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ABSTRACT
nanoparticle tracers, are already in fairly advanced stages of
laboratory development5-7. 

Obviously, the feasibility of any nanoparticle-based reser-
voir agent is contingent upon its ability to survive the harsh
conditions found in hydrocarbon-bearing formations until its
mission is accomplished. Among the most difficult challenges
are the high salinity and hardness of connate water, high tem-
peratures and the presence of a vast, chemically active rock
surface. Therefore, the design of any potential reservoir nano-
agent must take these challenges into consideration even be-
fore trying to impart any useful functionality to it. Providing a
particle, which is by itself incompatible with reservoir condi-
tions, with a suitable coating has been tried in extensive tests
and resulted in markedly improved stability relative to floccu-
lation and adsorption. Yet the improved stability was still in-
sufficient to facilitate particle migration through any but trivial
distances of reservoir rock, represented in tests by either a
packed column of formation “sand” or core plugs.

The rational approach to reservoir nano-agent design was
helped in our case by a fortuitous discovery of small carbo-
genic nanoparticles, A-Dots. The A-Dots can fit through even
the finest pores of the carbonate rock found in the Arab-D for-
mation as their diameter is below 10 nm, and they are brightly
fluorescent to allow easy detection and quantification.
Whereas their surface chemistry is yet to be fully understood,
it makes them remarkably inert under the conditions of the
Arab-D reservoir — i.e., up to 22% total dissolved solids, 100
ºC temperature, and 3,200 psi pore pressure. In a previous ar-
ticle8, we demonstrated close to 86% recovery of the A-Dots
from the reservoir in a huff-and-puff single well test. This arti-
cle provides details on a subsequent successful test of A-Dots’
migration through industrially meaningful distances of reser-
voir rock that confirmed their usefulness as a stand-alone fluo-
rescent reservoir nano-agent.

SYNTHESIS AND SCALE UP

To achieve maximum cost efficiency, the benchtop A-Dot
preparation procedure was optimized using the simplex opti-
mization method9 with chemical reagents’ ratio, heating time
and heating temperature as variables. The reagents were added
to glass pressure tubes at room temperature, and then the

This article highlights the industry’s first proven reservoir
nano-agent design and demonstrates a successful multiwell
field trial using these agents. Our fundamental nanoparticle
tracer template, A-Dots or Arab-D Dots, is intentionally
geared toward the harsh but prolific Arab-D carbonate reservoir
environment of 100+ °C temperature, 150,000+ ppm salinity
and an abundant presence of divalent ions in the connate water.

Preliminary analyses confirmed nanoparticle breakthrough
at a producer well nearly 500 m from the injector well at the
reservoir level, proving tracer nanoparticle mobility and trans-
port capability. This is considered an industry first and a lead-
ing-edge achievement that complements earlier accomplishments
in regard to nano-agent reservoir stability with the first suc-
cessful single well test; it also demonstrated the ease of scale
up with the synthesis of one metric ton (1,000 kg) of this ma-
terial. The importance of this accomplishment is not in how
sophisticated the sensing functionalities of this design are, but
rather in the nano-agent’s stability, mobility, scalability and
field application potentials. This renders the concept of having
active, reactive and even communicative reservoir nano-agents
in situ for underground sensing and intervention an important
near future reality.

INTRODUCTION

Nanotechnology has delivered many ingenious solutions to the
problems of hydrocarbon exploration and production, solutions
that are already finding acceptance as commercial products.
Deeper understanding of chemical and physical phenomena at
the 1 nanometer (nm) to 100 nm scale has resulted in the 
development of superhydrophobic and superhydrophilic coat-
ings, soluble metal alloys used in hydraulic fracturing1, 2, near
wellbore fines control agents3 and shale-inhibiting water-based
drilling fluids4. Another promising area of nanotechnology ap-
plication in hydrocarbon exploration and production lies in
the use of engineered nanoparticles as reservoir traversing
agents capable of monitoring or changing reservoir conditions.
Several of these applications, such as superparamagnetic
nanoparticles — for electromagnetic imaging contrast enhance-
ment — oil sensing nanoparticles, surfactant nanoparticles and

Oil Industry First Field Trial of Inter-Well
Reservoir Nano-Agent Tracers
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tubes were sealed with screw caps, placed in a stainless steel
protective container to minimize the potential blast damage
and heated in an oven. When the heating was completed, the
container was immediately removed from the oven and al-
lowed to cool to room temperature before withdrawing the
tubes behind a blast shield. The tubes were carefully opened to
release the built-up gas, filled with deionized water and placed
in a warm water bath to facilitate the dissolution of the dark-
brown resinous product. The product solutions were diluted
with deionized water until their fluorescence became low
enough for quantitative measurement with a fluorescent spec-
trophotometer — λex = 360 nm and λem = 450 nm. The opti-
mized preparation conditions were supplied to a toll manu-
facturing provider, and a one metric ton (1,000 kg) batch of
the A-Dots was prepared and made available for the cross-well
test. The nano-agent was prediluted with water to 80%
strength by the provider for easier transfer, as it assumes a 
consistency of sugar candy at room temperature.

Prior to its use in the field, a 300 kg amount of the A-Dot
concentrate was further diluted in batches with hot — 60 ºC
— tap water to about 30% in a recirculating device that was
built from a 500 liter polyethylene water tank, a household
electric water heater and a 0.45 horsepower rotary water
pump. The resulting dark brown solution deposited a signifi-
cant amount of bright orange crystals that were allowed to
sediment for a week before being removed by decantation. (So-
lutions of this compound show intense fluorescence at 465 nm
and 530 nm. Its structure was established using X-ray crystal-
lography. A detailed study of its chemistry is to be published
elsewhere.)

FIELD OPERATION

The field trial was undertaken on a configuration made up of
four pairs of injector-producer wells, Fig. 1. Wells in each pair
are separated by a distance of nearly 2,000 ft at the surface.
The wells are drilled in a mature, well flooded area to the base
of the Arab-D reservoir — to 7,500 ft. These are all vertical
wells that are cased and perforated. Well-I1 to Well-I4 are four
power water injectors injecting seawater at roughly 8,000 bar-
rels per day (BPD) per well. Well-P1 to Well-P4 are producing
at 8,000 BPD per well. Injection and production operations in
these wells had been ongoing for more than a year at the time
of the A-Dots test. The water cut in these producers exceeds
95%. Previously, the team had conducted inter-well chemical
tracer tests as part of the monitoring and surveillance program
for the same area. The objectives of the tests were to determine
the flow paths and connectivity between the injector-producer
pairs and to conduct conformance mapping. At the time that
we decided to test the A-Dots, the connectivity from Well-I3 to
Well-P3 had been established using chemical tracers. Accord-
ingly, we decided to inject in Well-I3 and monitor break-
throughs at all four opposing producers, Well-P1 to Well-P4.

Figure 2 shows the operational setup for the A-Dots’ injection
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field operation. A total of 300 kg of A-Dots tracer was added
to 650 barrels of injection water. The A-Dots’ concentration in
the mix was close to 3,000 ppm. In addition to the A-Dots, we
decided to add fluorescein sodium salt (NaFl) to the mix as a
supporting tracer. Its extensive use has been reported in the lit-
erature in geothermal applications with highlighted stability in
hyper saline brine conditions in these wells. We manually
mixed 100 kg of this material in water before transferring it to
the blenders for mixing with the A-Dots. The final concentra-
tion of the NaFl in the injection mix was on the order of 1,000
ppm. The tracer mix was filtered to 50 m to remove impurities
and avoid damaging the well. The tracer’s injection was done
offline from the seawater injection operation at Well-I3. The
injection rate of the tracer mix into Well-I3 averaged 6.5 bar-
rels per minute (BPM). This is well below the well’s capacity of
10 BPM. Immediately after finishing injection, the test well
was put back online and normal seawater injection resumed
into the well.

SAMPLING AND ANALYSIS

The four producer wells chosen for the test were monitored
twice a week as field conditions permitted. Samples of pro-
duced water — 2 liters from each producer well — were col-
lected from a sampling line near the wellhead. The line was
flushed of waste before collecting each sample to avoid 

Fig. 1. The layout of the wells in the test area. The green cylinder along each
well’s axis depicts the perforated zone in the casing. The reservoir formation layers
are represented in colors in the 2D vertical planes between wells. A-Dots were
injected into the reservoir at Well-I3 and are being monitored at all four producer
wells, Well-P1, Well-P2, Well-P3 and Well-P4.

Fig. 2. The operational setup of the test of A-Dots in the field: (a) blenders for
high volume mixing, (b) frac tanks for holding injection-ready fluid, (c) a small
mixing tank for manual mixing of the conventional chemical tracer, (d) a small
pumping unit to transfer fluids between tanks, (e) a filtration unit, (f) high-
pressure injection pumps, and (j) an injection line connected to the wellhead at the
test well, Well-I3.
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CONCLUSIONS

Future implementation of nanoparticle-based technology in the
oil and gas industry is contingent upon the survival of the
nanoparticles in the presence of injection fluids, formation fluids
and connate water, high reservoir temperatures and chemically
active rock surfaces over periods of time — ranging from
months to years — sufficient for them to reach the targeted 
areas of the reservoir. Therefore, we designed a test to demon-
strate successful recovery of fluorescent nanoparticles — A-Dots
— after they traveled through several hundreds of meters of
carbonate reservoir rock deep underground. The particles as a
dispersion in filtered seawater were injected into the Arab-D
formation within a watered out part of the Ghawar reservoir
operated under linear drive conditions. Four nearby wells were
monitored weekly for the particles’ presence with fluorescent
spectrophotometry of the produced water, and their break-
through into at least one of the wells was detected. This is con-
sistent with previous tests in the same area that used conven-
tional chemical tracers. 
The long-term survival of A-Dots in actual reservoir condi-

tions opens new horizons for the development of reservoir
nano-agents with a functionality beyond simple passive tracers
through the application of similar surface chemistry and struc-
ture to their design. The A-Dots themselves could also be 
developed into a commercially attractive industrial fluorescent
tracer, owing to their low cost and nontoxic nature.

ACKNOWLEDGMENTS

The authors wish to thank the management of Saudi Aramco
for their support and permission to publish this article. The
authors also acknowledge the valuable support that the project
received from the management and members of Saudi
Aramco’s EXPEC Advanced Research Center, Southern Area
Reservoir Management, Southern Area Production Engineer-
ing, Sea Water Injection, South Ghawar Producing and South-
ern Area Well Completion Operations Departments.

REFERENCES

1. Zhang, Z., Xu, Z. and Salinas, B.J.: “High Strength
Nanostructure Materials and Their Oil Field
Applications,” SPE paper 157092, presented at the SPE
International Oil Field Conference and Exhibition,
Noordwijk, The Netherlands, June 12-14, 2012.

2. Aviles, I., Marya, M., Hernandez, T.R., Dunne, T., Dardis,
M. and Baihly, J.D.: “Application and Benefits of
Degradable Technology in Open Hole Fracturing,” SPE
paper 166528, presented at the SPE Annual Technical
Conference and Exhibition, New Orleans, Louisiana,
September 30-October 2, 2013.

3. Kosynkin, D.V., Ceriotti, G., Wilson, K.C., Lomeda, J.R.,

contamination with fluorescent impurities. Collected samples
contained a significant amount of crude oil — 2% to 5% —
that had to be removed before doing any spectrophotometric
measurements. The water and oil were allowed to separate for
three days, and the water layer was sampled with a glass syringe
equipped with a new stainless steel needle. The aliquot of water
(100 ml) was then extracted with 10 ml dichloromethane; the
extraction was repeated three times. The dichloromethane
treatment removed the residual micro-droplets of oil, which
were brightly fluorescent in the spectral region of interest,
along with a part of undetermined water soluble fluorescent
impurities. Overall, the dichloromethane treatment reduced
the background fluorescence of the samples by a factor of
about 3. 
A control experiment using a solution of A-Dots — 1 ppm

in synthetic brine with the same ionic composition as produced
brine — treated with dichloromethane in the same fashion
demonstrated that the loss of A-Dots to this treatment was un-
detectable. To minimize the effects of the inherent instability of
the xenon arc discharge used as the light source in our spectro-
fluorometer and the photomultiplier tube used as the detector,
we employed an internal standard of rhodamine B, added to
all samples at 0.1 ppm. Therefore, all collected spectra were
normalized to have the emission peak of rhodamine (λem = 575
nm) at the same intensity. Normalized spectra of rhodamine in
labeled water obtained from each respective producer at the very
beginning of the test were used as backgrounds for subtraction.
The A-Dots were detected at levels significantly exceeding

the noise in the paired producer well, Well-P3, nearly 50 days
after the injection, Fig. 3. This preliminary result is in line with
previous tests that used conventional chemical tracers. There-
after, the concentration of the nano-agent increased steadily,
confirming the observed breakthrough. To quantify the A-
Dots, calibration curves were built using a sample of injection
solution obtained from the injection tank and kept at 100 ºC
in a tube sealed with a screw cap for the duration of the test to
account for possible losses of fluorescence due to reactivity
with the water.

4 SUMMER 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

Fig. 3. Preliminary analyses on samples collected from Well-P3 up to 90 days into
the test.

84093araD2R1.qxp_84093araD2R1  7/7/16  10:16 AM  Page 4



Scoresone, J.T., Patel, A.D., et al.: “Graphene Oxide as a
High Performance Fluid Loss Control Additive in Water-
based Drilling Fluids,” ACS Applied Materials &
Interfaces, Vol. 4, No. 1, January 2012, pp. 222-227.

4. Friedheim, J.E., Young, S., De Stefano, G., Lee, J. and
Guo, Q.: “Nanotechnology for Oil Field Applications —
Hype or Reality?” SPE paper 157032, presented at the SPE
International Oil Field Conference and Exhibition,
Noordwijk, The Netherlands, June 12-14, 2012.

5. Morrow, L., Potter, D.K. and Barron, A.R.: “Detection of
Magnetic Nanoparticles against Proppant and Shale
Reservoir Rocks,” Journal of Experimental Nanoscience,
Vol. 10, No. 13, 2015.

6. Al-Shehri, A.A., Erika, E.S., Servin, J.M.F., Kosynkin, D.V.,
Kanj, M.Y. and Schmidt, K.K.: “Illuminating the Reservoir:
Magnetic Nanomappers,” SPE paper 164461, presented at
the SPE Middle East Oil and Gas Show and Conference,
Manama, Bahrain, March 10-13, 2013.

7. Chang, Y.C. and Kanj, M.Y.: “Controlled Release of
Surfactants for Enhanced Oil Recovery,” U.S. Patent
8,946,132, 2015.

8. Kanj, M.Y., Rashid, M.H. and Giannelis, E.: “Industry
First Field Trial of Reservoir Nanoagents,” SPE paper
142592, presented at the SPE Middle East Oil and Gas
Show and Conference, Manama, Bahrain, September 25-
28, 2011.

9. Morgan, S.L. and Deming, S.N.: “Simplex Optimization of
Analytical Chemical Methods,” Analytical Chemistry, Vol.
46, No. 9, August 1974, pp. 1170-1181.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        5

BIOGRAPHIES

Dr. Mazen Y. Kanj is a Petroleum
Engineering Consultant at Saudi
Aramco and an Associate Director for
research at the newly founded College
of Petroleum Engineering and
Geosciences (CPG) at King Fahd
University of Petroleum and Minerals

(KFUPM) in Dhahran, Saudi Arabia. Until May 2015, he
was the Team Leader and the founding Champion of the
In-Situ Reservoir Sensing and Intervention focus area in the
Reservoir Engineering Technology Division of the
Exploration and Petroleum Engineering Center —
Advanced Research Center (EXPEC ARC) at Saudi
Aramco. Mazen coined the concept of reservoir nanoagents
and helped develop a reservoir nanoagents suite with two
successful nanoparticle field demonstrations for the
company. 

Before joining Saudi Aramco in July 2003, he held a
Senior Scientist position with the Poromechanics Institute
at the University of Oklahoma in Norman, OK. Mazen is
an elected member of the Poromechanics Committee of the
American Society of Civil Engineers, a previous Associate
Editor for the SPE Journal, and a frequent reviewer for the
Elsevier journal Colloids and Surfaces A: Physiochemical
and Engineering Aspects.

Mazen received his B.S. and M.S. degrees from the
American University of Beirut, Beirut, Lebanon, and a
Ph.D. degree from the University of Oklahoma, Norman,
OK, all in Civil Engineering.

Dr. Dmitry V. Kosynkin is a Petroleum
Engineer in Saudi Aramco’s Reservoir
Engineering Technology Division.
Before joining Saudi Aramco, he
worked as a Research Scientist at Rice
University, Houston, TX, studying the
synthesis and applications of hybrid

nanomaterials.
Dmitry received his M.S. degree in Chemistry from

M.V. Lomonosov Moscow State University, Moscow,
Russia, in 1989 and then received his Ph.D. degree in
Organic Chemistry from the University of Houston,
Houston, TX, in 1997. 

(KFUPM) in Dhahra

nanomaterials

84093araD2R1.qxp_84093araD2R1  7/7/16  10:16 AM  Page 5



ABSTRACT
The physico-chemical properties of mesophase systems include
high oil solubilization, high diffusion coefficients through
porous media and a reduction of IFT between organic and
aqueous phases to near zero, making them excellent candidates
for removing formation damage. The chemistry of mesophase
fluids makes the systems excellent choices for superior syn-
thetic or OBM displacements in cased hole completions and
for OBM filter cake cleanup in open hole completions. 

This article presents a technical overview of mesophase
technology and describes a field application in a high tempera-
ture gas environment that demonstrated its efficiency in re-
moving non-aqueous fluid debris and filter cakes, while
reducing near wellbore damage and improving well productiv-
ity and solids mobility.

INTRODUCTION

The primary interest of most oil field operators is to recover
their investment in the shortest possible time with minimal ad-
verse effects on the life, quality and productivity of their reser-
voir or field. This can be achieved by drilling more wells and/
or by enhancing production from existing wells. Achieving the
latter is often more challenging, albeit cheaper than the former,
because of the complex nature of the reservoir and limited
data to diagnose the issues likely to be encountered. It becomes
even more complicated under a high-pressure, high temperature
(HPHT) scenario. 

Recent developments in microemulsion technology have en-
abled the cleaning of oil-based mud (OBM) filter cake damage,
which causes near wellbore formation damage across the reser-
voir and leads to low production. The developed microemul-
sion blend can solubilize the oil component in the emulsion
blockage and reverse the wettability of the filter cake solids to
water-wet, thereby permitting the effective and efficient
acidization of relevant solids, and affording the easy dispersion
and improved mobility of non-acidization solids during well-
bore flow back operations. In addition to remediating the filter
cake, this “single step” near wellbore cleanup method saves a
considerable amount of rig operating time and future wellbore
remediation costs.

Despite the plethora of surfactants available for use in the
oil field, few remain effective and thermally stable at elevated

Formation damage, which is one of the main concerns at vari-
ous stages of drilling, completion and production, is attributed
to many factors. In either open hole or cased hole completed
wells, hydrocarbon flow in the reservoir may be impeded by
various damaging mechanisms such as in situ emulsions, water
block, organic deposition and oily debris left downhole.  

Mesophase fluids can address such damage. These are ther-
modynamically stable, optically transparent solutions of two
immiscible fluids formulated with a specialized surfactant
blend and/or cosurfactant. They differ from normal emulsions
because they can be prepared with little or no mechanical en-
ergy input. They typically comprise a nonpolar (oil) phase, a
polar (aqueous) phase, surfactant(s) and an optional cosurfac-
tant. Depending on how they are formulated, mesophase fluids
can exist in a single-phase or in a three-phase system, wherein
the middle-phase microemulsion is in equilibrium with excess
water and/or oil. 

The formulation characteristics, the phase type, and ulti-
mately, the cleaning efficiency of a microemulsion are dictated
by the hydrophilic-lipophilic balance between the surfactant(s)
and the physico-chemical environment. The microemulsions
described in this study are single-phase systems where oil and
water are co-solubilized by the surfactant(s) and cosurfactants.
The water-oil interface has a zero or near zero curvature, in-
dicative of a bicontinuous phase geometry that produces very
low interfacial tension (IFT) and the rapid solubilization of oil
upon contact. The formation of a mesophase alone does not
ensure the fluid will solubilize oil effectively enough to leave
surfaces water-wet. The mesophase behavior and cleaning effi-
ciency can be influenced by salinity, surfactant, cosurfactant,
oil type, temperature and particulates. No two wells are identi-
cal, and the physical and chemical conditions can vary greatly
depending on the remediation application. As a consequence,
robust, optimized formulations are necessary and validation
testing is required to determine the efficacy of a mesophase for
a specific application, i.e., oil-based mud (OBM) displacement
and/or cleanup and removal of formation damage in open hole
and cased hole wells. 

Mesophase fluids have been successfully developed to effec-
tively resolve the persistent problem of near wellbore damage.

Overcoming OBM Filter Cake Damage
Using Microemulsion Remediation
Technology across a High Temperature
Formation
Authors: Ajay Kumar V. Addagalla, Balraj A. Kosandar, Ishaq G. Lawal, Prakash B. Jadhav, Aqeel Imran, 
Qassem R. Al-Saqer, Dr. Wael El Sherbeny, Adel A. Al-Ansari, Rafael M. Pino Rojas, Ahmed E. Gadalla and Tulio D. Olivares
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bottom-hole temperatures (BHTs) and few are compatible with
a heavy brine medium. Therefore, it is vital to carefully select
an appropriate surfactant blend that can survive such hostile
conditions and deliver superior clean out capabilities in a sin-
gle step operation. 

Microemulsion Background

The term “microemulsion” was first coined in 1959 by Schul-
man and his group, as Ekwall (1976) describes1. Prior to 1959,
various terms, such as transparent emulsion, swollen micelle,
micellar solution and solubilized oil, were used for such sys-
tems. The microemulsion field began developing in the 1970s
with studies of microemulsion’s thermodynamic stability and
its relation to other surfactant self-assemblies. Microemulsion
systems (MES) are homogeneous, thermodynamically stable,
complex mixtures with a hydrophilic water phase, a hydro-
phobic oil phase, a surfactant and an optional cosurfactant.
These macroscopically homogeneous mixtures are heteroge-
neous at the microscopic level. Originally, it was thought that
a negative interfacial tension (IFT) accounted for the MES’s
stability2, but it is now widely accepted that the IFT between
the oil and water phases is not negative, but only reduced to
an extremely low value. Microemulsions, which show a variety
of structures, may be globular, bicontinuous, cubic or lamellar.
The basic difference between a regular emulsion and a MES is
the droplet size. A regular emulsion has droplet sizes in the
range of micrometers, whereas the MES’s droplets are much
smaller, often less than 100 nanometers. Furthermore, the
MES can exist in equilibrium with excess oil or excess water or
both3. Figure 1 shows a generic representation of the surfactant.

To form a MES requires combining three or four solvent
phases in appropriate concentrations. The phases include a
water phase (polar), an oil phase (nonpolar), a surfactant and
sometimes a cosurfactant. In the formation of the MES, both
ionic and nonionic surfactants are used. In general, cosurfac-
tants are short chain alcohols or amines4, 5. The surfactant
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molecules in the MES lower the IFT, which induces the sponta-
neous microemulsification when the components draw to-
gether6. Figure 2 represents water-in-oil and oil-in-water
microemulsions.

WELL HISTORY

The case under review is a gas well drilled across the Unayzah
reservoir, which is a sandstone formation with a BHT of ap-
proximately 310 °F. The well was drilled in the minimum hori-
zontal stress direction with OBM that incorporates a special
bridging system to mitigate differential sticking and losses
from the expected high overbalance pressure, estimated at
3,300 psi. As a consequence of the effective bridging and well-
bore strengthening achieved relative to those attained with
conventional OBM, a significantly higher formation fracking
pressure typically is needed, with attendant effect on produc-
tion level. To avoid this, a multistage frac assembly was de-
ployed in the well to permit the placement of a microemulsion
pill into the open hole to break the emulsion blockage; to dis-
lodge, water-wet and acidize the relevant solids; and to enable
the mobility of remnant non-acidizable solids.

Figure 3 gives the geographical profile for this well.

Fig. 1. A generic schematic of the surfactant.

Fig. 2. Pictorial representations of the water-in-oil and oil-in-water microemulsions.
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• Possible lost circulation from offset wells.

• Stuck pipe across the Khuff-A depleted reservoir.

• Possible active shale in between the Khuff-D and the
Unayzah formation.

The OBM formulation is for a 95 pounds per cubic ft (pcf)
(12.7 ppg) barite weighted mud. Therefore, the percentage of
non-acidizable solid is above 20%, posing further cleaning
challenges following the destruction of the mud cake. Table 1
and 2 show the mud formulation used and the properties
maintained during the drilling phase.

LABORATORY TESTING

Designing a MES to remediate OBM filter cake in a high tem-
perature environment takes into account field conditions, mud
properties, type of completion brine and brine weight. The
soak solution was formulated using acid to dissolve the acidiz-
able bridging particles in the filter cake. The concentration or
volume percent of this MES depended on the solubilization of
all the oil from the OBM filtrate and the ability to alter the
wettability of the solids, from oil-wet to water-wet. The filter
cake cleanup evaluation was based on HPHT filter cake de-
struction and the degree of wettability of the remnant solids
(water-wet), the property that makes them dispersive enough
for easy flow back. 

Temperature Prediction

From the Horner plot calculation, it was estimated that the
fluids would require a minimum of 16 hours to assume a BHT
above 275 °F. This temperature is the limit for the surfactant
package selected. The standard recommended soaking time is
24 hours, also a limiting factor. Figure 4 shows the tempera-

Mud System Formulation

The OBM was designed to avoid:

• Tight hole or shale caving across the Sudair formation.

• Possible flow from the Jilh formation.
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Product Concentration Units

Diesel As Required bbl

Primary Emulsifi er 8 to 10 pounds per barrel (ppb)

Secondary Emulsifi er 1 to 2 ppb

Organophilic Clay 4 to 6 ppb

Lignite-Based Fluid Loss Controlling Agent 6 to 8 ppb

Calcium Chloride Brine As Required bbl

Lime 4 to 6 ppb

Calcium Carbonate (CaCO3) – F, M 5 each ppb

Low-End Rheology Modifi er 1 to 2 ppb

Sealing Polymer 3 % by vol

Synthetic Graphite – F, M 4 each ppb

Flaked CaCO3 4 each ppb

Barite As Required ppb
 

        

   

    

        

      

       

 

    

   

   

       

   

     

   

   

  

   

     

Table 1. Mud formulation used to drill the section

Fig. 3. Geographical profile for the well.
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ture profile of the bottom-hole circulation temperature vs. the
geothermal temperature profile.

MES Formulation

Table 3 shows the MES fluid formulation used for the treatment.

• CaBr2 Brine: Selection based on the density requirement
for well control purposes and temperature stability. 

• Primary Surfactant: Selection based primarily on the

choice of base oil (diesel) and brine used in the OBM
formulation and on temperature.

• Corrosion Inhibitor: Inhibits corrosion of tubulars and
casing.

• Cosurfactant: Promotes water-wetting and dispersion of
the solids.

• Inorganic Acid: Solubilizes acidizable solids like CaCO3.

Fluid Stability Test

The MES fluid was mixed and kept in the oven for static aging
at various temperatures to check for any phase separation or
the formation of any precipitate. Figures 5 to 8 show no stabil-
ity concerns nor compatibility issues between the MES and the
brine. Figures 5 and 6 show the MES fluid, respectively, before
and after static aging for 24 hours at 315 °F. Figures 7 and 8
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Product Concentration Units

Density 95 pcf

Plastic Viscosity 30 to 37 cP

Yield Point 18 to 22 lb/100 ft²

Gels (10 sec/10 min) 6 to 13/8 to 16 lb/100 ft²

Low Shear Yield Point 6 to 8 lb/100 ft²

HPHT Filtrate at 300 °F/500 psi 2 to 3 ml

Free Water 0 ml

Filter Cake Thickness 1 to 2 inch

Oil-Water Ratio 78:22 to 83:17

Electrical Stability > 650 volts

T        

   

     

   

   

  

   

     

Table 2. Parameters maintained while drilling the section

 

       

    

   

      

   

  

      

     

   

     

  

 
 

        

   

    

        

      

       

 

    

   

   

       

Formulation at 95 pcf

Product Concentration

Calcium Bromide (CaBr2) 
Brine 63% by volume

Primary Surfactant 21% by volume

Corrosion Inhibitor 1% by volume

Cosurfactant 5% by volume

Inorganic Acid 10% by volume

T      Table 3. The MES package formulation

Fig. 4. Wellbore and geothermal temperature predictions based on the well profile
after 16 hours in a static condition.

Fig. 5. The MES solution before static aging at 315 °F.
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show the MES fluid after static aging for 24 hours at 275 °F
and 250 °F, respectively.

Filter Cake Destruction Test

A representative mud sample from the field was collected to
generate a filter cake for a destruction test in a HPHT cell at
315 °F BHT. A breakthrough time of 60 minutes was obtained
using the selected MES package, indicating its effectiveness for
the application. Figure 9 shows the amount of filtrate collected
after the test. Figure 10 shows the filter cake before soaking in
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Fig. 6. The MES solution after static aging at 315 ºF for 24 hours.

Fig. 7. The MES solution after static aging at 275 ºF for 24 hours.

Fig. 8. The MES solution after static aging at 250 ºF for 24 hours.

Fig. 9. Filtrate collected after soaking the OBM filter cake for 60 minutes in the
MES package.
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the MES package, and Fig. 11 shows the filter cake after soak-
ing for 16 hours in the MES package. Figure 12 is the solids
wettability confirmation after flushing with water.

Field Application

The following steps were taken in the field test of the MES:

1. After the well reached total depth, the hole was circulated 
clean with a low viscosity/low weight pill to clean the casing
section of any potential cuttings settling.

2. The multistage fracturing isolation packer system was made
up on drillpipe and run, along with the liner hanger assembly.

3. The system was run in hole on the drillpipe while filling 
with mud every 10 stands and breaking circulation every 
5,000 ft. 

4. Continuous circulation was ensured when in the open hole 
while filling up the hole. 

5. The assembly was run to setting depth.
6. The 95 pcf mud was circulated across the shakers to re-

move remnant bridging materials.
7. Pumping of the MES package commenced by displacing the

OBM with the spacer system.
8. Care was taken to ensure both the annulus and the inner 

string of the multistage fracturing isolation packer system 
were full of the MES package when it was displaced in the 
open hole and the spacer train tail reached above the 
packer. 

9. The liner hanger and packer were set.
10. The MES package was left to soak for 24 hours.

RESULTS

Based on laboratory studies and the field application, we can
conclude that the MES package has been very effective in solu-
bilizing the OBM filter cake formed during drilling, and there-
fore, remediating the near wellbore damage, leading to
increased production.

CONCLUSIONS

1. The laboratory tests show that the selected MES package
helps remove the near wellbore damage in open hole
completed wells, and ensures the easy dispersion and
enables the mobility of solids through water-wetting. This
testing indicates that the formation damage caused by the

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        11

Fig. 10. The OBM filter cake before soaking in the MES package.

Fig. 11. The OBM filter cake after soaking for 16 hours in the MES package.

Fig. 12. Solids wettability confirmation after flushing the treated OBM filter cake
with water.
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OBM mud cake effect can be removed, thereby enhancing
hydrocarbon flow.

2. Laboratory studies do not show any compatibility issues
between the MES and the drilling fluid, but do show a
demonstrated effective oil fraction separation, thereby
removing any in situ emulsion blockage.

3. The selected MSE package used for the reservoir face
cleaning is effective in gas reservoirs despite the elevated
BHT and the high content of non-acidizable solids in the
mud cake.

4. The field case history previously presented proves that:

•  Delaying the reaction helps remove the filter cake 
uniformly, thereby enabling the reservoir to flow at its 
maximum potential.

• The MES package is able to perform effectively in 
enabling the mobility of the non-acidizable solids and in
water-wetting the near wellbore area in a high 
temperature environment.
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ABSTRACT
completion technique in the Saudi Arabian carbonate gas
reservoirs. This article highlights unique challenges and recom-
mendations for acid fracturing treatments in carbonate reser-
voirs through open hole MSF completions.

INTRODUCTION

The carbonate reservoirs in Saudi Arabian gas fields have sev-
eral distinct layers where reservoir characteristics and mechan-
ical properties significantly vary. In general, the lower
carbonate reservoirs are more pressure depleted and possess
better quality net pay, and require high rate matrix acid stimu-
lation treatments. In contrast, the upper carbonate reservoirs
are highly stressed with poor reservoir transmissibility, and re-
quire acid fracture treatments. For years, the lower carbonate
reservoirs were primarily produced, after single-stage stimula-
tion treatments through vertical cased and cemented comple-
tions. In recent years, the emphasis has shifted to producing
commercial gas from the upper carbonate reservoirs. 

The upper carbonate reservoirs consist of dolomite and
limestone segments with streaks of shale, and anhydrite across
the gross pay. Formation heterogeneity between wells is signifi-
cant, however, and decent net pay from one well may not carry
over to an offset well. Besides, several upper carbonate layers
are pressure depleted, which makes stimulation fluid recovery
quite challenging. The upper carbonate reservoirs are compart-
mentalized and have a wide variation in formation permeabil-
ity and porosity — with multiple gas-water contacts — in
faulting and in flow capacity. Based on a detailed analysis of
reservoir development, a stratigraphic cross section, the seis-
mic profile and well performances, the upper carbonate reser-
voirs in this specific field have been divided into three sub-
divisions or areas that represent poor, moderate and good
reservoir development1. 

The upper carbonate formation has the ideal makeup for
acid fracturing because of its low transmissibility and hetero-
geneous nature. But single-stage acid fracturing treatment of-
ten is not sufficient to produce commercial gas. As a result,
wells are often placed horizontally across upper carbonate
reservoirs with completions that allow them to perform acid
fracturing treatments in several stages; this maximizes reser-
voir contact and fracture conductivity; however, it is a challenge

This article describes the evolution of open hole multistage
fracturing (MSF) completions that have been deployed in the
Saudi Arabian tight gas carbonate reservoirs for the past sev-
eral years. The carbonate reservoir in Saudi Arabia is often
highly stressed and heterogeneous, and the fracturing treat-
ment response can vary significantly between stages across the
same reservoir.

This article also defines best practices in the drilling and 
deployment of open hole MSF completions with swellable
packers, the diagnostic technique of ensuring the open hole
packers’ integrity, the adjustment of acid fracturing strategies
and the well performance of Saudi Arabian carbonate gas
reservoirs. Best practices include the importance of drilling in
the minimum stress direction so that transverse fractures can
be induced. The swellable packers should be set across a good
gauged section with optimum spacing between packers and
fracture ports. And the stimulation treatment designs need to
be tailored to deliver optimum fluid volume after evaluating
the status of packer integrity between each acid fracturing
treatment.   

Maintaining open hole packer integrity between acid frac-
turing stages has become the primary concern in ensuring the
emergence of independent hydraulic fractures. Hydraulic com-
munication between the stages through the open hole packers
can cause the development of a single dominant fracture, af-
fecting the well’s sustainable gas rate as well as the recovery of
final cumulative gas. The loss of annular isolation during frac-
turing with reactive fluids is often unavoidable in the presence
of severe washout and the subsequent unfavorable locations of
packers and fracture ports. Drilling in the minimum stress di-
rection, along with the use of swellable packers, proper depth
selection for packers and fracture ports, dynamic evaluation of
packer integrity between injections, a detailed after closure
analysis and optimization of acid stimulation treatments, has
increased the effectiveness of acid stimulation and enhanced
production.

Even though fracturing treatments in low permeability oil-
and gas-bearing sandstone formations are routinely executed
in North America through open hole MSF completions to
maximize stimulated reservoir volume, this is not as common a

Overcoming Open Hole Multistage Acid
Fracturing Challenges in Saudi Arabian
Carbonate Reservoirs with Swellable Packers,
Best Practices and Dynamic Evaluation
Authors: Ataur R. Malik, Jairo A. Leal Jauregui, Mohammed A. Asiri, Tolulope M. Ogundare, Eduardo Soriano, Roberto Vega
and Alfredo Lopez
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to place independent hydraulic fractures while pumping acid in
a carbonate reservoir. In many cases, the integrity of mechani-
cal open hole packers cannot be maintained after the first stage
acid fracture treatment. As a result, the fracturing fluids from
the consecutive stages primarily follow the least resistant path,
which is the path of the Stage 1 fracture. Even though mechan-
ical open hole packers are rated for a differential pressure of
10,000 psi, they are only about 4 ft to 5 ft in length. As frac-
ture initiation can happen close to the open hole packer loca-
tion, and acid reaction with reservoir rock can weaken rock
strength in the near wellbore area, the short mechanical open
hole packer can easily lose integrity. 

Several lower carbonate reservoirs had already been drilled
toward the maximum horizontal stress direction with an open
hole multistage fracture (MSF) completion using mechanical
packers. So the same completion technique was applied for the
upper carbonate reservoirs. After severe open hole mechanical
packer integrity issues were observed during acid stimulation
treatment, a number of carbonate wells were drilled in the
minimum stress direction with the same open hole MSF com-
pletions using mechanical packers. Efforts were made to adopt
friendlier drilling, and completion and stimulation practices to
have a better chance at creating independent hydraulic frac-
tures through each fracture port. Yet, the open hole mechani-
cal packers’ integrity did not improve much during the acid
stimulation treatments of these wells. 

The number of wells drilled in carbonate reservoirs with
open hole MSF completions has significantly increased in re-
cent years. Lately, 30 ft open hole packers made out of an oil
swellable elastomer have been introduced in several upper 
carbonate reservoirs with the objective of accomplishing im-
proved conductive reservoir contact. The increased integrity of
the swellable packers should lead to more efficient multistage
acid fracture treatments. An oil swellable elastomer is a rubber
that swells and expands when exposed to hydrocarbon due to
a one-way process called diffusion; hydrocarbon molecules get
trapped in the rubber molecular structure due to an affinity be-
tween the molecules, and the process continues until equilib-
rium is reached. Once an open hole MSF completion is
downhole, and the oil swelling elastomer is surrounded by oil-
based mud (OBM), a waiting time is needed for the packer to
swell. This waiting time is determined based on simulations.   

RESERVOIR DESCRIPTION 

The first significant carbonate gas reservoir in Saudi Arabia
was discovered in 1957. The carbonate formation underlies all
areas of the largest oil field in Saudi Arabia. The formation is a
carbonate evaporite sequence of Late Permian gas and consists
of four depositional cycles2. Sediments in these reservoirs are
proven zones and can be divided into a series of layers, with
porosity development preferentially occurring within certain
layers. As a result, isolated porous stringers may be present.

Only minor amounts of primary porosity are preserved. The

reservoir quality is related to the diagenetic processes of
dolomitization, the selective dissolution of limestone, and 
cementation (anhydrite). Lithological studies of cores sampled
in certain areas of the field have shown that in intervals of
high porosity, dolomite is the predominant reservoir rock. 
Anhydrite is also present in small amounts throughout the
reservoir. Porosity is of three main types: interparticle, inter-
crystalline and moldic. Natural fracturing has also been 
observed in some cores. 

The carbonate gas composition throughout the giant field
varies widely based on known gas samples. Generally the hy-
drogen sulfide content decreases from north to south and from
east to west. Carbon dioxide and nitrogen decrease from north to
south, and gas condensate yield increases from north to south.  

DIAGNOSTIC METHOD AND STIMULATION 
STRATEGIES 

As part of the evaluation of open hole swellable packer in-
tegrity during pumping operations, a diagnostic test technique
was established. In this technique, the first injection test results
and post-injection pressure falloff data are used as reference
for comparison. It is recommended to use treated water of the
same volume and at the same pumping rate during each injec-
tion for effective evaluation of the packers under dynamic and
static conditions. It is also important to monitor post-injection
pressure falloff until it reaches stabilization. That is because
once a stage’s acid fracture treatment is completed, the reser-
voir is charged up and may exhibit higher instantaneous shut-
in pressure (ISIP) and a different pressure falloff profile post-
fracture. The acid continues to react even after immediately
shutting down the fluid pumps. Comparison of this post-acid
fracture ISIP and pressure falloff curve against reference data
can easily distort the interpretation. Therefore, it is vital to
wait for a long enough time after an acid fracture treatment to
allow the acid to complete its reaction. Only then should an
injection test be conducted before dropping the ball to isolate
the now fractured zone. 

Once a ball is dropped, it is also important to maintain a
constant rate before the ball lands on the ball seat and to con-
tinue pumping for a few minutes once activation of a new frac-
ture port is observed. This allows a comparison of pressure
responses prior to and after the new port activation. Repeat
the same injection test conducted before dropping the ball. The
dynamic and static pressure response comparison between this
injection test and the one done prior to dropping the ball is
then used to evaluate the open hole packer integrity for the
new section. If, for instance, the packer fails to provide a
proper seal because the acid has eroded the formation in the
packer’s vicinity, these pressure responses will be very similar.
The stimulation treatment design for the new stage is recali-
brated based on the findings. Similar steps of analyzing the
pressure responses of injection tests before and after dropping
the ball for each subsequent stage are repeated. The pressure
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cation is observed after a stage’s fracture treatment, then 28%
HCl acid is chosen as the main acid type to maximize the
chance of reactivity at the new rock face. It is important to
evaluate open hole packer integrity prior to stimulating each
stage and to redesign the stage pumping schedule based on
those findings to maximize success. 

CASE HISTORY: WELL-A

Well-A was drilled as an upper carbonate single lateral in the
minimum stress direction, and it encountered about 2,200 ft
(measured depth) net reservoir contact. The mud weight to
drill the reservoir section was 85 pounds per cubic ft of OBM.
Open hole logs, Fig. 1, of the upper carbonate reservoir in
Well-A showed a heterogeneous distribution of reservoir prop-
erties. A six-arm caliper log was run to clearly gauge the open
hole. The fracture ports were located across the good pay zone
while maintaining a reasonable distance from the open hole
packers. The swellable packers were located across the compe-
tent spots where washout was minimal; setting an open hole
packer in a washed-out section can significantly reduce its dif-
ferential pressure rating. The packer-to-port distances ranged
from 156 ft to 295 ft. The open hole MSF completion was de-
signed with five sleeves and seven swellable packers distributed
along the open hole section. The upper MSF completion was
deployed with an expandable liner hanger system in a 4½”
monobore assembly, Fig. 2.

response of the very first injection test — prior to any acid
treatment — can be supplemented for analysis in case a resem-
blance in reservoir characteristics is observed between stages.

The acid fracture treatments in open hole MSF completions
are performed in a less aggressive manner in terms of pumping
rate; total volume of pre- and post-flush, acid and diverter;
and maximum bottom-hole treatment pressure (BHTP) in an
attempt to maintain open hole packer integrity. Once closure
pressure (Pc) is determined from the injection test, the pump
rate should be controlled to generate a bottom-hole net pres-
sure of 1,500 psi to 2,000 psi. The total volume of acid needs
to be calculated based on 300 to 400 gallons per net true verti-
cal depth (TVD) and distributed proportionately among
stages. Often, the stage fluid volumes are restricted based on
logistics. For example, the pre-flush, post-flush, pad and di-
verter volumes are optimized to avoid pumping excess fluids
into the reservoir. The main acid systems are 26% to 28%
emulsified acid (EA) and hydrochloric (HCl) acid; these are
pumped in sequence during acid fracturing treatments in the
carbonate gas reservoirs of Saudi Arabia. The ratio of these
acid systems in any particular stage depends on bottom-hole
static temperature, lithology and the status of open hole
packer integrity. In the case of reactive lithology, like calcite,
the main acid type selected is retarded 28% EA, but if the
reservoir is mostly dolomitic, where acid reactivity is poor,
then the main acid type used is 28% HCl acid. Also, if open
hole packer integrity is severely compromised, and communi-

Fig. 1. Open hole logs of the upper carbonate reservoir in Well-A.

Fig. 2. MSF completion with an expandable line hanger system in a 4½” monobore assembly.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        17

84093araD4R1.qxp_84093araD4R1  7/7/16  10:18 AM  Page 17



MSF Treatments: Well-A

After the completion was deployed, the first hydraulic fracture
port was opened with the rig on location by applying about
7,900 psi on the wellhead. Three months later, through rigless
interventions, acid fracture treatments were performed in Well-
A in the upper carbonate reservoir in five stages. With the
wellbore full of treated water, an injection test was performed
by pumping 60 barrels (bbl) of treated water through the first
fracture port, Stage 1. 

An acid fracture pumping schedule was generated to alter-
nate the sequence of the fluid between the pad and the acid —
first 28% EA, then 28% viscosified HCl acid — in three pri-
mary cycles. The objective was to improve the etching effect
on the fracture face and provide improved wormholes. Table 1
shows a typical pumping schedule.  

The following sequence was followed during the acid frac-
ture treatments in Well-A:

• Perform an injection test, step rate test and main acid
fracturing stimulation for Stage 1.

• Drop and chase the ball, then perform a pre-fracture

injection test, followed by the Stage 2 acid fracture
treatment.

• Drop and chase the ball, then perform a pre-fracture
injection test, followed by the Stage 3 acid fracture
treatment and a post-fracture injection test.

• Drop and chase the ball, then perform a pre-fracture
injection test, followed by the Stage 4 acid fracture
treatment and a post-fracture injection test.

• Drop and chase the ball, then perform a pre-fracture
injection test, followed by the Stage 5 acid fracture
treatment.

Table 2 shows the fluids volume per stage, the type of fluids,
and the total fluids volume actually used during MSF treat-
ments in the upper carbonate reservoir of Well-A. The average
fluids loading per stage for this job was 1,683 bbl, which rep-
resents a reduction of 28% when compared to the loading per
stage for offset wells with open hole MSF completions. The 
average gallon per net vertical foot (gal/ft) of acid used in the
horizontal wells of Saudi Arabia ranges from 400 gal/ft to 650
gal/ft; however, for Well-A, it was reduced to 316 gal/ft, Fig. 3.

Stage Name Fluid Name Stage Fluid Volume (gal) Pump Rate (bbl/min)

 CYCLE 1

Pad Crosslinked gel 2,500 20

Acid 28% EA 5,000 20

Pad Crosslinked gel 2,000 25

Acid 28% Viscosifi ed HCl acid 3,000 25

Diversion No. 1 Diversion pill 1,500 25

 CYCLE 2

Pad Crosslinked gel 3,000 25

Acid 28% EA 5,000 25

Pad Crosslinked gel 2,000 30

Acid 28% Viscosifi ed HCl acid 3,000 35

Diversion No. 2 Diversion pill 1,500 35

 CYCLE 3

Pad Crosslinked gel 3,500 35

Acid 28% EA 5,000 35

Pad Crosslinked gel 2,000 40

Acid 28% Viscosifi ed HCl acid 4,000 40

 CYCLE 4

Pump tank bottoms Tank bottoms (acid) 2,520 20

Closed fracture acid Viscosifi ed acid 3,000 15

Flush Treated water 7,200 15

Overfl ush Treated water 6,100 15

Shut-in

Total: 61,820

    Table 1. Typical pumping schedule
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For Stage 1, the Pc was determined to be 9,501 psi from the
pressure falloff analysis using the G-function method, Fig. 4.

Figure 5 shows the treatment pressure and rate plots for the
Stage 1 acid fracturing treatment. The treatment pressures re-
mained very high even at a low pumping rate until acid perfo-
ration. The BHTP remained above Pc throughout the
fracturing treatment.

Figure 6 shows the plots indicating the ball landing and
fracture port activation for Stage 2. A pressure spike was ob-
served when the ball landed on the seat with a similar pressure
response afterward. No significant change in pressure response

was observed before and after Stage 2 fracture port activation.
Subsequently, the Pc was determined to be 7,964 psi, Fig. 7,
from the pressure falloff analysis of the Stage 2 pre-fracture in-
jection test; this was lower than what was observed in Stage 1.
No post-fracture injection test data was available for Stages 1
and 2; however, Fig. 8 compares the pressure falloff analysis of
pre-fracture injection tests in Stages 1, 2 and 3. It shows a dif-
ference of approximately 3,500 psi in the surface ISIPs between
Stages 1 and 2. The difference is high because a large volume
of acid was pumped during the Stage 1 acid fracture treatment.
A post-fracture injection test after the acid reaction was finished

Treatment Treated 
Water

40 ppt 
Cross-

linked Gel

30 ppt 
Cross-

linked Gel
EA Viscosifi ed 

HCl Acid Diverter Tanks 
Bottom

Fresh 
Water Totals

Stage 1

Load Well 
and 
Injection Test

8,955 – – – – – – – 8,955

Main Acid 14,100 9,883 – 11,942 7,968 1,477 2,963 – 48,333

Stage 2

Ball Chasing 14,736 – – – – – – – 14,736

Pre-Injection 
Test 453 – – – – – – – 453

Step Rate 
Test 4,847 – – – – – – – 4,847

Main Acid 14,181 10,483 – 11,989 7,893 2,080 4,308 – 50,934

Stage 3

Ball Chasing 862 – – – – – – – 862

Pre-Injection 
Test 694 – – – – – – – 694

Step Rate 
Test 4,652 – – – – – – – 4,652

Main Acid 13,212 10,081 – 11,996 7,783 1,574 2,900 – 47,546

Post-Frac 
Injection Test 
and Step 
Rate Test

10,086 – – – – – – – 10,086

Stage 4

Ball Chasing 5,751 – – – – – – – 5,751

Pre-Injection 
Test 420 – – – – – – – 420

Step Rate 
Test 4,414 – – – – – – – 4,414

Main Acid 14,479 12,087 – 11,923 9,070 1,509 3,202 – 52,270

Post-Frac 
Injection Test 
and Step 
Rate Test

6,556 – – – – – – – 6,556

Stage 5

Ball Chasing 6,628 – – – – – – – 6,628

Pre-Injection 
Test 632 – – – – – – – 632

Step Rate 
Test 8,117 – – – – – – – 8,117

Main Acid 13,077 – 15,131 14,931 15,604 5,065 2,032 4,661 70,501

Total Gallons 152,887 42,534 15,131 62,781 48,318 11,705 15,405 4,661 353,422

Total Barrels 3,640 1,013 360 1,495 1,150 279 367 111 8,415

T             Table 2. Actual volumes for each type of fluid pumped in Well-A
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would give more of a representative pressure falloff profile for
comparison. Nevertheless, the BHTP during Stage 2 was above
Pc throughout the fracturing treatment, Fig. 9.  

Figure 8 also shows a 375 psi pressure difference between
Stages 2 and 3 surface ISIPs. The Pc was determined to be
7,579 psi from the pressure falloff analysis of the Stage 3 pre-
fracture injection test. The ball landing and port activation
pressure trends of Stage 3 are similar to those of Stage 2. As 
in Stage 2, the BHTP also remained above Pc during the acid
fracturing treatment of Stage 3. Based on the pressure responses,

Fig. 3. Comparison of acid used (gal/ft) between Well-A and the offset wells.

Fig. 4. Stage 1 Pc analysis (G-function).

Fig. 5. Stage 1 acid fracture treatment.

Fig. 6. The ball drop to isolate the Stage 1 interval and open the fracture port for
Stage 2.

Fig. 7. Stage 2 Pc analysis (G-function).

Fig. 8. Pre-fracture pressure falloff comparisons for Stages 1, 2 and 3.

Fig. 9. Stage 2 acid fracture treatment.
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partial leaks were suspected during the intervening stages,
Stages 2 and 3, however, it was also thought that new reservoir
sections were stimulated through Stages 2 and 3 to a reason-
able extent. 

A post-fracture injection test was performed for Stage 3 af-
ter allowing time for the acid reaction. Figure 10 shows the
ball landing and fracture port activation responses for Stage 4.
A pressure spike was observed when the ball landed on the
seat with a dissimilar pressure response afterwards. The Pc
was determined to be 7,191 psi from the pressure falloff after
the Stage 4 injection test. Figure 11 shows a 300 psi difference
in surface ISIPs between the injection tests after the Stage 3
treatment and before the Stage 4 treatment. Figure 11 also
shows that the pressures overlay one another within a few
minutes, possibly because the ball came off the seat due to an
underbalanced condition. Figure 12 shows a much higher
treatment pressure during the Stage 4 injection test than that
during Stages 2 and 3. The BHTP during the Stage 4 acid frac-
turing treatment, Fig. 13, was above Pc throughout the fractur-
ing treatment. Based on the above arguments, it was thought
that the open hole swellable packers for Stage 4 maintained 
integrity. Similar steps to Stage 4 were taken for the Stage 5 
injection tests and acid fracturing treatment, and analogous 
responses were observed, indicating the integrity for the
swellable packers in Stage 5 was maintained.

EVALUATION

The open hole MSF completion with swellable packers was
successfully deployed to depth for Well-A. All fracture ports
were opened with positive indications, allowing acid fracturing
treatments in five stages. Satisfactory integrity of the open hole
packers was observed during Stages 1, 4 and 5 of the acid frac-
turing treatments. Partial leaks were suspected during interven-
ing Stages 2 and 3; however, reasonable effectiveness in
stimulation treatments was still achieved. Quantifiable im-
provement was observed in zonal isolation and in the creation
of more efficient hydraulic fractures in the upper carbonate
reservoir when using swellable packers instead of mechanical
packers in the open hole MSF completion. The estimated post-
fracture gas rate was 22.3 MMscfd at a flowing wellhead 
pressure of 3,729 psi. Figure 14 shows the combined inflow
performance rate (IPR) for Well-A. The analysis shows a
match to a skin of -3, which indicates a stimulated well and an
absolute open flow of 34 MMscfd. 

It is important to note that communication between stages
in an open hole MSF completion can take place during acid
fracture treatments for various reasons, such as open hole
packer failure, poor drilling practices, non-optimum depth 
selection for packers and ports, excessive volume of acid
pumped, excessive pressure cycling near or above the comple-
tion limit, flow back in between stages, etc. It is important to
understand the causes of such communication and calibrate
the stimulation design accordingly.  

Fig. 10. The ball drop to isolate the Stage 4 interval and open the fracture port 
for Stage 5.

Fig. 11. Comparison between injection tests after Stage 3 treatment and before
Stage 4 treatment.

Fig. 12. Pre-fracture injection test for Stage 4.

Fig. 13. Stage 4 acid fracture treatment.
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BEST PRACTICES AND RECOMMENDATIONS

It is recommended that wells be drilled in the minimum stress
direction so that transverse fractures can be induced. A num-
ber of wells have been drilled in the minimum stress direction
in Saudi Arabia, only to face problems related to wellbore in-
tegrity and stability. It is important to determine mechanical
Earth models to predict wellbore stability and calculate mud
weight windows to reduce borehole breakouts or breakdowns.

The quality of the drilling mud is an important factor in
minimizing formation damage and being able to deploy a MSF
completion to depth. Low solids OBMs are recommended for
this type of application to avoid damaging the formation
and/or leaving solids in the hole. This type of fluid delivers
consistent performance in high-pressure/high temperature
wells with low equivalent circulating density margins by elimi-
nating barite sag, providing increased pressure management
and dramatically reducing fluid losses. 

A wellbore conditioning trip prior to running any MSF
completion is recommended. Having a near bit reamer next to
the bit will guarantee full reaming. An initial reaming trip
should be performed prior to logging the well, and another
trip is recommended after logging, since the well stability may
be compromised after several hours of static conditions. The

second reaming trip should be performed with no rotation and
reciprocation to simulate running a MSF completion. If any
tight spots are encountered, it is recommended to pick up a
stand above the tight spot and then ream through the tight
spot. During the attempt to slide back to the bottom, if tight
spots are encountered again, it is recommended to ream the
hole again. The reaming assembly should simulate the largest
outside diameter and the greatest length of the MSF tool that
will be run in the wellbore.

To prevent a loss of mud or excessive filtrate to the forma-
tion, solids or loss circulation materials are often added to the
drilling fluid to bridge across the pore throat or fractures of an
exposed rock and to build filter cake. The use of these mud ad-
ditives is not recommended while running a MSF completion
downhole as it can plug the MSF assembly. To screen mud dur-
ing the deployment of the MSF completion, it is recommended
to change the screen size on the shakers to 230 mesh (63 mi-
crons) or higher to eliminate the solids that can plug the as-
sembly without compromising the integrity of the mud.

Another simulation needs to be run to calculate all the
forces acting upon the bottom-hole assembly, including torque,
drag, stresses and side forces. In addition, the swelling dimensions
of the elastomer as a function of time must be engineered accu-
rately in the OBM at downhole conditions. This is needed to

Fig. 14. Post-fracture combined IPR for Well-A.
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determine how much time is available to deploy the completion
to target depth in a safe manner or to activate contingency plans
in the event of the completion is unable to get to the bottom. 

To find the right depths for the swellable packers, a six-arm
mechanical caliper log is needed. A logging while drilling
caliper should not be used as a replacement for the six-arm
mechanical caliper log when designing the open hole MSF
completion. The open hole is more like an oval shape, and the
only source providing the real dimensions of each side of the
hole is the multi-arm mechanical caliper log. Based on the six-
arm caliper logs, competent spots should be identified for 
locating swellable packers to secure maximum differential
pressure during the stimulation treatments. 

The fracture sleeves are placed according with the best per-
meability and across the least stressed interval. The fracture
sleeves ideally should be at least 200 ft away from any open
hole packers. The minimum internal diameter (ID) of the
lower completion should be bigger than 2.6” to allow for
coiled tubing intervention, if needed. Depending on the num-
ber of stages, the minimum ID should be kept as big as possi-
ble, i.e., between 2.8” and 3½”.

The stages of fracture treatments in the open hole MSF
completion should be performed in a less aggressive manner in
terms of pumping rate, fluids volume and maximum BHTP.
The pump rate should be controlled to generate 1,500 psi to
2,000 psi net pressure. In case of reactive lithology relative to
the acid system, the main acid type recommended is retarded
28% EA, but in case of a dolomitic reservoir where acid reac-
tivity is poor, then the main acid type can be 28% HCl acid.
Also, if a severe degree of open hole packer communication is
observed after a stage’s fracture treatment, then 28% HCl acid
is recommended as the main acid type for the following stage to
maximize stimulation at the new rock face. It is important to
evaluate open hole packer integrity at each stage and redesign
the next stage’s stimulation treatment to maximize its success. 

A future development target should incorporate 15,000 psi
rated swellable packers in the open hole MSF completion to
address increased upper carbonate stresses. 

CONCLUSIONS 

Good drilling practices; an optimum completion design in
terms of the number of open hole packers, depth selection for
the open hole packers and the location of ports based on open
hole logs and six-arm mechanical caliper logs; and stimulation
strategies that take into account a dynamic evaluation of com-
pletion packer integrity and any necessary recalibration are 
essential to meeting ultimate well objectives.  

In Well-A, test results for at least three stages confirmed the
integrity of the open hole swellable packers. Partial leaks on the
swellable packers were suspected on the other two stages. Yet,
effective stimulation treatments were performed in all stages.  

All fracture ports or sleeves were opened as designed. Total
volumes of the stimulation fluids pumped in Well-A were 
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ABSTRACT
deviated section.

Wellbore geometries that include severe doglegs, excessive
turns, bends or large amounts of formation cuttings can also
adversely affect the casing/formation drag forces. A poorly
cleaned wellbore can result in the settling of formation cuttings
on the lower side of the borehole, causing excessive debris to
build up in front of the casing as it is being run in the hole.
This buildup can prevent the casing from reaching the desired
setting depth. Differential sticking is another problem in ex-
tended reach wells.

The incentives for extended reach drilling are purely eco-
nomic. The need to reach additional reserves from existing sur-
face facilities is apparent, given the capital cost of additional
surface facilities. In some cases, the additional reserves cannot
be economically justified other than by drilling extended reach
wells from existing facilities. The increased need for recoverable
reserves and the heightened attention to natural gas have led
U.S. producers to the use of extended reach drilling, with 
improved production rates and success. 

PREVIOUS SOLUTION ATTEMPTS

Drilling fluids and wellbore geometries have been altered as re-
searchers and operators attempt to address friction or drag
problems associated with extended reach drilling. Previous at-
tempts include a catenary/modified catenary2, 3 drilling method
and the use of low friction coefficient drilling fluids.

The catenary and modified catenary methods created a well-
bore path in which the build angle was continuous and the an-
gle changes were minimal in an effort to reduce drag forces. In
some cases, the wellbore geometry or trajectory was modified
so that the maximum available weight would be present in the
near vertical section of the well. Drilling fluids with high lu-
bricity were also used during casing operations to reduce the
coefficient of friction or drag between the casing being run and
the previous casing/wellbore.

In other attempts, casing running procedures were modified
to either overcome or decrease the coefficient of friction between
the casing and the wellbore. One method involved using an 
inverted casing string, with the heavy casing run in the vertical
section to provide additional weight. This method attempted to
overcome the drag forces, rather than reduce them. If drag

Operators today are tasked with locating ever more commer-
cial reserves and producing those reserves with attention to
lowering exploration and development costs. In addition to
basic financial pressures, operators also face the need to reduce
the environmental impact of well construction and production
operations. Extended reach drilling technology allows opera-
tors to reach recoverable reserves that were unreachable in the
past. Specifically, extended reach drilling from a multipad well
site allows significant portions of the well construction costs to
be spread over multiple wells, rather than being carried by an
individual wellbore. Also, the ability to drill multiple wells
from a single pad helps reduce the environmental impact of the
drilling operation.

Extending the wellbore reach from a given pad depends on
the location of the target formation. Depth, horizontal distance
and production type significantly affect the type of drilling
program adopted as well as the casing running operation. In
many wells, the drag between casing and wellbore prevents
casing running operations from being performed. Responding
to this issue, casing flotation is a proven technology that has
been deployed in multiple fields globally to extend the attain-
able lateral reach of the casing running operation. 

This article documents the use of flotation technology in
combination with two-stage cementing tools in production
wells to avert drag limits and subsequent casing lockup and to
allow successful casing running operations to be performed.
Detailed pre-job planning and computer simulations are pro-
vided to demonstrate both the technical limits and the step out
achievable with casing flotation.

INTRODUCTION

Attempts to run casing in extended reach horizontal wells —
wells with a measured depth to true vertical depth (TVD) ratio
greater than 2:1 — can fail because friction between the well-
bore and the casing often results in a substantial amount of
drag1. This drag often exceeds the available weight in the verti-
cal section of the wellbore. In shallow, highly deviated or hori-
zontal wells, the casing weight in the vertical hole section may
be insufficient to overcome the drag in the extended, highly 

Buoyancy Technology Used Effectively
in Casing Running Operations: Case Case Case Case Case Case Case History 
of Record Length Two-Stage Production
Casing String
Authors: Hank Rogers, Alaa Shaikh and Abdulaziz H. Al-Hasan
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forces were high enough, the lower end of the casing could
buckle.

When casing is rotated, the friction coefficient changes from
a static friction coefficient to a dynamic friction coefficient. Be-
cause the dynamic coefficient is the lesser of the two values,
any pipe movement — either by rotation or by reciprocation
— allows the available weight to maximize casing penetration
in the horizontal section. The need for casing that could be 
rotated was one reason for the development of many torque
shouldered connections, which allow rotation, Fig. 1. Such
connections allow torque to be transferred through the casing
without compromising the integrity of the individual connec-
tions. To date, torque shouldered casing connections have been
widely accepted and used within the industry.

CASING FLOTATION CONCEPT

In the 1980s, an operator from the U.S. West Coast devised a
method4, 5 by which casing was “floated” into the wellbore.
Casing flotation used an “air chamber” created near the lower
end of the casing string. The air chamber produced a buoyant
effect that reduced the casing weight, resulting in less drag be-
tween the casing and the formation. UNOCAL successfully im-
plemented buoyancy assisted casing programs6 on the platform
Irene West, northwest of Santa Barbara, California.

In early casing flotation development, retrievable packers
were successfully used to seal the casing above the air chamber.
The retrieval of the packer after total casing depth was reached
and before cementing operations could be performed, however,
proved undesirable for two reasons:

• The time necessary for retrieval of downhole packers
increased on-site operation costs.

• The amount of well static time necessary to retrieve
downhole packers allowed drilling fluid to develop gel
strength, making it more difficult to remove the drilling
fluid during conditioning and cementing operations.

Flotation equipment is designed to help run casing to the
bottom in highly deviated or horizontal wellbores. When run-
ning casing in such wellbores, drag forces between the casing
and the formation often exceed the available hook weight of
the casing — for larger casing — or its buckling capacity —

for smaller casing. In either case, the result is an inability to
run casing to the desired setting depth. The need to extend the
reach of horizontal wells, and therefore to reduce casing/for-
mation drag, resulted in the concept of floating the casing into
the wellbore. This technique traps air or light fluid in the
lower section of the casing string. This light fluid or air creates
a buoyant chamber on the lower end of the casing. The buoy-
ant chamber can significantly reduce the casing weight resting
on the wellbore, resulting in reduced drag between the casing
and the formation. The buoyant chamber can be almost any
length, depending on how much drag needs to be reduced to
run the casing to total depth (TD). Less casing drag generally
allows the casing to be run to a greater measured depth (MD).

Figure 2 illustrates how friction and the well’s angle of devi-
ation work together to limit how far casing can be run into lat-
eral wellbore sections. The force necessary (Fweight/gravity) to
move the object is directly proportional to the friction factor
and the mass of the object. The lateral force (Flateral) is the
force the object, i.e., the casing, applies to the wellbore; this
force is exerted perpendicular to the center of the wellbore.
The longitudinal force (Flongitudinal) is the downward force act-
ing parallel to the center of the wellbore. Both forces are a
function of angle Ǿ and the mass of the casing (Fmass). When
angle Ǿ is near zero — as in a vertical well — the friction fac-
tor for the wall of the wellbore is negligible because the longi-
tudinal force component is high and the lateral force is low. As
the wellbore angle Ǿ increases, the friction factor for the wall
of the wellbore increases significantly because now the longitu-
dinal force component is low and the lateral force is high. Casing
flotation uses the induced buoyancy of the casing to reduce the
mass of the casing, thereby reducing the effects of friction and
decreasing the longitudinal force necessary to cause movement.

Since its inception, flotation technology has allowed opera-
tors to extend wells in excess of 12,000 ft, and today 30,000 ft
offsets are being considered7. Operators have successfully used
such techniques in fields around the world. These proven 
applications help ensure the continued use of flotation technol-
ogy to further extend wellbore reach and have led researchers

Fig. 1. The torque shouldered connection between the box thread and the pin
thread effectively transfers torque from joint to joint.

Fig. 2. Illustration of how friction and the well’s angle of deviation work together
to limit how far casing can be run into lateral wellbore sections.

26 SUMMER 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

84093araD5R1.qxp_84093araD5R1  7/7/16  10:19 AM  Page 26



ORIGINAL CANDIDATE WELL CONSOLIDATION 
AND SELECTION

Historically, to determine the feasibility of using a flotation as-
sembly on a casing operation, operators considered the well-
bore geometry, drilling fluid, casing size and weight, software
available, and rig equipment:

• Wellbore geometry — does the well require special
running procedures or equipment? Several software
packages are available to aid the drilling engineer in this
area.

• Friction coefficient — the friction coefficient of the
drilling fluid can be obtained from most drilling fluid
suppliers or cementing service companies.

• Rig equipment — is there a top drive or enough
available hook load to push the casing into the wellbore
in the event that a negative weight situation occurs?
Also, rig equipment needs to hold the casing in the well
while the elevators are tripping to the next casing joint.

• Fluid returns — will fluid returns be taken at the
surface or lost to low-pressure zones below the surface?
Equipment problems related to the air chamber could
result in a quick drop in annular fluid height, which
could lead to a well control situation.

• Casing collapse rating — does the casing collapse rating
exceed the expected hydrostatic pressure at TD?
Increases in the collapse pressure as a result of running
casing should be considered.

ORIGINAL FIELD TRIAL IN THE GULF OF MEXICO
(GOM)

The flotation assembly was the first component tested in the
laboratory under controlled temperature and pressure condi-
tions. Calculations were performed on a 9⅝” assembly to con-
firm that the components could be manufactured from PDC
drillable materials. The assembly, Fig. 4, was built and success-
fully pressure tested. A full-scale displacement test was success-
fully performed on the assembly, confirming that the tool
could be released from its steel case.

After completing laboratory tests, researchers conducted 
on-site testing at an offshore platform in the GOM where an
11¾” flush line assembly was run. Figure 5 illustrates the ini-
tial well path along which the equipment was run. The initial
program was to run 11¾” flush line casing to a 15,500 ft MD
and 5,326 ft TVD with a 4,500 ft air chamber. Drilling prob-
lems during the test required the 11¾” casing to be set at ap-
proximately 11,500 ft MD and 5,124 ft TVD with a 2,500 ft
air chamber. 

The casing in the open hole section was machined with spi-
ral grooves to help reduce differential sticking and maximize

to develop additional flotation tool designs.
The improved designs have reduced rig cost, particularly the

use of a displaceable assembly, Fig. 3, located in the casing
string at the upper end of the buoyant chamber. Currently
available equipment, however, has additional design limita-
tions, such as internal components with near drift diameters
and shear mechanism holes in the outer case that could require
secondary squeeze operations.

IMPROVED TOOL DESIGN NEEDS

The initial success of this technology and a recognition of its
design limits challenged tool designers to develop further flota-
tion devices. Any new equipment created to assist with buoy-
ant casing programs should incorporate a few general
parameters. Tool inner diameters (IDs) should be increased to
allow full casing ID after drill out. The configuration of the
seal should allow for larger tolerances between the flotation
cases and their internal components, thereby helping eliminate
problems with wedging or locking of internal components dur-
ing displacement operations. In addition, tools should be capa-
ble of holding pressures from both above and below. After
casing has been cemented, the internal components of the
flotation equipment should be drillable with polycrystalline 
diamond compact (PDC) drill bits.

INITIAL DESIGN CRITERIA

Design criteria for the flotation assembly described here included
a full bore case and a minimum pressure rating of 5,000 psi
(from above) at 300 °F. The tool should require only a low
pressure — < 200 psi — to displace it to the float collar after
rupturing so standard cementing plugs can be used. To facili-
tate drill out operations with the cementing plug technology
available at that time, the equipment had to be PDC drillable,
and it had to be able to incorporate an anti-rotation feature
for use with anti-rotating cementing plugs. With respect to ap-
plication, the equipment needed to be suitable for liner or sub-
sea casing runs, as well as surface release type completions.

Fig. 3. Typical casing string with flotation equipment, including the displaceable
assembly, run into a horizontal well..
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the fill area in the previous 13⅜” string, which had been set at
4,870 ft MD. No centralizers were used because of insufficient
clearance between the 13⅜” string and 11¾” casing. The 
casing was run successfully and closely mirrored the calculated
hook load, Fig. 6. Although using flotation was not absolutely
necessary, given the reduced hole depth of 11,563 ft vs. the
planned 15,500 ft, the flotation assembly was successfully used.

After the successful flotation operation in the GOM, the
technology was deployed in the Asia Pacific region to run 9⅝”
casing on several dozen wells. Additional casing sizes deployed
were 7” and 7⅝”. After extensive success using flotation in
casing strings 7” and larger, several North American operators
began considering the use of flotation in smaller casing strings
for wells in shale plays to increase reservoir exposure. One
particular operator in North America successfully deployed
5½” casing using flotation, running more than 100 operations
successfully in the Marcellus shale play in the northeast U.S.
After almost two years of success, the operator worked with
the cementing service provider to identify inefficiencies in their
processes that could be reduced or removed to improve overall
operational efficiencies on location. 

NEW FLOTATION SELECTION CRITERIA CREATED FOR
THE MARCELLUS SHALE IN NORTH AMERICA 

With the increased use of horizontal drilling practices in the
Marcellus shale in North America, flotation technology has
proven to be useful — not because the production casing
strings cannot be run without flotation (they can in many
cases), but rather because flotation helps reduce operator costs
in other measurable ways. Specifically, several casing strings
run in the Marcellus shale could be run to depth only by ap-
plying surface torque to rotate the casing to depth. Rotating
the casing reduces the effective friction factor acting between
the casing and the wellbore. To achieve pipe rotation, however,
high strength casing connections are often necessary. High
torque connections can be created by inserting torque rings
into the couplings of conventional API connections, which can
significantly increase the torque rating for the connection; for
some casing sizes and grades, the connection torque can in-
crease up to 50%. If API connections with torque rings do not
have sufficient torque capabilities, though, proprietary connec-
tions with internal torque shoulders are used. While these 
connections provide significant improvements in torque capa-
bilities compared to the API connections, the associated costs
can also be significant.

When running smaller casing sizes, such as 5½” casing, in-
sufficient weight — hook load — in the vertical section of the
well is generally not the limiting factor. This means the con-
ventional method of determining the need for flotation tech-
nology by whether the available hook load is enough to push
the casing is not the primary determining factor. Rather, the
chance that smaller casing strings will buckle near the upper
portion of the build section is the most common justification
for flotation. Severe buckling can often lead to lockup, a con-
dition that prevents further casing running operations. Because

Fig. 4. Schematic of a typical flotation assembly.

Fig. 5. Initial well path along which the equipment was run.

Fig. 6. Hook load run comparison with and without flotation assembly.
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casing flotation creates conditions where drag in the lateral
section is reduced, the force needed to push the casing into the
lateral section is also reduced. Reducing the force used to push
the casing into the lateral with flotation can eliminate buckling
or at least reduce the severity of buckling if it occurs.

EVACUATION PROCESS REVIEWED AND REVISED

As previously mentioned, after using casing flotation success-
fully for several years in the Marcellus shale in the northeast
U.S., one operator invited the cementing service company to
suggest possible process improvements to the surface rig up
and the procedures used to evacuate the buoyant fluid (air)
from the casing after reaching TD. The only specific require-
ment specified by the operator was that the air had to perco-
late to the surface before breaking circulation. The surface rig
up and procedure used by the operator at that time to evacuate
the air from the casing were:

1. Land the casing.
2. Rig up a manifold-style cementing plug container onto the 

casing with two lines, Fig. 7.
a. Attach a 2” 1502 valve to the upper manifold port with a

line to the pit.
b. Attach another 2” 1502 valve to the lower manifold port

with a line to the rig/cement unit pumps.
3. Perform pressure test operations.
4. With the upper valve closed, increase pressure enough to 

burst the rupture mechanism incorporated into the flotation
equipment.

5. Once the rupture mechanism bursts, open the upper valve 
to allow the air to discharge from the casing to the mud pit 
as it percolates up.

6. While percolating air through the upper line, intermittently 
pump drilling fluid into the lower line.

7. Continue this process until air stops percolating through the
surface line to the pit.

8. Reconfigure the surface lines for cementing operations and 
perform a second pressure test.

This process often was lengthy, sometimes requiring three to
five hours or longer on each operation to percolate out all the
air after bursting the flotation equipment chamber. If the oper-
ator completes one well per week per rig, and this process is
used on each well, the rig time consumed percolating air from
the casing would take 6.3 to 10.8 rig days annually (52 weeks
× 3 to 5 hours = 152 to 260 hours). 

Though the operator had successfully performed more than
100 flotation operations using the procedures detailed to evac-
uate the air, the cementing service company identified and rec-
ommended multiple process improvements. First, because the
well trajectory ended in an up dip angle, those reviewing the
procedure believed that none of the air from the buoyant
chamber was actually percolating to the surface. Rather, they
believed that all the air discharged to the pit in Steps 5 to 7 af-
ter bursting the flotation equipment was actually drawn into
the casing as the fluid in the casing flowed through the flota-
tion equipment into the buoyant chamber. The cementing serv-
ice company proposed that the procedure be changed so every
cubic foot of air allowed to enter the casing had to be perco-
lated out. Additionally, the company argued that requiring two
separate rig ups of surface lines on the rig floor was a dupli-
cate effort, resulting in nonproductive time and introducing
additional risks. After a thorough review of downhole fluid
movement, surface rig up options and procedures, the cement-
ing service company proposed the following air evacuation
procedure using a conventional surface rig up, Fig. 8:

1. Close the valve from the pump once the rupture has 
occurred to help prevent any influx of air into the casing. 
Once fluid stabilization occurs in the casing, little vacuum 
will remain there.

2. After applying surface pressure to burst the rupture disk, 
monitor the surface pressure for 15 minutes. No change in 
measured pressure is expected.

3. Pump a volume of mud equal to 90% of the buoyant 
chamber volume.

4. Stop and monitor the surface pressure for 15 minutes. 
5. Open the line to the pit/separator and monitor the pressure 

with the cement unit for 15 minutes or until flow back 
stops.

6. Close the valve to the pit/separator and pump the balance 
of the mud equal to the air chamber volume plus an extra 
10%. Note if returns up the annulus are observed.

7. Stop and monitor the surface pressure for 10 minutes.
8. Open the line to the pit/separator and monitor the pressure 

for 10 minutes.Fig. 7. Basic surface rig up used for percolation, circulation and cementing.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        29

84093araD5R1.qxp_84093araD5R1  7/7/16  10:19 AM  Page 29



9. If flow persists up the casing, close the valve to the pit/sep-
arator and pump 15 bbl of mud.

10. Stop and monitor the surface pressure for 10 minutes.
11. Repeat Steps 8 and 9 until flow back through the casing 

stops or annular returns are noticed.

This process was debated heavily by operations personnel
because of their concern that the entire air bubble could be cir-
culated out the shoe and up the annulus, possibly resulting in a
release emulating a gas kick at the surface. But the proposed
process was finally approved for use. When the procedure was
followed, no air percolated to the surface, and circulation was
established in less than 45 minutes and with only one rig up/
pressure test. The result was a savings of two to four hours.
Because no air from the buoyant chamber was percolated to
the surface, the fear was that the entire air volume would be
circulated to the surface, potentially affecting the mud column
and hydrostatic pressure in the annulus. Those fears of a sur-
face kick or a loss of the annular fluid column, however, were
not realized. 

To date, a total of five operations have been performed us-
ing the new surface procedures and have been further refined
to less than 30 minutes from rupture to circulation.

SECOND APPLICATION EVALUATED

A second operator drilling in the Marcellus shale planned to
run a 5½” production casing string to 12,500 ft. The 5½” cas-
ing incorporated premium connections to allow the efficient
transfer of torque from the top drive tool to help reduce fric-
tional effects that typically hamper casing running operations.
Conventional casing running operations were to be used. As

shown in Fig. 9, the casing got stuck approximately 500 ft off
the bottom. Furthermore, rotation could not be achieved once
the shoe reached 10,400 ft, resulting in 500 ft less production
zone exposure to the casing, thereby affecting the long-term
production capabilities of the well.

During the post-operation evaluation, casing flotation was
discussed as a possible technology that could help prevent cas-
ing running difficulties on future wells. The operator and ce-
menting service company collaborated to review the previous
operation to evaluate the likely benefits if flotation had been
used. This review included all the parameters used to create
the drag simulation shown in Fig. 9, with the addition of a
5,500 ft air chamber, Fig. 10. The new simulation clearly 

Fig. 8. Conventional surface rig up proposed by the service company as suitable
for percolation, circulation and cementing.

Fig. 9. Computer simulation of torque and drag encountered during a recent
operation in the Marcellus shale shows casing buckling beginning somewhere in
the string when the shoe is near 10,400 ft. The red line represents buckling (helical
or sinusoidal) and shows it occurring with the shoe at the MD shown. The green
line represents estimated hook load while the shoe is at the MD shown. The
operator was unable to rotate the casing after the shoe reached approximately
10,500 ft, even though proprietary shouldered connections were used.
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showed the benefits of casing flotation. Specifically, no buckling
or excess torque was indicated by the simulation, showing the
casing could be run successfully to the TD of 12,500 ft. Fur-
thermore, the simulation showed that the casing could be run
to the TD with rotation, eliminating the need for expensive
premium casing connections. One additional simulation, not
shown, indicated the casing could be run successfully beyond
15,000 ft while maintaining the same well path trajectory if
the operator needed the additional formation exposure and the
formation structure allowed the extension. 

RECORD TWO-STAGE PRODUCTION CASING LENGTH
USES FLOTATION 

Though the casing flotation process has been used successfully
in many locations and regions globally, two casing running op-
erations had not previously benefited from flotation technol-
ogy. Specifically, the technology necessary to use casing
flotation was lacking for wells where two-stage cementing
methods are to be used and in subsurface cementing operations,
such as liners and subsea applications. In both cases, addi-
tional operational considerations needed to be addressed to
help ensure operational compatibility between the tools used.
Figures 11 and 12 show a casing string and flotation equip-
ment overview for running casing in a string that is to be ce-
mented using multistage cementing equipment. Procedural
requirements for running casing with flotation technology
limit the type of stage cementing equipment that can be used.

Both the operator and the cementing service company must
understand these limitations before attempting to run flotation
devices together with multistage cementing equipment. Specifi-
cally, the displacement plugs with the flotation equipment must
be compatible with the multistage cementer. The cementer
must be designed to withstand the pressure necessary to burst
the rupture disk in the flotation collar, and the collar must be
installed in the casing below the setting depth of the multistage
cementer.

Flotation was deployed in 2013 to enable a Middle East op-
erator to run almost 17,000 ft of 9⅝” casing to MD with a
TVD near 4,500 ft. The operation took almost two years of
planning and dozens of simulation runs by both the operator
and the service company. Figure 13 shows the final hook load
lines based on the final well survey, demonstrating how well
the recorded hook loads followed the trend lines simulated be-
fore the operation. During the preplanning phase, one specific
equipment limitation was identified as an opportunity for im-
proving future deployments. Specifically, the equipment package
delivered to the operation did not allow for the use of top and
bottom plugs on the first stage cementing operation; only a
first stage top plug was supplied. For cementing an extended
reach lateral section of 9⅝” casing, using only a top plug for
the first stage cement operation was less than ideal. An equip-
ment change was not possible before the operation. Still, the
operation was performed successfully and the first stage top
plug bumped on displacement. From every perspective, this
operation was a complete success because of proper pre-job
planning and on-site execution of the plan.   

Two additional 9⅝” flotation operations were performed in
2015 by international oil companies. They showed that casing
running operations using flotation can be performed with
greater confidence. Further, these two operations were specifi-
cally performed as trial cases, part of a greater field develop-
ment plan to incorporate longer lateral sections for increased
reservoir exposure. Both operations were in relatively shallow
wells and used 3,500 psi rupture disks in the flotation collars.
Details on these two operations are scheduled to be published
when available.   

Though only a limited number of operations have been per-
formed to date, flotation technology can be successfully used
with multiple stage cementing and subsurface applications if
proper planning, equipment selection and execution are under-
taken. All parties should work together beforehand to under-
stand how incorporating flotation technology affects
conventional casing running and cementing operations. 

Fig. 11. General schematic of a casing string configured with a flotation collar to
create a buoyant chamber and with a stage packer collar for performing second
stage cementing operations.

Fig. 12. General schematic of a casing string floated into the well followed by first
and second stage cementing operations.
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CONCLUSIONS 

Casing flotation has become a common technique in today’s
drilling environment. Many operators have identified it as an
integral tool for drilling engineers. Beyond describing the sim-
ple application of flotation technology, this article documents
the need to continuously evaluate processes and equipment
used. Even though a particular process has been successfully

used for many operations, additional efficiencies clearly can be
realized in some situations. The collaboration between the op-
erator and the service company described here required several
hours of discussion and many face-to-face meetings before the
operator approved the new processes suggested by the service
provider.

In addition to the simple time and cost savings realized by
the operator, a measurable reduction in time on-site was

Fig. 13. Final simulation shows load lines with actual hook load measurements recorded during casing running operations.
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achieved by the service company. Reducing operation time by
several hours helped the service company’s crews, who were
released sooner from each operation, free to perform additional
jobs.

With more complex wellbores being considered and drilled
today, future equipment development is needed to fully deploy
casing flotation in such applications. Specifically, flotation of
below stage cementing tools allows extended lateral sections to
be cased while helping ensure effective zonal isolation up hole,
which supports the long-term pressure integrity of the well. 

ACKNOWLEDGMENTS

The authors would like to thank the management of Halliburton
and Saudi Aramco for their support and permission to publish
this article. 

This article was presented at the SPE/IADC Middle East
Drilling Technology Conference and Exhibition, Abu Dhabi,
UAE, January 26-28, 2016.

REFERENCES

1. Ruddy, K.E. and Hill, D.: “Analysis of Buoyancy Assisted
Casings and Liners in Mega-Reach Wells,” SPE paper
23878, presented at the SPE/IADC Drilling Conference,
New Orleans, Louisiana, February 18-21, 1992.  

2. McClendon, R.T.: “Directional Drilling Using the Catenary
Method,” SPE paper 13478, presented at the SPE/IADC
Drilling Conference, New Orleans, Louisiana, March 6-8,
1985.  

3. Sheppard, M.C., Wick, C. and Burgess, T.: “Designing Well
Paths to Reduce Drag and Torque,” SPE Drilling
Engineering, Vol. 2, No. 4, December 1987, pp. 344-350.   

4. Mueller, M.D., Quintana, J.M. and Bunyak, M.J.:
“Extended Reach Drilling from Platform Irene,” SPE paper
20094, presented at the SPE California Regional Meeting,
Ventura, California, April 4-6, 1990.   

5. Hood III, J.L., Mueller, M.D. and Mims, M.G.: “The Uses
of Buoyancy in Completing High-Drag Horizontal
Wellbores,” SPE paper 23027, presented at the SPE Asia-
Pacific Conference, Perth, Australia, November 4-7, 1991.  

6. Mueller, M.D., Quintana, J.M. and Bunyak, M.J.:
“Extended Reach Drilling from Platform Irene,” SPE
Drilling Engineering, Vol. 6, No. 2, June 1991, pp. 138-
144.   

7. Ryan, G., Reynolds, J. and Raitt, F.: “Advances in
Extended Reach Drilling — An Eye to 10 km Stepout,”
SPE paper 30451, presented at the SPE Annual Technical
Conference and Exhibition, Dallas, Texas, October 22-25,
1995.  

BIOGRAPHIES

Hank Rogers is a former Senior
Global Technical Advisor for
cementing casing equipment within
Halliburton’s Cementing Technology
Department. He served previously as a
Staff Engineer and as Team Leader.
Hank joined Halliburton in 1989 after

working in oil field equipment design for 3½ years. 
He is a 30-year member of the Society of Petroleum

Engineers (SPE); a member of the American Petroleum
Institute (API), and a registered professional engineer in the
State of Oklahoma, and is a current member of API work
groups on the creation of Specification 10F for cementing
floating equipment and for the latest revision of API
Specification 10D for bow spring centralizers. 

Hank served on the program committees for the 2012,
2014 and 2015 Asia Pacific Oil and Gas Conference and
Exhibitions held in Perth and Adelaide, Australia and Bali,
Indonesia, respectively. He also serves as a technical editor
for SPE’s Drilling and Completion Journal. 

Hank holds 65 U.S. patents and has published more
than 55 technical papers.

In 1986, he received his B.S. degree in Petroleum
Engineering Technology from Oklahoma State University,
Stillwater, OK.

Alaa Shaikh is a Technical Advisor at
the Cementing and Casing Equipment
Department within Halliburton, Saudi
Arabia. He has been with Halliburton
since 2006. Alaa also served as a
regional focal person for the Middle
East for Casing Equipment within

Halliburton. 
He is a member of the Society of Petroleum Engineers

(SPE). 
Alaa received his B.S. degree in Petroleum Engineering

from King Fahd University of Petroleum and Minerals
(KFUPM), Dhahran, Saudi Arabia.

Abdulaziz H. Al-Hasan joined Saudi
Aramco in 2010 as a Drilling Engineer,
but soon moved to Drilling Operations
working as an Assistant Foreman. In
2014, he joined the Drilling
Engineering Conventional Oil Drilling
Department and is currently assigned

to the Unconventional Gas Drilling Engineering Unit.
Abdulaziz received his B.Eng. degree in Petroleum

Engineering from the University of Manchester,
Manchester, U.K. 

working in oil field equipment

Halliburton.

to the Unconventional

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        33

84093araD5R1.qxp_84093araD5R1  7/7/16  10:20 AM  Page 33

creo




ABSTRACT
statistical approach based on the number of wells drilled and
completed in the area. The exploration wells in this study were
drilled horizontally and hydraulically fractured along the lat-
eral. The overall challenge was to perform the assessment
quickly as the rapid drilling program with multiple rigs work-
ing required efficient execution of the operations.

The shale in this area is a 2,000 ft gross interval made up of
two distinct rock lithologies. The upper lithology is 70% clay,
making it ductile and difficult to fracture, limiting the recovery
of hydrocarbons. The second rock type is brittle, made up of
60% quartz and illite clays. This second rock lithofacies was
chosen as a drilling target, a decision based on its brittleness,
its total organic content of > 3% and its thermal maturity of >
1.3%, indicating dry gas and porosity from 8% to 12%. The
difficulty in drilling is that the net thickness of the interval is
small and the likelihood of water production is high.

This article describes two case studies involving the horizon-
tal shale gas wells in the region. In the first case, a well was
completed with 12 fracture stages. In the second case, a well
was completed with 16 stages. Different fracture techniques
were utilized to maximize production, and the optimal hy-
draulic fracture design was investigated in terms of well pro-
ductivity. Due to the well conditions after fracturing, it was
critical that the production logging workflow was designed
correctly so it could accurately evaluate the productivity result-
ing from each individual stage and each type of fracture treat-
ment. 

INTEGRATED PRODUCTION LOGGING TOOL

The flow scanner integrated production logging tool (PLT)
provides continuous multiphase velocity distribution measure-
ments and holdup data, which are then used to identify flow
profiles and analyze complex horizontal flow behavior.

The vertical axis orientation of the sensors enables the
measurement of mixed and segregated flow regimes, including
a direct independent measurement of gas velocity, in a multi-
phase horizontal well. All measurements are taken simultane-
ously at the same depth level1. Comprehensive character-
ization, in both cased and open hole completions, requires run-
ning several jobs extensively2. The PLT is capable of distin-
guishing three phases, as compared to a conventional spinner

Most unconventional shale gas reservoirs are produced today
through a series of hydraulically fractured stages distributed
across horizontal wells. Different fracturing techniques are
used to maximize well performance. Some techniques may
present more economic advantages than others.

This study outlines a workflow on how to select the right
diagnostic tools for evaluating fracturing techniques. It in-
cludes how to plan and design the logging intervention, while
putting different well conditions in perspective, such as varia-
tions in production rates, slugging, water recirculation, water
loading and nitrogen (N2) lifting. The workflow also lists the
critical steps needed during data acquisition and interpretation
to provide a more accurate evaluation. 

This article describes two case studies involving horizontal
shale gas wells in the region. In the first case, a well was com-
pleted with 12 fracturing stages. In the second case, a well was
completed with 16 stages. Different fracturing techniques were
utilized to maximize production, and the optimal hydraulic
fracture design was investigated in terms of well productivity.
A multi-spinner production log was combined with a pulsed
neutron log (PNL) and water flow log (WFL) in the wells,
which featured different trajectories and low water rates, to
determine the downhole flow profile along with accurate 
determination of water entries. 

Values for zonal gas and water flow production were ob-
tained for each fracturing stage, despite a challenging well de-
viation and complex gas-water flow regimes. Pressure buildup
data, acquired simultaneously with the multi-spinner produc-
tion log, led to the determination of a more accurate reservoir
pressure. Stages with water production were shut off success-
fully, reducing the water rate. These results were incorporated
with the early fracturing data for a better understanding of the
well performance. The goal was also to optimize the comple-
tion and fracturing design for future wells to be drilled in the
same field.

INTRODUCTION

Traditionally, a resource rock is evaluated, tested and pro-
duced using individual tools with the results optimized by a

The Role of Production Logging in
Optimizing Unconventional Shale Gas
Stimulation in the Middle East
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that shows only a single-phase fluid, Fig. 1. The flow scanner
integrated PLT consists of two retractable arms equipped with
sensors that are deployed along the vertical diameter of the
wellbore, providing real-time holdup and velocity profiles, Fig.
2. Five directional miniaturized spinners are mounted across
the vertical axis of the pipe being used for measuring the phase
velocity profile. The second arm has two arrays of six electri-
cal and six optical probes. The optical probes distinguish gas
from liquid through a refractive index measurement. The elec-
trical probes distinguish water from oil using an electrical im-
pedance measurement.

The flow scanner PLT can be combined with a pulsed neu-
tron log (PNL) and water flow log (WFL) to provide velocity
and compute the three-phase holdup measurements selectively
across the lateral as needed in the case of low amounts of wa-
ter. The WFL is a stationary tool that uses oxygen molecules
activated in the water with a burst of neutron particles from
the PNL. The time it takes the neutrons to move past the near

and far field detectors of the PNL determines the water veloc-
ity. In addition, the volume of activated water flowing by the
detectors can be used to compute the three-phase holdup of
the fluid and gas in the wellbore3.

DATA ACQUISITION METHODOLOGY

The two example wells presented in the article are low-pres-
sure gas wells that are producing load water from multiple
fracture treatment sites. Because the wells are low pressure and
may die during the logging operation, an acquisition method-
ology was developed that would capture all possible data,
whether in a flowing or dead well state. The acquisition
method, Fig. 3, included a flowing survey with two flow rates,
followed by a shut-in survey to determine crossflow effects. A

Fig. 1. Flow scanner PLT multiple spinners in comparison to a conventional spinner.

Fig. 2. Illustration of flow scanner PLT showing locations of multiple probes and spinners.

Fig. 3. Data acquisition process.
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completion. This meant that the hybrid and slickwater treat-
ments were placed at the toe, due to pressure limitations
caused by friction, which prevented formation of the fracture
width required for higher sand slurries.

Each fracturing stage had three clusters, spaced approxi-
mately 80 ft apart, and perforation was at 6 shots per foot
(SPF) for a total length of 1½ ft each. The fracturing designs
were kept consistent, with total proppant concentrations of
150,000 lb using a combination of 100-mesh and 40/70 mesh
high strength proppant (HSP). All treatments were pumped at
60 barrels per minute (BPM) due to limited pressure on the
completion string.

Logging Job

The logging objectives were to obtain the flow profile and de-
termine major water entries. The production logging job was
challenging due to the N2 lifting for kickoff and low flow
rates, as well as a dozen stages and rate fluctuations. The job
program emphasized real-time follow-up and had to be consis-
tent for at least two down passes to increase the confidence in
both the time measurements and the surface rate measure-
ments. With the well deviation being mostly less than 90° (up
flow), higher gas velocities were predicted, along with greater
confidence in the first entry due to the heightened sensitivity of
the optical probes to gas, including temperature. The pre-job
preparation log display is shown in Fig. 5. Deviation in the
middle section of the well was almost 90°; here there was con-
fidence in the water velocity as well as the higher gas holdup
measurements. 

The tool was conveyed with 1¾” coiled tubing (CT) to
reach total depth while minimizing the intervention. The well
was kicked off with N2 lifting during the CT running in hole
and flowed naturally as a favorable condition during the log-
ging passes. The second down pass was recorded 5 hours after
the first down pass. Since the repeatability of the two down
passes was not sufficient for confident results, a third pass was
run as a repeat of the first pass after 7 hours of stabilization. It
was observed from the second and the third down passes that
all five spinners’ repeatability was good enough for confident
results, Fig. 6.

12-hour buildup was used to determine the pressure response
from the reservoir. Because of the low gas flow rates and high
water content, a water holdup log was run, which captured the
velocity of the water moving down the lateral. Evaluation of a
contingency plan for initiating production with nitrogen (N2)
lifting was also included in the workflow. N2 was available to
kick off the well and for lifting the dead well while running the
production log. The lifting procedures were based on recom-
mendations developed by Bawazir et al. (2011)4 and Zhou et
al. (2011)5.

FRACTURING TECHNOLOGIES

Four fracturing technologies were assessed in the two example
wells to determine their efficiency in terms of placement as
well as production off-take. Slurry volumes and pump rates
were kept the same to minimize the variables.

• Slickwater Design. A slickwater fracture treatment
utilizes low gel concentrations or water with a friction
reducer to carry the proppant down the fracture length.
Slurry concentrations from 0.5 pound of proppant
additive per gallon of clean fluid (PPA) to 3 PPA are
pumped in several stages, with water sweeps between
the slurry stages. Typically, the slurry stages are pumped
with 100-mesh sand; however, 40/70 mesh can be
utilized if sufficient fracture width is generated during
the fracturing process.

• Conventional Design. Cross-linked fluid is used to carry
high concentrations of proppant. Proppant concen-
trations typically range from 0.5 PPA to 5 PPA and can
be either 40/70 mesh or 30/50 mesh for tight gas
reservoirs.

• Hybrid Design. A slickwater fracture treatment is
initially pumped, followed by a conventional fracture
treatment to maximize near wellbore conductivity.

• Channel Design. In other ways similar to a conventional
fracture treatment, the slurry in this design is placed by
pressure pumping pulses to create pillars or channels
throughout the fracture. 

CASE STUDY 1 

Well History

Figure 4 shows the 12 stages in Well-1 that were seen as form-
ing an optimum completion strategy for maximum stimulated
volume. Within these 12 stages, the four fracturing techniques
(conventional, hybrid, slickwater and channel design) were
evaluated to provide a quick assessment of fracturing efficiency
and production off-take for each fracture type. The placement
of each type of fracture treatment was determined by the mini-
mum stress and perceived fracturing pressure limitations of the

Fig. 4. Stage placement with identification of treatment designs along the Well-1
lateral.
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Results

The integrated production log results for Well-1 with stage
contributions are shown in Fig. 7. The first entry of gas was
determined — by detecting gas bubbles at the top using optical
probes and measuring a velocity difference — with high confi-
dence despite the very low rate. Stages 1 to 7 contributed 50%
of the gas and 80% of the water production; among them,
they used all three types of fracture designs. Stages 5, 6, 10
and 11 produced the highest rate of gas; all used a conven-
tional fracture design except for stage 11, which was a slick-
water design. The remaining stages, using both slickwater and
hybrid designs, resulted in the poorest performance of the frac-
ture treatments. The poor results, though, were thought to be
a consequence of both early design learnings and rate restric-
tions due to the maximum pressure limitations of the comple-
tion. The results could also be attributed to using the heavier
HSP; the inability to displace the proppant down the fracture
with a low viscosity fluid prevented the sand from reaching
deep into the formation. Water production was predominantly
from the lower stages and is probably associated with down-
ward fracture growth into the formation, whose lower inter-
vals were determined to be water bearing.
The many combinations of fracture designs and fracturing

treatment placements down the lateral proved to make an 
assessment of the fracturing technologies difficult since there
were too many reservoir and fracturing unknowns. Future as-
sessments should be performed with only a limited number of
technologies and with their placement in a larger area to remove
any inconsistencies that might arise from reservoir heterogeneity

and fracturing operations.
Since the bottom four stages produced almost 50% of the

water, a solid plug was placed to isolate the lower stages and
reduce the overall well water rate, which did eventually drop.

CASE STUDY 2 

Well History

In Well-2 16 stages were seen as forming an optimum comple-
tion strategy for maximum stimulated volume, Fig. 8. Three
fracturing techniques were used in groups instead of spreading
the technologies throughout the lateral, based on the learnings
from Well-1. The three technologies deployed were conven-
tional, channel, and slickwater fracture designs. They were
lumped together to eliminate the chance that variabilities in
the reservoir rock would mask the results evaluating the per-
formance of the fracture types. The slickwater fractures were
placed at the heel in an attempt to maximize the slurry rate to
80 BPM vs. the 60 BPM achieved in the previous stages. All
fracture stages in Well-2 used the same perforation strategy as
in Well-1; three perforation clusters at 6 SPF and a total length

Fig. 5. Pre-job preparation log display.

Fig. 6. Comparison of second down pass and repeat pass spinners’ results.
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Fig. 7. Well-1 production logging result.

Fig. 8. Stage placement with identification of fracture technique along the Well-2 lateral.
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