the actual asphaltene percent-
age vs. depth for this field is known, an FHZ EoS can be cali-
brated to further enhance the spatial understanding of the

oil/tar transition zone.

HEAVY RESERVOIR: HEAVY OIL AND TAR INDICATORS

Triple Combo and NMR Data Tar Indicators

Conventional log interpretation to detect viscosity variations is
limited to qualitative observations, such as noting washouts in
caliper logs, diminished invasion and/or unusual vertical distri-
butions of water and oil. These circumstantial relationships do
not provide operationally reliable viscosity estimations. The
problem is illustrated in the side-by-side comparison of two
evaluation wells, Well-1 and Well-2, drilled in the same reser-
voir as the case history pilot water injector, Fig. 7. The top in-
terval in the Heavy reservoir for Well-1 was 425 ft above the
target entry for the pilot water injector well, while Well-2 pen-
etrated the structure 155 ft deeper than the case history well.
Despite the 680 ft difference in structural elevation between



Fig. 7. Well-1 (left) and Well-2 (right) porosity and NMR logs.

the two wells, the conventional logs and the calculated total
and water-filled porosity are remarkably similar, as seen in
Tracks 1, 2 and 5 of Fig. 7. Well-2 may indicate heavy oil with
less water-based mud (WBM) invasion and more borehole ir-
regularities in the caliper logs than Well-1, but these effects
could also result from differences in drilling conditions and
formation permeability instead of fluid property variations.

Since the advent of NMR logging, the strong and unique
connection between oil viscosity and NMR relaxation times
has been the underpinning of a number of powerful downhole
viscosity evaluation techniques® 7> 3¢, For this case study, the
volumetric decomposition approach” was utilized. This
method has been implemented for operational use in other
Saudi Arabian fields with similar reservoir conditions. The al-
gorithm uses conventional total and water-filled porosity, and
NMR total and bound fluid porosities as inputs, and calculates
three oil volumes differentiated by their NMR properties. The
heaviest part, shown in black in Track 8, relaxes too fast to be
measured by NMR tools. The second intermediate component
appears as bound fluid in the NMR spectrum, whereas the
light constituent contributes to the NMR free fluid signature.
These intermediate and light components are shown in Track 8
as medium and light green, respectively. The relative contribu-
tions of medium and heavy components have been calibrated
with laboratory viscosity measurements of oil samples taken
by downhole formation testers”.

The NMR-based volumetric calculations and viscosity tracks
reveal a striking difference between Well-1 and Well-2. Well-1
indicates mostly light oils in the entire reservoir, whereas Well-
2 presents significant volumes of medium and heavy compo-
nents with a downward-trending decrease of light components
to where the significant missing NMR porosity indicates very

heavy oils toward the bottom of the reservoir. Well-1 and
Well-2 practically demonstrate the oil viscosity endpoints for
the Heavy reservoir. Other wells are expected to display oil
viscosities somewhere in between these two extremities.

Heavy Oil Formation Tester Response

Prior to drilling the case study well, wireline or LWD forma-
tion testers were run in a total of nine wells. Figure 8 presents
the formation pressure results. The reported formation pres-
sures are shown relative to the saturation pressure of the
Heavy reservoir crude, and the TVD scale is the same as in Fig.
7, i.e., relative to the entry point of the case study well. The
Well-1 pressure profile is shown as green squares. The meas-
ured data points form a clear oil gradient consistent with the
oil sample results reported in Table 2. The Well-2 pressure

Fig. 8. Heavy reservoir formation pressure results for nine wells.
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results, displayed as black squares, were all supercharged.

Wells 3 to 5 display distinct oil gradients similar to that ob-
served with the Well-1 measurements. The wells do not plot on
the same gradient due to slight location dependent reservoir
pressure differences, caused by production pressure depletion
effects. All these wells are clearly drilled in the mobile oil col-
umn of the Heavy reservoir.

Wells 6 to 8 all demonstrate the same supercharged effect as
observed for Well-2. Some Well-7 pressure points were also re-
ported as tight or not built up. The pressures were reported as
supercharged if the measured pressure was within 100 psi of
the static mud pressure or measured higher than the original
reservoir pressure prior to the 1947 production startup. The
pressure points flagged as supercharged have been set to the
same pressure for illustration purposes rather than using the
actual measured pressure, which is only indicative of the static
mud pressure at the time of the measurements. The NMR data
for these three wells all show the typical missing porosity and
excess bound fluid tar indicators. In essence, the supercharged
effect reported by the formation tester can be considered an-
other heavy oil/tar indicator.

The formation tester pressure data for Well-9 form a water
gradient consistent with the regional aquifer’s water salinity.
There has been no historic water injection into the Heavy
reservoir. Subsequent to Well-9, two additional aquifer wells,
one well drilled 40 km (25 miles) away, confirmed that the
data of Well-9 was in line with the original aquifer pressure.

The data presented in Fig. 8 reveals that the Heavy reservoir
oil column and aquifer are separated by 300 ft TVD of heavy
oil/tar'3, which also acts as a pressure barrier. The oil reservoir
is ~350 psi to 400 psi depleted due to production, while the
aquifer is at its original pressure.

THE CASE STUDY HEAVY RESERVOIR PILOT WATER
INJECTOR WELL

Well Placement and Formation Tester Results

As previously shown in Fig. 8, prior to drilling the pilot water
injector well, the bottom pressure point from Well-5 defined
the lowest known limit of the mobile oil column as slightly be-
low the zero reference depth. The top supercharged pressure
point from Well-6 was located ~50 ft below the reference
depth. Figure 9 shows these pressure results on an enlarged
depth scale. This 50 ft depth band was defined as the target
interval for the case study injector.

During placement of the pilot water injector, Well-10, LWD
formation tester data was acquired. These results are presented
in Fig. 9 with the yellow “X” symbols. Some of these pressure
points were supercharged, while other measurements did not
meet the supercharged criteria. It is not possible to draw any
gradients from these scattered pressure points.

Because obtaining calibration oil samples was considered
critical to the understanding of this complex fluid system, a
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Fig. 9. Well-10 case study injector formation tester results.

TLC formation tester data set was also acquired. The Well-10
TLC pressure data are shown as black-outlined white triangles
in Fig. 9. While the LWD measured formation pressures were
largely supercharged, the TLC formation tester measured for-
mation pressures were principally in line with expected forma-
tion pressure. The TLC data is more scattered than the
observed pressures for the oil column wells — Well-1 and
Wells 3 to 5 — but an apparent extension of the Well-1 gradi-
ent line is evident. The deviation from the gradient line with
depth is expected, a result of the increased percent of as-
phaltenes as a function of depth.

Acquiring the two data sets made a comparison of LWD
and TLC acquired formation pressures possible. The pressure
results vs. depth are shown in Fig. 9. The selected depths for
the TLC run were purposely picked to be the same as those for
the LWD run to facilitate a direct comparison. Figure 10 is a
comparison plot of the measured pressures. The plot demon-
strates that the pressures measured during the LWD run were
consistently higher than those measured during the TLC run.
The LWD pressure results are considered largely invalid due to
a slight supercharging; the exception is the two pressure points
plotted close to the unit slope comparison line. Regarding the
two LWD pressure points that fully meet the supercharge crite-
ria, it should be noted that they were measured in low mobility

Fig. 10. LWD/TLC formation tester pressure comparison.




rock with some supercharging being apparent, as was also true
for the comparable measured TLC pressures. Some of the
supercharged LWD pressure points presented in Fig. 9 were
skipped during the TLC run; therefore they are not included
on the comparison plot in Fig. 10.

Figure 11 presents a comparison of the LWD and TLC for-
mation mobility measurements. This plot demonstrates a much
better agreement than is the case for the measured pressure
comparison previously presented in Fig. 10. These results are
not intuitive given that even a small depth difference in a car-
bonate can lead to a substantial difference in formation mobil-
ity due to reservoir heterogeneity, while the formation pressure
is not expected to change much. These results indicate reliable
LWD formation mobility measurements, including cases where
the measured pressure is clearly supercharged.

Logs and NMR Results

The impetus for conducting an in situ oil viscosity analysis in
this well is twofold. The first objective is to enhance the under-
standing of reservoir fluids along the well path. The well inter-
sects the boundary between the normal and the supercharged
pressure measurements previously taken using the formation
tester in the field. The NMR viscosity index log could provide
additional support for the reasoning that the normal and su-
percharged pressures are largely driven by oil property varia-
tions. Second, the laboratory viscosity analysis of the TLC
fluid samples in this well could determine whether the pub-
lished correlation between the compositional logs and viscos-
ity” is sufficiently accurate for the Heavy reservoir application.

Figure 12 presents the conventional and NMR log results,
acquired while drilling, on a TVD scale. The well is subdivided
into lobes A, B, C, D, E and E as denoted in Track 5. Note
that although the TVD section is short, the logged interval is
~2,700 ft. A log viscosity analysis is performed only where: (a)
the conventional and NMR logs are of good quality, i.e., free
of spikes and washouts, and (b) the oil-filled porosity is at
least 5% porosity units.

Lobes A and B are clearly dominated by light oils, as evidenced

Fig. 11. LWD/TLC formation tester mobility comparison.

by the long T2 signatures. Lobe C was not processed and inter-
preted for viscosity due to the presence of washouts, as indi-
cated by the caliper log in Track 1, and the large spike at ~10
milliseconds (ms) in the T2 spectrum. Lobe D shows elevated
bound fluids compared to lobe B. This translates to an increase
of an order of magnitude in the viscosity index. A systematic
downward increase in viscosity can be observed within the
lobe. Surprisingly, the top of lobe E shows a slight decrease in
viscosity compared to the bottom of lobe D. Further confirma-
tion is needed to prove whether this is a real phenomenon or a
processing artifact due to the low porosity. Lobe F is clearly
the heaviest component of this log section. The appearance of
missing porosity is similar to that observed in Well-2. Overall,
the NMR analysis in Well-10 demonstrates a remarkable het-
erogeneity in oil viscosity, ranging from a few cP to thousands
of cP.

Oil Sample Results

Table 3 presents the laboratory results from the three oil sam-
ples acquired during the Well-10 TLC formation tester run.
The average pressure-volume-temperature (PVT) parameters
from the oil column above are included for comparison pur-
poses. One sample was taken from lobe B and two samples
were acquired from the top of lobe D. The measured depth dif-
ference between sample 2 and sample 3 was approximately
400 ft. The three actual sample points are marked as black
squares in Fig. 12, Track 9 (sample viscosity).

The three crude samples were taken over an interval of less
than 30 ft TVD. The WPC classification places the top sample
as still being medium crude oil (25.2° API), just slightly heavier
than the crude in the oil column above, but the two lower
samples are classified as heavy oil, 20.4° API and 18.0° API,
respectively. The reported flash GOR and methane (C1) con-
tent remain surprisingly constant with only a slight light end
reduction trend with increasing depth.

Figure 13 displays the asphaltene weight percent (wt%)
plotted vs. depth. It is clear from these plots that the increase
of aspalthenes is quite dramatic over a short vertical depth in-
terval. When asphaltene content exceeds 35 wt%, it is ex-
pected that an impermeable tar mat has been formed. A heavy
oil FHZ EoS has been applied for these data and suggests a
large asphaltene gradient due to gravitational equilibrium,
with cluster-type asphaltene in large particles (6.5 nm).

In the Saudi Arabian field example, Fig. 6, the distance from
10% asphaltene content to the projected oil/tar contact is
~100 ft. In Fig. 13, it is apparent that this distance is signifi-
cantly shorter at < 50 ft. In Fig. 6, the asphaltene content starts
to increase sharply with depth from ~15% asphaltene and up.
This may also be the case in the case study field. It is possible
that the two lower samples were acquired close to an even
more distinct actual oil/tar contact interface. More crude sam-
ples are required to fully understand the asphaltene gradient in
the vicinity of the oil/tar interface in the Heavy reservoir.
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Fig. 12. Well-10 triple combo and NMR log interpretation.

The oil viscosity vs. depth data from Well-10 are presented
in Fig. 14. Despite the content of the lighter hydrocarbons re-
maining relatively constant, the effect of the increase in asphal-
tene percentage creates a very sharp increase in the crude
viscosity.

Using the data from Table 3 as input for the two classic
crude viscosity correlations, Figs. 2 and 3, makes it clear that
Standing (1977)?! is correct in his statement that these correla-
tions do not consider the chemical nature of the hydrocarbons
that make up the crude part of the reservoir oil. For the lower
sample point, the Beal correlation combined with the Chew
and Connally correlation estimates the in situ oil viscosity to
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be 6 cP to 8 cP, while the laboratory measurement of the phys-
ical sample was 45 cP. The reason for this is essentially that the
correlations do not take into account the viscosity effect of
nanoaggregate cluster particles.

Comparison of Measured Crude Sample Data with NMR Oil
Viscosity Correlation and Formation Tester Sampling Data

In Table 4, the in situ oil viscosity and liquid density results
from the TLC formation tester fluid analyzer and the NMR
viscosity correlation are compared with the laboratory results
from the acquired formation tester fluid samples.



Fluid Parameter Oil Column Sample #1 Sample #2 Sample #3 Unit
Sample Reference Depth <0 7 30 34 ft TVD
API Gravity 27.4 25.2 20.4 18.0 °API
Dead Oil Density 891 903 931 947 kg/m?
Crude Classification USGS Light Light Light Heavy
Crude Classification WPC Medium Medium Heavy Heavy
Flash GOR 205 190 183 172 scf/bbl
1 6.4 6.4 6.1 5.7 mole %
C7+ 58 61 64 66 mole %
C10+ 43 46 51 53 mole %
In Situ Liquid Density 818 832 855 N/A kg/m3
Asphaltenes N/A 1 23 24 wt%
In Situ Oil Viscosity ~2 3.2 19 45 cP
Reservoir Temperature 215 215 215 215 °F
Table 3. Well-10 oil samples laboratory results
Fig. 13. Asphaltene wt% vs. depth. Fig. 14. In situ oil viscosity vs. depth.
Fluid Parameter Sample #1 Sample #2 Sample #3 Unit
Sample Reference Depth 7 30 34 ft TVD
Sample In Situ Oil Viscosity 3.2 19 45 cP
NMR Correlation In Situ QOil Viscosity 7.7 38 53 cP
Formation Tester In Situ Fluid Viscosity ~6 24 50 cP
Sample In Situ Liquid Density 832 855 N/A kg/m3
Formation Tester In Situ Liquid Density 850 860 890 kg/m?

Table 4. Well-10 oil samples oil viscosity and liquid density results compared with NMR and formation tester results

Figure 15 presents the NMR oil viscosity correlation plot
based on the VT-08 algorithm in Akkurt et al. (2010)” com-
pared with the sample data. For the log to sample calibration,
the NMR and conventional volumetric logs have been averaged
to the approximate size of the drawdown volume for the strad-
dle packer system around each sample depth. The graphs next
to the log plot in Fig. 12 show the averaged T2 spectrum for

each sample depth, with its geometric mean and calibration
factor (1-F5) calculated by the VT-08 optimization algorithm?.
Differences between these NMR spectra at the sample loca-
tions indicate shorter decays in the heavier crude. Sample 3
shows very good agreement with the prediction. Sample 2 de-
viates by a factor of 2, whereas the VT-08 algorithm overesti-
mates sample 1 oil viscosity by a factor of ~2.5. Although NMR
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logs are of great help in heavy oil detection, it is recommended
to improve the existing oil viscosity correlation, VT-08, with
calibration to lighter oil samples, < 10 cP, and to extend its
validity by including sample results from very heavy oils.
Sampling of heavy oil in a WBM environment is challenging
due to the large viscosity contrasts between drilling fluids and
the formation fluid*’. The high viscosity of the hydrocarbon
phase usually results in high-pressure drawdown. During
WBM formation tester pump out, the high-pressure drawdown
is often compounded by the formation of emulsions due to the
agitation of heavy oil and drilling fluids. For optimum real-
time decisions during sampling, high resolution optical fluid
sensors should be utilized to diagnose the formation of emul-

Fig. 15. NMR oil viscosity correlation plot.

sions and determine oil fraction during cleanup flow. In addi-
tion to the basic parameters of flow rate and flowing pressure,
a large number of supporting parameters are measured during
sampling operations using the modern technology formation
tester to ensure that representative clean samples are acquired.

Figure 16 presents a sampling plot generated while acquir-
ing Sample 3. The flowing pressure and flow rate are repre-
sented with the green and pink lines, respectively. The cyan
marking signifies the in situ fluid viscosity. As Fig. 16 shows,
the measured viscosity was stable at ~50 cP for some time
prior to sampling, which compares favorably with the labora-
tory sample result of 45 cP. As shown in Table 4, a generally
good agreement can be observed for the in situ fluid viscosities
and liquid densities obtained by the formation tester sensors
during sampling, particularly for the two heavier samples. No
laboratory liquid density was measured for Sample 3 due to in-
sufficient sample volume, which in itself illustrates the difficul-
ties often experienced in heavy oil sampling operations.

Lessons Learned from the Case Study Pilot Water
Injector Well

The case study well was drilled at a high angle slant across the
~50 ft TVD section identified, from previous NMR and forma-
tion tester data, as the location of the oil/tar interface. The fo-
cus of this well was to maximize the data acquisition to gain as
much understanding as possible about this interface for use in
future development optimization. The intent was to run a flow
meter after the well was put on injection to determine the
highest crude viscosity that would accept injection water.

The main lesson learned was that the oil/tar transition zone

Fig. 16. Formation tester sampling data plot for Well-10 Sample 3.
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is a lot shorter than observed in other Saudi Arabian reservoirs
with tar mat occurrence. The post-well analyses of the data
acquired suggest a large asphaltene gradient due to gravita-
tional equilibrium, with cluster-type asphaltene with large par-
ticles (6.5 nm) occurring in the bottom ~25 ft TVD of the well.
These large particle asphaltenes subsequently caused the well-
bore plugging that prevented access to the reservoir section af-
ter suspending the well for tie-in. A clean out operation was
unsuccessful as the plugging reoccurred. Current plans are for
the well to be sidetracked again in 3 cP to 20 cP oil at the very
top of the oil/tar transition zone. NMR and mobility steering
will be more actively utilized in future injectors to ensure that
the tar mat is not penetrated to safeguard the ability of the
well to utilize injected water.

CONCLUSIONS

1. The oil/tar transition zone in this reservoir is a lot shorter
than observed in other Saudi Arabian reservoirs with tar
mat occurrence. A large asphaltene gradient due to
gravitational equilibrium is suggested, with cluster-type
asphaltene with large particles (6.5 nm) occurring in the
bottom ~25 ft TVD of the well. These large particle
asphaltenes caused the wellbore plugging that prevented
access to the case study injector reservoir section after
suspending the well for tie-in.

2. NMR and mobility steering will be more actively utilized
in future injectors to ensure that the tar mat is not
penetrated to ensure that the well can be utilized as a water
injector.

3. It is recommended to improve the existing NMR oil
viscosity correlation with calibration to lighter oil samples,
< 10 cP, and to extend its validity by including sample
results from very heavy oils.

4. The formation tester in situ liquid density and fluid
viscosity measurements acquired during sampling are in
realistic agreement with the reservoir crude sample’s PVT
laboratory measurements. This indicates that accurate real-
time in situ fluid property determination is possible with
modern formation tester technology.

5. The mobility data acquired by the LWD formation tester
compared favorably with the TLC acquired mobility data.

6. In this heavy oil application, the LWD formation tester
pressure data all appear supercharged, while the TLC
formation pressures were in line with the anticipated

reservoir pressure.
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Novel Insights into IOR/EOR by Seawater and Supercritical CO, Miscible Flooding Using Dual Carbonate Cores at
Reservoir Conditions

Xianmin Zhou, Fawaz M. Al-Otaibi, Dr. Sunil L. Kokal, AIMohannad A. Al-Hashboul, Dr. Senthilmurugan Balasubramanian and
Faris A. Al-Ghamdi

ABSTRACT

Oil recovery during carbon dioxide (CO,) injection into a thick and/or fractured reservoir will be limited as a result of viscous
fingering and gravity override. Due to density differences between the injected CO, and resident fluids in the reservoir, the CO,,
being lighter, tends to rise to the top of the reservoir, thereby bypassing some of the remaining oil. To study the impact of
reservoir heterogeneity on oil recovery by seawater and CO, flooding, this article investigates the use of a dual-core
coreflooding apparatus to evaluate the effect of both CO, gravity override and permeability contrast on oil recovery
performance by CO, injection.

An Alternative Method Based on Toluene/n-Heptane Surrogate Fuels for Rating the Anti-knock Quality of
Practical Gasolines

Dr. Gautam T. Kalghatgi, Robert A. Head, Dr. Junseok Chang, Yoann Viollet, Hassan Babiker and Dr. Amer A. Amer

ABSTRACT

As spark ignition (SI) engines are designed for higher efficiency, they are more likely to encounter knock. A fuel’s anti-knock
quality, which is currently measured by a Research Octane Number (RON) and Motor Octane Number (MON), therefore
becomes more important. The RON and MON scales are based on primary reference fuels (PRFs) — mixtures of iso-octane and
n-heptane — whose auto-ignition chemistry is significantly different from that of practical fuels. As a result, RON or MON
alone can truly characterize a gasoline’s knock behavior only at each scale’s respective test conditions. The same gasoline will
match different PRFs at different operating conditions. The true anti-knock quality of a fuel therefore is given by the octane
index, (OI) = RON — KS where S, sensitivity, is RON — MON, and K, the empirical constant, depends on the pressure and
temperature evolution in the unburned gas during the engine cycle, which means it is different at different operating conditions.
K is negative in modern engines.

Determining Water Volume Fraction for Oil-Water Production with Speed of Sound Measurement
Dr. Jinjiang Xiao

ABSTRACT

Good production and reservoir management practices require real-time data on oil, gas and water production rates from wells.
For a well with conventional completion, a single surface measurement device may be sufficient. With the proliferation of
multilateral wells to achieve extreme reservoir contact, the need for rate data is moving downhole toward the measurement of
an individual lateral or even compartment-based measurement. Knowing how much water production there is and where it
comes from is necessary before any remedial action can be taken. Measurements downhole present both challenges and
opportunities. The challenge is that the design of the metering hardware has to withstand the harsh — high-pressure/high
temperature — and space constrained environments. The advantage is that, in terms of fluids, the gas phase may not be present
due to the high pressure, which can potentially simplify the system design. Currently, cost-effective, reliable and compact
downhole flow measurement technologies with a full range of capability are not available.

Evaluation of Synthetic Acid for Wells Stimulation in Carbonate Formations
Dr. Mohammed N. Al-Dablan, Marwa A. Al-Obied, Khalid M. Al-Marshad, Faisal M. Al-Sabman, 1brabim S. Al-Yami and Abdullah M. Albajri

ABSTRACT

Acid treatments of carbonate formations are usually carried out using mineral acid (hydrochloric (HCI) acid), organic acids
(formic and acetic), mixed acids (HCI formic, HCI acetic) or retarded acids. The major challenges when using these acids are
their high corrosivity, fast reaction rate and health hazards. The improvement in corrosion inhibitors (Cls) makes the use of a
strong acid as high as 28 wt% HCI acid possible. The acid reaction rate can be controlled by increasing acid viscosity using a
gelling agent or emulsifying acid droplets, which create an acid-in-diesel emulsion. While these developments have addressed the
issues of the stimulation acid’s reaction and corrosion rates, the acid’s health hazard rating of three by the National Fire
Protection Association (NFPA) remains a major concern. A health hazard rating of three is defined as presenting an extreme
danger, where short exposure could cause serious injury.






