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ABSTRACT

During the development phase of a gas field, the abnormal
pressure in a dolomitic limestone formation demanded an
extremely high mud weight (MW) to control the well. The cas-
ing design of this case study field has entailed the installation of
a 7” x 9%” liner hanger in combination with a liner top packer
followed by a tie back to the surface. Due to this hole section
being directly above the pay zone, it is crucial that the liner
installation and the wellbore integrity are not compromised for
the subsequent well completion.

The challenging downhole pressure conditions require a
drilling MW up to 157 pcf (~ 21 ppg), where solids content
could reach as high as 49% using conventional weighing mate-
rials. For a liner deployment, this means that the high concen-
tration of solids can cause plugging in the setting ports of a
conventional hydraulic liner hanger and running tool system,
as well as causing high pressure to shear the gels on a complex
mud rheology, increased equivalent circulating densities (ECDs)
that can lead to fluid loss issues and problems of barite settling
in the open hole, among others. Additionally, the thin balance
between ECDs and the formation fracture pressures in this field
generated numerous events of severe fluid loss during the liner
deployment or while cementing. A liner not fully supported by
cement — due to severe fluid loss during cementation — can
experience ballooning, and be unable to withstand piston forces
acting against the liner’s top packer during well completion
operations. These forces can, in some cases, exceed the ratings
of the liner top packer’s hold down slips, therefore allowing
the packing element of the liner top packer to fail. An expen-
sive workover operation may be necessary to decomplete and
recomplete the well.

For these reasons, an optimized deployment strategy was
planned and implemented to address these challenges. It
included improvements to the hydraulic liner hanger and run-
ning tool system, calculations to simulate an optimal running
speed of the liner, and enhanced procedures for liner deploy-
ment and cementation, including revised setting procedures for
the liner hanger slips, and modifications to the drillpipe’s wiper
plug design.

The results of these improvements have reduced the failure
rates of the liner equipment significantly, saving up to 30 days

of nonproductive time (NPT) per well related to remedial jobs.

The objective of this article is to detail the benefits of imple-
mentation, detailed pre-job planning, improvements for optimal
drilling mud properties and modifications to the liner hanger
system, and procedures that resulted in successful deployments
of liners in the field. In addition, a case study will be shared as
a way to institute lessons learned and best practices.

INTRODUCTION
Field Background

To reach the reservoir section, a high-pressure zone must be
drilled through and isolated by a cemented liner. Proper isola-
tion from the pressurized formation is required because of the
highly diverse pressure regimes between the reservoir section
and high-pressure zone above it. The typical mud weight (M'W)
to drill through the high-pressure zone can reach up to 157 pcf
(= 20.9 ppg), while the reservoir section requires a relatively
lower mud density. Combining the two sections will result in
exceeding the fracture pressure of the formation in the reservoir
section.

The high-pressure zone is composed mainly of high salinity
fluid — with chloride content higher than 100,000 ppm, which
is trapped with streaks of anhydrates combined with dolo-
mitic limestone. It is believed that the high pressurized zone was
formed during tectonic and other geological events that hap-
pened in the past. The average length of the section is around
1,500 ft containing +1,000 ft of high-pressure zone interval.

In addition to being a high-pressure zone, it includes several
intervals of weak formations that are naturally fractured. Most
notably, this part of the formation has an extremely narrow
MW window that can be as low as 1 pcf (0.15 ppg) in some
places'. For this reason, managed pressure drilling (MPD) and
cementing (MPC) techniques were used to manage this tight
MW window and reach the liner point safely.

Mud Challenges
At the initial design, barite was used as the only weighting

agent to build up the density of the mud. As mentioned earlier,
the mud density required for this section can reach as high as

SAUDI ARAMCO JOURNAL OF TECHNOLOGY WINTER 2018



pcf | Ib/gal
O9—7— 0 AR
= Mist
E = Emulsion Qil-in-Water
R R m—
= Barite Water 62.4 pcf
748 |10 Salt 75 pef
55 CaCl, 87 pef
= CaCO; 110 pef
112.2——15
= Hematite Galena
149.6 20 156 pef
187.0——25 194 pet
2244 ' 30 - 225 pef

Fig. 1. MW range with different weighting agents®.

157 pcf (~21 ppg). This means the barite system will be oper-
ated at its maximum limit of 156 pcf or 20.8 ppg, Fig. 1%
These drilling fluid conditions had their own challenges for
hole instability, and subsequent effects on the liner deployment.
For example, one of the issues of the barite system was barite
settling — sagging. This condition occurs when barite particles
settle downhole when circulation stops. It might cause the drill-
string to plug or reduce the hydrostatic pressure, leading to a
possible well control situation. To avoid the barite settlement,
the rheology of the drilling fluid is increased to improve the sus-
pension properties of the mud. Once the rheology increases,
the equivalent circulating density (ECD) will increase, lead-
ing to possible loss circulation events. Drilling fluid losses to
the formation while running the liner can lead to several prob-
lems. Mainly, the integrity of the cement cannot be guaranteed,
due to loss of cement to the formation. Once the cement integ-
rity is lost, it can lead to more complications such as what is
called “wet shoe.” This is a situation where there is no cement
around the casing shoe; thereby compromising the well integ-
rity. Remedial jobs are mandatory to fix the wet shoe, which is
not always guaranteed, and it usually requires a high amount
of nonproductive time (NPT). For these reasons, controlling the
mud properties by decreasing the high rheology of the fluid is
crucial to enable successful deployment of the liner system.

Liner Deployment

The abnormal mud density and solids content of the drilling
mud used in the field were the main challenges to successfully
deploy a conventional hydraulic liner hanger system. Due to the
well instability conditions, the liner must have the ability to be
circulated with no pressure restriction, rotated and reciprocated
during running to mitigate the challenging wellbore conditions
of the field, and at the same time provide an effective liner top
and liner shoe isolation.

Cemented liners deployed under high solids content and
high fluid losses are not very common, however, this field is an
exception. As seen in Table 1, the approximate MW used to
drill this section can reach up to 21 ppg. This requires a signif-
icant effort that includes detailed pre-job planning to identify
and mitigate the challenges. Additionally, agreement between
the execution and the planning teams is essential to imple-
ment the best practices and lessons learned to reduce the risk
of failure, and select the equipment that is a best fit for the
application.

Historically, under these mud conditions, conventional
hydraulic liner hanger systems were not successful in achieving
the objective of activating the hanger’s slips. Due to the high
solids content in the fluid, settling around the slips and clog-
ging of the setting ports on the hydraulic activated tools are
known as the main root cause in preventing the hanger slips to
activate. Solids in the system also translate into a high shear-
ing pressure for the running tool ball seat that in some cases
can lead to fluid losses caused by the hammer effect against the
formation. For these reasons, operators prefer mechanical liner
hangers to be deployed in extreme high MW systems, however,
if the liner must be rotated while working through tight spots,
then a mechanical hanger becomes a limitation.

After the liner system is deployed and cemented, an isolation
packer is activated above the liner hanger. To fully activate this
packer, a sufficient force is required to be applied on it. This
force is achieved by the bottom-hole assembly (BHA), which is
used to run the system. In most of the vertical wells, transmit-
ting the setting weight to the liner packer is not an issue due
to the minimum drag in the well. In the S-shape wells in this
field, it is more complicated to have an effective transfer of the
set down weight to energize the slips of the tie back packers.
Proper setting of the packer’s slips is critical because after setting
the packer, a negative test on top of the liner packer is required
to confirm its integrity. This high drawdown pressure, reflect-
ing the weight difference between the liner section MW and the
completion fluid density, will exert a considerable force on the
liner system, which can lead to excessive forces acting on the lin-
er’s top packer if the cementation was compromised by losses.

Location Type City MW (ppg)
Offshore Belle Chasse 20
Land Victoria 19.1
Offshore Houma 18.7
Offshore Great Yarmouth 20
Offshore Kemaman 18.8
Offshore Aberdeen 19.7
Land Kuwait 20
Land Case study field 21

Table 1. MW vs. fields around the world
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UNDERSTANDING THE CHALLENGES
Hanger Setting Problems

The activation pressure of the hydraulic liner hanger and the
running tool are the main limitations to circulating pressures
during liner deployment. The simple solution to overcome this
limit is to increase the standard setting pressures of the hanger
and the running tool. Despite the adjustments, the pressure
required to shear the high rheology of the drilling mud can still
prematurely set the liner hanger. For that reason, a hydraulic
liner hanger with a pressure balanced system was selected for
this field, as this allows high-pressure circulation through the
unstable well conditions and extreme high MW systems. The
pressure balanced design is unaffected by circulating pressures,
which prevents it from premature setting while circulating at
high pressures if required.

Liner Top Packer Leaks

Total losses during cementing is an unfavorable condition that
can have a severe impact on the integrity of the well. In the
majority of cases of lost circulation, the liner top packer is set
immediately after the cement job. This practice is done in this
field mainly for well control purposes to have the well secured
during tripping out with the running tool assembly. Afterward,
a negative test is done on the liner packer in which two main
effects exert force against the liner top packer. The piston force
below the seal element is driven by the differential between the
formation pressure and the fluid above the element, and the
reverse ballooning force of the heavier fluid on the annulus.

These two forces push across the packer element and packer
hold down system against the lighter fluid inside the liner. If the
liner does not have the support of the cement as a result of the
severe fluid loss situation, the combination of these forces — in
some cases — can exceed the rating of the hold down slips of
the liner top packer. This is illustrated in Fig. 2, where it shows
the net forces that are acting on the liner packer/hanger assem-
bly during negative testing of the liner system. If the hold down
slips capability is not enough to provide an anchoring force to
the packer element, the packer will fail.

Transferring the Weight to the Tie-Back Packer

Once it was confirmed that there was a leak through the liner
top, a tie back packer is required to fix the leak.

Insufficient transfer of weight downhole through a devi-
ated S-shape well was identified as the main root cause for not
setting the liner top packer, and therefore, having a liner top
leak. Table 2 shows the weight difference when transferring
the weight to set the hold down slips at the packer depth on an
S-shape well trajectory.

Cement Displacement

In one event, the liner wiper plug was found on top of the liner
— not in the landing collar where it supposed to be — while
performing the subsequent cement clean out trip. The result

of the investigation concluded that the most likely explanation
was that the displacement heavy mud bypassed the drillpipe
dart due to the wide outside diameter (OD) of the fins, which
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Fig. 2. Net forces on the liner in case of losses during the cement job.

Slack Off on Weight on Packer Difference

Surface (Klb) (Klb) (Kib)
60 60 0
70 70 0
80 79.5 -0.5
90 84.9 -5.1
100 89.9 -10.1
110 93.8 -16.2
120 97.4 -22.6
130 100.5 -29.5
140 103.2 -36.8
150 105.8 -44.2
160 107.9 -52.1
170 109.3 -60.7

177.7 110.3 -67.4

Table 2. Simulated slacked off weight at the surface vs. at the liner’s packer depth
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lower solid percentage compared with the barite-only system?.
Additionally, because of the spherical and consistent shape of
the particle sizes, the Mn O, exhibits lower and more consis-
tent rheological values. Having a lower rheological value, e.g.,
plastic viscosity and yield point, helped reduce the ECD during
running and cementing of the liner, which decreased the chance
of having losses. Table 3 shows that within the same MW, the
Mn,O, mud shows a 2.5 pcf reduction in ECD, and 3% less of
solid content in the mud. Additionally, the sagging effect occur-
rence with this mud was negligible if compared with the bar-
ite-only system®*.

In addition, this mud assisted in deploying the liner hanger
as follows:

e The lower the solid content in mud, the less likely is the

Fig. 3. Representing the flowing effect on the drillpipe wiper.

chance of forming a film across the casing. This in return
makes it easier to set the liner hanger slips.

were deformed against the inside diameter (ID) of the drillpipe

in a flowering effect, Fig. 3.

CURRENT IMPROVED PRACTICES

Manganese Trioxide (Mn,0,) Mud System

The introduction of a new manganese trioxide (Mn,0,) mud
system had resolved several limitations with the barite-only

system, thereby reducing the complexity of the deployment of
the liner hanger system. For example, the Mn,O, system has a

Reduced the chances of having settlement in the liner
hanger hydraulic ports, which increases the chances of
being able to set the liner without issues.

Reduced the chances of having a malfunction within

the float equipment due to a barite settlement. This is
especially important in case of using MPC where having
floats is necessary to be able to apply annular back pres-
sure on the formation.

Furthermore, to ensure the rheology of the mud was kept in
control at all times during the drilling, running, and cementing

Solid Content
MW (pcf) MW (ppg) Mud Type (%) PV YP ECD
(]
Mn,O, 42 30 20 150
145 19.38 -
Barite 45 53 24 152.5
Table 3. Mud properties with different mud type*
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Fig. 4. An example of the automated daily mud monitoring system readings.
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of the liner, an automated mud monitoring system was used.
This system is meant to monitor the rheology of the mud every
15 minutes and the MW every 1 minute. Figure 4 is an example
of the automated mud daily report where it shows the rheology
and MW continuously.

MPC

As mentioned earlier, the tight MW window in this field is a
challenge not only during drilling, but also during cementing
as well. For that reason, several methods were used to reduce
the bottom-hole pressure, and notably MPC was one of them.
During MPC, the cement job is typically performed by using
underbalance (or near balance) MW to avoid losses during the
cement job. The typical pieces of equipment that are used for
the MPC includes a rotating circulating device (RCD), hydrau-
lic chokes, float equipment in the liner, and flow out meters.

In addition to MPC, controlling the ECD while tripping is
important. This is done by controlling the tripping speed to
minimize the surge pressure on the formation, and also by dis-
placing the string to lower MW while running in hole in stages
to minimize the ECD.

Liner Hanger System Improvements

Lessons learned from previous experiences from extreme down-
hole conditions were applied during the preparation of the liner

equipment. A combination of multiple practices improved sig-
nificantly the liner hanger setting success. One of them was the
utilization of a high temperature grease to reduce the chances
of solids settlement on the slips. More importantly, the type of
liner hanger deployed in the field utilized the most recent design
improvements for the hanger system, which included an opti-
mized slip seat wedge profile and slip rail design for increased
resilience to solids packing off while at the same time providing
a stronger hanging lip/slip seat interface.

At the running tool, a unique arrangement of sealing cups
was used to protect the setting port of the hanger from being
clogged by the high solids content mud. In addition, proper
BHA selection during running the liner, or the tie back packer,
is critical to provide sufficient weight transmission to the liner.
The running tool was rotated during the setting of the packer
to provide a more efficient weight transmission to the packer at
the setting depth. In most of the cases, the hanger was set in the
first attempt with no difficulties.

With respect to the “flowering effect” of the drillpipe dart
and the incident related with the cement displacement, it was
noticed that the plug used for the job covered a wide range of
drillpipe ID, allowing fluid to be bypassed through the wiper
fins in a heavier weight drillpipe, due to flowering. For this
reason, a dart with rubber fins with an optimum OD more
compatible to the drillpipe used in the field — 515” 24.7 1b/
ft XT-54 — was introduced. The fins of this drillpipe wiper
provide a better contact to the drillpipe ID without excessive
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Fig. 5. An example of the running speed simulation that goes into the preplanning phase prior to running the liner.
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compression of the rubber, thereby reducing the chances of the
flowering effect mentioned earlier.

Controlling the ECD to Minimize Fluid Losses

Detailed pre-job planning and simulations were prepared to
reduce frictional pressures to a minimum, and to prevent drill-
ing fluid losses while running the liner in the hole and while
pumping and displacing cement. The liner running speed strictly
followed the results of the pressure surge simulations, Fig. 5.

In addition, keeping the fluid in continuous motion by fre-
quently breaking the mud gels also assisted in maintaining the
ECD within the calculated limits, and at the same time reduced
the chances of solids settling in the float equipment that could
lock open the float valves. The continuous monitoring of the
pressure while circulating helped in identifying trends of high
pressure that required longer circulating times until the pressure
stabilized.

The actions described here assisted significantly in reducing
the occurrence of fluid loss while the liner was being deployed,
and thereby improving the chances of a better cementing job.

Planning for the Worst Case in Cases of Fluid Losses

Experiencing severe or total fluid losses during the cement job
resulted in not only having a poor cement isolation in the annu-
lus, but it also had the direct effect of exerting the considerable
forces of ballooning and piston effect against the hold down
slips of the liner’s top packer. With this knowledge that the cur-
rent liner top packer had a limitation when subjected to a neg-
ative test as part of an uncemented liner, it was decided that
in case the cement job was performed with severe and/or total
fluid losses occurring, then a liner top packer would be set for
the purpose of providing a temporary well control barrier only.
A tie back packer, with a greater hold down capability that
covered the possible force during a negative test on an unce-
mented liner system, would be set on top of the liner in a sep-
arate trip. Following the installation of the tie back packer, the
negative test was performed using the second tie back packer as
a barrier, and the main isolation system at the liner top.
Transferring set down weight on the S-shape of the well pro-
file was a continuous challenge. Despite having a setting string
that was heavy enough at the surface to be able to slack off
a minimum 70 Klb of weight, to set the hold down slips, the
results showed that on some occasions it was insufficient to set
the packer. An optimized BHA, which included drill collars and
heavy weight drillpipe, was planned with the purpose of reduc-
ing the buckling and increasing the stiffness and to enable the
packer slips to be set. As a standard procedure, it required a
slack off weight of up to 120 Klb at the surface. Rotation of
the string was mandatory as this also decreases buckling of the
string. Packers deployed using these measures were flawlessly
installed and later tested with no further failures.

DEPLOYMENT OF A LINER SYSTEM WELL-A

In Well-A, the 9%” casing was set 1,000 ft above the high-pres-
sure zone. The well was drilled with MPD with 145 pcf MW
and 152 pcf ECD. The well was displaced into two stages to
152 pcf; first stage at the bottom, and second stage at the cas-
ing shoe. The BHA was pulled out of hole and the 7” liner was
run as follows:

1. The 7” hydraulic liner hanger was deployed with the
latest engineered modifications on this well, such as use of
the optimized design of the liner hanger slips to tolerate
excessive high solids content, high temperature grease on the
running tool and liner hanger system, special running tool
arrangement for handling fluids with high solids content,
and drillpipe wiper fins adjustment, etc.

2. After picking up the liner hanger, the well was displaced
with a fresh Mn,O, mud, without loss circulation materials,
to avoid mud settlement inside the liner hanger ports —
required for activating the slips.

3. The tripping speed was planned as 8 minutes per stand in
the cased hole and 10 minutes per stand in the open hole to
avoid exceeding an ECD of 153 pcf.

4. At the casing shoe, the RCD was installed, and the well was
displaced to 150 pcf.

5. The ECD was closely monitored and the liner was washed
down to the bottom in the open hole. The liner reached the
bottom, neither encountering hole problems nor fluid losses.
The well was circulated clean in preparation for setting the
liner hanger.

6. The liner hanger was set hydraulically from the first
attempt by dropping a brass ball and pressuring the system
to =1,800 psi and slacking off the weight on the liner
slips. Also, the running tool was released hydraulically by
dropping a larger ball and pressuring the system to + 2,200
psi and blowing the ball seat. There was no restriction of
flow or loss circulation after blowing the ball seats of the
liner hanger system.

7. With MPC equipment rigged up, the well was cemented
with 160 pcf of Micromax cement and 155 pcf spacer. The
drillpipe wiper plug was pumped as per the displacement
calculation and the liner floats were holding — no flow back
was observed. No fluid losses were experienced.

8. Upon finishing the cementing job, the liner packer was set
while rotating the drillpipe, to provide sufficient weight to
the liner. A good indication was observed at the surface that
the liner’s top packer was set.

9. After pulling out of hole with the running tool, and as a
precautionary measure to avoid a leak through the liner’s
top packer, a second tie back packer was deployed. Before
running the tie on packer, the proper BHA with enough drill
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collar and heavy weight drillpipe was selected, to be able to
transfer sufficient weight to the slips.

10. A negative test was done by setting a testing packer on top

11.

of the liner, and displacing the well from 150 pcf to 64 pcf
(water weight) in stages. Both the tie on packer and the
liner packer passed the negative test.

The next hole section was drilled to section total depth.
Subsequently, the well was completed and then displaced
to completion fluid without having any issue with the 7”
packer leaking.

CONCLUSIONS

. Implementing the liner modification and practices reduced

the NPT on those high-pressure, high temperature wells. An
estimation savings of +30 days was made by avoiding the
wet shoe failures and liner top repairs.

The Mn 0, mud reduced the solid content in the mud
system, and therefore reduced the problems seen with the
barite system, e.g., barite settlement, high gel values, mud
losses, etc.

. ECD control practices, e.g., MPC, controlling tripping

speed, and multistage displacement, significantly helped in
avoiding the losses during running and cementing of the
liner, which in return, increased the support to the liner
packer.

The pressure balanced liner hanger system allowed for
circulation without pressure limitations with these drilling
fluids that contain high concentrations of solids.

. Proper BHA selection was critical for weight transferring

downhole to the packer depth, to have proper setting for the
packer for this S-shape casing design. Additionally, rotating
the pipe — if possible — helped effectively transmit the
weight.
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Further Insight into Calcium Carbonate
Scale Inhibition at High Temperature

Dr. Qiwei Wang and Dr. Tao Chen

ABSTRACT

Threshold inhibitors are commonly used to prevent scale for-
mation in oil field production systems. Effective scale control
still remains a significant challenge under harsh environmen-
tal conditions such as high temperatures. The risk of calcium
carbonate (CaCO,) scale deposition is increased with higher
temperatures by the inverse solubility behavior, which will
accelerate the precipitation kinetics; while the inhibitor per-
formance deteriorates with thermal degradation, incompatibil-
ity with produced water, and decreased inhibition efficiency.
Although extensive works have been devoted to study the
CaCO, inhibition behavior, the performance of inhibitors under
harsh conditions is still not fully understood.

This article presents a study of different types of inhibitors
at high temperature. Evaluation tests are conducted using a
dynamic tube blocking method. High calcium tolerance generic
inhibitors with various molecular structures are studied at 150
°C. The inhibitors include organic phosphate, co-polymers with
various function groups, and environmental friendly chemicals.
The brine composition is varied by changing the scaling ion
ratio over a wide range. Test results indicate that the effective-
ness of inhibitors can be significantly affected by the brine com-
position, even at the same CaCO, saturation state. In general,
the inhibitor performance increases with calcium concentra-
tion in the test brine, and the performance ranking of different
inhibitor chemistry also changes with brine composition. The
results indicate that the effect of the scaling ion ratio must be
considered in scale risk assessments and for the optimization of
a treatment program.

INTRODUCTION

Calcium carbonates (CaCO,) are the predominant scale type
formed during oil and gas production® 2. Its formation is largely
caused by pressure reduction. A decrease in pressure causes the
shift in chemical equilibrium among produced fluids (oil, water,
and gas). As the pressure drops, dissolved carbon dioxide (CO,)
gas in produced water evolves into a gas phase, leading to a
higher pH value, which shifts the water to supersaturated in
regard to CaCO,, and consequently, the precipitation of CaCO,
scale’. The CaCO, scaling risk increases with temperature, due

to its reverse solubility behavior. Figure 1 shows the solubil-
ity behaviors of three CaCO, polymorphs — calcite, aragonite,
and vaterite.

CaCO, scale can restrict fluid flow, cause formation damage,
and damage equipment. Figure 2 shows CaCO, scale depos-
ited on electric submersible pump (ESP) parts in an offshore oil
field, which leads to the premature failure of ESP systems’. Fig-
ure 3 illustrates the production rate decline due to CaCO, accu-
mulation in sand screen and near wellbore areas in one high
temperature gas well.

The use of threshold inhibitors is widely practiced to prevent
scale formation. Such inhibitors in trace amounts can disrupt
nucleation, retard growth or alter morphology of scale crystals,
which could otherwise agglomerate and form hard deposits.
Many studies have been performed to evaluate the performance
of CaCO, scale inhibitors under varying conditions. The
impacts of various parameters, including supersaturation state,
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Fig. 1. Changes of CaCO, solubility with temperature®.

Fig. 2. CaCO, scale on an ESP pump stage (left) and intake (right).
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Fig. 3. Changes of gas production rate and wellbead pressure due to CaCO scale
accumulation.

temperature, flow rate, impurities, chemical additives, and sur-
face properties, have been investigated®'. In the present work,
the performance of some commonly used inhibitors are inves-
tigated at high temperature — 150 °C — with different brine
compositions.

EXPERIMENTAL

Synthetic brines were used throughout this study. The chemical
compositions of test brines are listed in Table 1. These brines
were selected because they had very different calcium to bicar-
bonate ratios. The calcium concentration was changed from
8,200 mg/L in Brine #1 to 700 mg/L in Brine #2, and 110 mg/L
in Brine #3, while the bicarbonate content was increased from
150 mg/L in Brine #1 to 700 mg/L in Brine #2, and 3,000 mg/L
in Brine #3, which represented the scaling ion ratio of calcium
to bicarbonate (in ppm) from > 50 in Brine #1 to 1.0 in Brine
#2, and < 0.05 in Brine #3. All of these brines have the same
supersaturation stage with respect to calcite, with a satura-

tion index (SI) of 2.57 under test conditions (150 °C and 300
psi), based on the calculation using a JIP sponsored prediction
model™.

Reagent grade chemicals were used to prepare the synthetic
brines. Cation brine, which contained calcium and magnesium
chloride salts, and anion brine, which had sodium chloride,
were prepared separately. A mixture of equal volumes of cat-
ion and anion brines resulted in the desired test brine compo-
sition. The prepared brines were then filtered through 0.45 pm
filter paper and degassed under a vacuum for at least two hours
before use. Bicarbonate salt (NaHCO,) was added into the

Parameter Brine #1 Brine #2 Brine #3
Ca?* (mg/L) 8,200 700 110
Mg? (mg/L) 50 50 50
Na* (mg/L) 2,000 10,600 12,257
HCO,- (mg/l) 150 700 3,000
Cl- (mg/L) 17,630 17,330 14,076
pH 7.2 7.7 7.9

anion brine after the degassing treatment to minimize the pH
change, due to the loss of dissolved CO, gas.

The scale inhibitors tested include phosphonate (SI-A),
polyaspartate (SI-B), a polymaleic-based co-polymer (SI-C), and
a sulfonated polyacrylate co-polymer (SI-D). All inhibitors were
commercial products and used without further purification.
SI-B is an environmental friendly inhibitor and its molecular
structure is shown in Fig. 4.

Evaluation tests were carried out using the dynamic tube
blocking designed to provide a dynamic condition for scale for-
mation and inhibition with the temperature at 150 °C and a
back pressure of 300 psi. The method operated under the prin-
ciple that scale buildup on the interior surface of a small capil-
lary increases the pressure drop across the capillary. Figure 5 is
a schematic drawing of the scale inhibitor test rig. The system
consisted of three high performance liquid chromatography
pumps, A, B, and C. They were used for cation brine (pump A),
anion brine (pump B), and inhibited anion brine (pump C).

A change in inhibitor concentration during test runs was
achieved by adjusting the flow rates of pumps B and C. The
combined flow rates of these two pumps were kept at 5 ml/
min — the same as pump A. Brines from pumps B and C were
mixed prior to a preheating coil. Then preheated cation and
anion brines were comingled in a mixing chamber in front of
the scaling coil (Monel alloy, 1 mm internal diameter, 1 m in
length). Differential pressure (AP) across the scaling coil was
continuously monitored and recorded, along with the mixing
chamber temperature and back pressure. The formation of a
CaCO, deposit was indicated by an increase in AP, due to a

Preheating QOven Mixing
coil Tee

Scaling
coil

Back

iress ure

AN

To
L AP

— outflow

Table 1. Test brine compositions used in the study

Fig. 5. Schematic drawing of scale inhibitor test rig.
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reduced cross-section area. The deposition induction period was
defined as the amount of time elapsed between the beginning

of the test run to the onset of AP showing a speed increase,

and scaling time was determined as the time elapsed to a AP
increase, reaching 1 psi.

The blank scaling time was established first for each test
brine, and the scaling time was defined as the elapsed time for
the AP increase to reach 1.0 psi. Then the minimum effective
dose (MED) was determined for each inhibitor product. In each
test, the inhibitor concentration was reduced stepwise after ~2.5
times of blank scaling time. The MED was the lowest inhibitor
concentration at which the AP showed less than 1.0 psi increase
over the test period. At the end of each run, the scaling coil was
cleaned with 10% acetic acid for 30 minutes, followed with
deionized water for at least 2 hours to remove CaCO, blockage
and any residual inhibitor.

RESULTS AND DISCUSSION

Highly repeatable blank scaling times were achieved for all
three test brines, with a variation within 0.5 minutes in the
duplicate tests. Selected results are presented in Fig. 6. With
high test temperature and high supersaturation, CaCO, scale
formed quickly in the capillary coil. The medium calcium and
bicarbonate Brine #2, and low calcium/high bicarbonate Brine
#3, had similar scaling times of around 6 minutes, which was
much faster than the high calcium/low bicarbonate Brine #1,
which scaled after about 12 minutes. These results indicate that
although with same thermodynamic driving force for CaCO,
precipitation, the scaling rate could vary significantly with
changes in the scaling ion ratio.

The scaling ion ratio had a more pronounced influence on
the scale inhibition. For Brine #1, all tested inhibitor products
were effective at 10 ppm and no AP changes were recorded
over the 30 minute test duration, Fig. 7. Inhibitors based on
SI-B and SI-D failed when their concentration was reduced to
7.5 ppm, although, phosphonate (SI-A) and polymaleic co-poly-
mer (SI-C) inhibitors were more effective. CaCO, scale deposi-

tion was completely prevented with 5 ppm of inhibitor SI-A or

10 ppm 7.5 ppm 5 ppm 2.5 ppm

AP (psi)

0 30 60
Time (minutes)

920 120

Fig. 7. Scale inhibitor performance in the high calcium/low bicarbonate brine,
Brine #1.
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Fig. 6. Test results for the blank brines.

7.5 ppm of inhibitor SI-C. The performance ranking was: SI-A
> SI-C > SI-D = SI-B.

Much higher inhibitor concentrations were required to pre-
vent CaCO, scale in Brine #2, despite the test duration being
reduced to 15 minutes, Fig. 8. The AP started to increase when
the inhibitor concentration was decreased from 90 ppm to 75
ppm for SI-B and SI-D, and to 60 ppm for SI-A and SI-C, sug-
gesting the onset of CaCO, deposition. The AP increase sur-
passed 1 psi at 60 ppm for SI-B and SI-D, 45 ppm for SI-C, and
15 ppm for SI-A. The MED values were more than five times
higher than that determined in the high calcium/low bicarbon-
ate brine, Brine #1. The performance ranking was similar to
Brine #2: SI-A > SI-C > SI-B = SI-D.

Furthermore, scale inhibitors became less effective in brine
with much higher bicarbonate than calcium such as Brine
#3, particularly for inhibitors SI-A and SI-C. Both SI-A and
SI-C showed lower inhibition efficacies than inhibitors SI-B
and SI-D, in contrast in Brine #1 and Brine #2. Inhibitor SI-A
failed at 120 ppm and inhibitor SI-C failed at 100 ppm, while
the MED values for inhibitors SI-B and SI-D showed slight
increases over Brine #3, Fig. 9. The relative performance was:
SI-D > SI-B > SI-C > SI-A.

The determined MED results are summarized in Fig. 10,

which clearly shows the impact of the calcium to bicarbonate

5
90 ppm 75 ppm 60 ppm 45 ppm 30 ppm 10 ppm

4
g2 3 !
o SI-B }
% ) Sk-A
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1
0 - - _ . .
0 15 30 45 60 75 90
Time (minutes)

Fig. 8. Scale inhibitor performance in the medium calcium/medium bicarbonate
brine, Brine #2.
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ratio on scale inhibitor effectiveness. These results suggest that
the scaling ion ratio must be considered in the selection of the
inhibitor product and development of a treatment program.
Figure 11 summarizes the measured calcium and bicarbonate
concentrations of produced waters in a gas field. Wide ranges
of water chemistry variations were observed, with the calcium
concentration changed from < 500 mg/L to > 25,000 mg/L, and

5

80 ppm 60 ppm

SI-B SI-D

AP (psi)

45 60 75 90
Time (minutes)

Fig. 9. Scale inhibitor performance in the low calcium/high bicarbonate brine,
Brine #3.
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Fig. 10. Summary of test results that illustrate the impact of brine composition on
scale inhibitor performance.
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Fig. 11. Calcium and bicarbonate concentrations of produced waters in a gas field.

the bicarbonate content varied from < 100 mg/L to ~750 mg/L.
These lead to a change of the calcium to bicarbonate ratio from
< 0.1 to 80. Based on this study, the inhibitor treatment dosage
must be increased for these wells, which produced water with a
low calcium to bicarbonate ratio.

CONCLUSIONS

Results from this study show that the effectiveness of a scale
inhibitor at high temperature is very sensitive to brine compo-
sition. All scale inhibitors studied are much more effective in a
high calcium brine. Brines with low calcium, but elevated bicar-
bonate ions, are more difficult to inhibit than the brines rich in
calcium. The relative performance ranking of different types of
inhibitors is also affected by the scaling ion ratio, e.g., SI-A and
SI-C, which becomes much less effective in bicarbonate-rich
brines than in calcium-rich brines. For a given oil well, the scal-
ing ion ratio in produced water can vary substantially if the
calcium concentrations in connate water and injection water
are very different. Therefore, the impact of the scaling ion ratio
should be considered in a scale risk assessment, and for the
optimization of the treatment program.

It is interesting to note that the inhibitor chemical based on
polyaspartate, an environmental friendly compound, is more
effective than the commonly used phosphonate and polymer
products in a low calcium brine.
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Integrated 3D Geomechanics Model to
Characterize the in Situ Stress Rotations and their
Implications on the Mechanical Behavior of the
Natural Fractures and Drilling Operations: A Case
Study for a Carbonate Reservoir, Saudi Arabia

Dr. Tariqg Mahmood, Otto E. Meza Carmargo, Ali H. Al-Gawas, Khalid A. Al-Hawas, Abdulrazaq Reda Nashar, Dr. Ivan

Deshenenkov, and Carlos A. Planchart

ABSTRACT

This work presents the determination of the in situ stress field
of a carbonate reservoir in a complex tectonic area within the
Arabian Plate. The detailed determination of the stress field is
important to field characterization as it controls the fundamen-
tal mechanical behavior of open and closed fractures. The pres-
ence of open natural fractures can have an adverse effect on
drilling operations, e.g., “total loss circulation,” etc. An inte-
grated 3D geomechanical model was built to characterize the
rock mechanical properties and the stress orientations to ana-
lyze the behavior of natural fractures and micro-faults under
the current state of stress.

The workflow used in this study combines the analysis from
multidisciplinary sources, including wireline logs, drilling data,
borehole images, dipole sonic, borehole seismic, core triaxial
tests, 1D mechanical earth models (MEM), critical stressed
fractures and 3D seismic attribute analysis. The outcome of the
results from these multidisciplinary analyses were integrated
into a 3D geomechanical model using the 3D seismic elastic
inversion and pore pressure cube. This 3D model was used to
evaluate the drilling risks, optimize the drilling operations, and
plan for the new well trajectories for the field development.

In situ stress directions were inferred from the drilling
induced tensile fractures observed on the borehole images. In
this highly complex tectonic area, stress rotations with depth
were identified from shallow (~2,000 ft) to deep (~18,000 ft) as
maximum principal horizontal stress (S, ) trends NE-SW and

SH
max
direction also changes laterally, therefore, two dominant S

NW-SE — in the reservoir. At reservoir level, the stress

Hmax

trends, NW-SE and WNW-ESE, were identified in the reservoir.

These two trends have a close relationship with major faults
and are aligned with the fault lineaments identified on the 3D
seismic. The natural fractures identified in the reservoir are also
aligned with these faults.

Geomechanics facies were identified by integrating the
rock mechanical properties, sonic anisotropic analysis and the

fracture interpretation from borehole images. These results
demonstrate the presence of a particular facies in the wells,
which encountered severe drilling issues, e.g., total loss circula-
tion. This particular facie is trackable in the field to circumvent
new well placement; it is characterized by high anisotropy and
the presence of open natural fractures.

INTRODUCTION

Understanding and mapping stress and natural fractures can
be very important to enhance the drilling efficiency. Generally,
stress orientations and fractures can be interpreted from bore-
hole images, sonic logs, and seismic data'. Detailed stress map-
ping in this study describes the in situ stress rotations and their
implications on the mechanical behavior of the natural fractures
in a highly complex tectonic area.

This study presents the integrated results of drilling data,

Well-BB

Well-YY

Well-XX

Well-ZZ

Well-KK Well-AA

Fig. 1. Structural surface for the Zone D (reservoir) and well locations.
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borehole images, dipole sonic, and borehole seismic, core tri-
axial tests, 1D geomechanical modeling, critical stressed frac-
tures and 3D seismic attribute analysis. These analyses were
integrated into a 3D mechanical earth model (MEM) to char-
acterize in situ stress rotations at pre-production conditions for
various zones (A, B, C, and D) in the carbonate reservoir, Saudi
Arabia.

Rock mechanical properties and rock physics analysis were
performed for 11 wells distributed along Zone D, Fig. 1. Seis-
mic elastic inversion was used to estimate the rock mechanical
properties for the 3D geological model, showing a consistent
match with the mechanical properties estimated based on the
well logs. A pore pressure cube was derived from seismic inter-
val velocity analysis, assuming loading conditions using compac-
tion trend lines and available direct pore pressure measurements
from available wells and constrained by the mud weight used in
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Fig. 2. Ultrasonic core test data were used to calibrate the dynamic rock properties

derived from sonic and density logs from Well-XX.
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drilling these wells. In this study, a critical stressed fracture anal-
ysis technique was used to determine the relationship between
the in situ state of stress and the fracture geometry. These criti-
cally stressed features were the main root cause of loss circula-
tion, causing the major drilling troubles.

The present day stress regime identified in our analysis is cat-
egorized as strike-slip-faulting regime for which the maximum

principal horizontal stress (S is the largest principal stress,

Himas)
ie,S, =S =S . Ourstudy covers a large vertical section
with depths ranging from 500 ft to 17,000 ft. Detailed well-
bore image logs analysis was conducted to differentiate between
natural fractures and drilling induced tensile fractures®. In situ
stress direction was inferred from drilling induced tensile frac-
tures, which propagate parallel to the borehole axis — 180°
apart. We observe that the S, orientation rotates with depth
(~500 ft) to the deep (~17,000 ft) section, varying from Zone A
St NE-SW, Zone BS,,  NNE-SSW, Zone CS,  NE-SW,
and Zone D S, NW-SE.

ROCK PHYSICS

Understanding the behavior of elastic properties to get the real-
istic discrimination on lithology, porosity and mechanical prop-
erties is important to minimize the pitfalls in the interpretation
and geomechanical modeling in carbonates. Carbonate rocks
are known for their complexities in pore geometry, network
and mineralogy. These complexities are a major cause of the
highly scattered porosity velocity relationship solvable by rock
physics models.

Rock physics models are mathematical equations based on
physical principles to generate P- and S- velocities based on
rock structure, composition and properties. By setting some
of the parameters, say dolomite and limestone bulk and shear
modulus, the equations can be solved to predict velocities in
missing data intervals. The main advantage of this approach is
that all relations between elastic properties and rock quality are
preserved.

Development of robust and accurate rock physics models in
carbonates is a crucial step toward successful geomechanical
applications. The rock physics model is focused on predicting
dynamic Vp and Vs as accurate as possible, which is suitable
for further mechanical modeling?.

A tangential shear factor was used to obtain an optimal
match with observed Vp/Vs ratios, since this approach is known
to over predict shear wave velocities by neglecting rotational
freedom and slip at grain contacts. Vp and Vs are functions
of porosity, mineralogy, differential pressure and saturation®.
The setup of the input parameters was completed iteratively to
find the realistic mineral properties to be used for this data set.
This can be thought of as inverting for solid minerals elasticity
for the data set, assuming that all other properties are known,
and that the model is correct. Then, the calculated Vp and Vs
were calibrated on dynamic mechanical properties derived from
core analysis to obtain the best fit between all available data.

Dynamic rock properties were obtained from an ultrasonic core
test and were used to calibrate the dynamic Poisson’s ratio and
dynamic Young’s modulus for Well-XX, Fig. 2.

The cross-plotting of elastic parameters is a useful tool
for quick interpretation of elastic and mechanical properties’
behavior and anomalies. It is observed that the effect of differ-
ent lithology and porosity is separated in acoustic impedance,
velocity and density domains, Fig. 3.

FRACTURE CHARACTERIZATION

Natural fractures were characterized and differentiated from
drilling induced tensile fractures based on the criteria by using
borehole images?. These natural fractures in the reservoir have
two dominant trends NW-SE and WNW-ESE, and are oriented
with the major lineaments identified on the 3D seismic. One set
of these fractures is sub-parallel to the S, direction, thereby
placing these candidates at an optimal position to be critically
stressed under the present-day stress conditions.

Dip interpretation based on the borehole image logs from the
wells in the studied area provides quantification of fracture strike
orientations and fractures dip and azimuth distributions, Fig. 4.

STRESS ROTATIONS
In Situ Stress Analysis

In this study, drilling induced tensile fractures were used to con-
strain the S, direction. The natural fractures in the reservoir
(Zone D) have two dominant trends NW-SE and WINW-ESE,

Fig. 5. Figure 6 illustrates the S, rotation identified within

Hmax

Zones A to D — from a shallow section of the reservoir to a

deeper section; however, the S, direction supplements addi-
max

tional complications as it is not consistent at the reservoir

level. We observed two dominant orientations, NNW-SSE and

WNW-ESE, of S, at the reservoir level, Fig. 7. The natural

Symae NNW-SSE

Hm:

e,

r = hf.
\s NW-SE. S

-~ ~Hmax
- : = SE=ETEL i

A“_ SHmax WNW_ESE sﬁ -

5, s, NW-SE S, NNW-SSE

S WNW-ESE
max

Fig. 7. The S, directions showing lateral variations, from NNW-SSE and
WNW-ESE, for the reservoir section.
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Fig. 8. Azimuthal common receiver gathers, (a) radial, and (b) transverse component showing the shear downgoing wavefield in Zone B.

48°
138°

CELUIREIRRRNRTIINanEEnnNAS

Fig. 9. Azimuthal common receiver gathers, (transverse component) showing the

shear downgoing wavefield in Zone C.

fractures trends generally follow the same orientation trend as
that of the S, direction.

Walkaround Vertical Seismic Profile (VSP)

In situ stress orientation was also determined for the walk-
around vertical seismic profile (VSP), which was consistent with
results from image log analysis as discussed in the previous
section. The walkaround VSP was designed for Well-JJ, using
existing 3D surface seismic data and information from neigh-
boring wells. The objectives were to measure the traveltime
variation within the target intervals, measure the polarization
of the downgoing P-waves, and measure the shear wave split-
ting of the downgoing and upgoing converted shear waves (PS)
through the intervals between the top of Zone B and the top of
the Zone D. After modeling, it was decided to use a source off-
set of 1,700 m. An air gun array source was used, where 120
receiver levels were recorded with a receiver array spacing of 50
ft. The shot spacing was approximately every 25 m and a total
of 395 shots were acquired.

Horizontal rotation, gain and a spherical divergence cor-
rection were applied to the raw data. A careful wavefield sep-
aration was performed to isolate the downgoing and upgoing

shear wavefields in the radial and transverse components.

Common receiver gathers were then created to verify polar-

ity reversals and time delays between the fast and slow shear
waves to identify the naturally fast polarization directions. Azi-
muthal slowness variation of the P- and S-waves were evalu-
ated. To estimate the anisotropic axis related to stress induced
anisotropy in Zones B and C, a joint analysis of shear wave
splitting and azimuthal traveltime variations was performed.
Subsequently, as the VSP receivers were not available in Zone
D, the azimuthal traveltime variations of PS reflections ahead of
the bit were used to identify the anisotropic axes.

The shear anisotropy detected by the walkaround VSP
shows directions NNE-SSW for Zone B, NE-SW for Zone C,
and NW-SE for Zone D. Figure 8 shows the azimuthal com-
mon receiver gathers, radial and transverse components, of
the shear downgoing wavefield in Zone B. Figure 9 shows the
polarity flips observed in Zone C — the transverse compo-
nent at 48° and 138°. These polarity flips observed in Zones B
and C agreed with the directions of the anisotropic axes found
using analysis of the azimuthal slowness. Figure 10 shows an
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Fig. 10. Azimuthal common receiver gathers, (transverse component) showing the

d

PS upgoing wavefield in Zone D.
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Fig. 11. Sonic acoustic anisotropy induced by stress, indicating the maximum stress orientation.
azimuthal common receiver gather of the upcoming PS wave- Sonic Acoustic Anisotropy
field aligned on the P-wave’s first arrivals. Cos 28 variation is
observed for the reflections intra-Zone D. The fast shear direc- To understand and integrate the type of anisotropy in this field,
tion is indicated by the red arrows. we acquire acoustic anisotropy logs in two wells, Well-XX and

Well-YY, in the reservoir zone. Azimuthal shear anisotropy
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analysis is a powerful tool to identify the type of anisotropy,
whether it is due to stress or fractures’. Our analysis shows the
type of anisotropy identified in one well is stress induced, Fig.
11. These results are consistent with the borehole image and

walkaround VSP analysis discussed in previous sections.
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Fig. 12. Mechanical correlations derivate from a triaxial rock mechanical test.

IN SITU STRESS MODEL

The wireline logs from 11 wells were used to estimate the stress
profile magnitude. Along the wells, mechanical correlation was
derived from multistage triaxial rock mechanical tests, per-
formed in Zones B and C.

Rock Mechanical Properties

The dynamic Young’s modulus, shear modulus, bulk modu-
lus and the Poisson’s ratio of the rock were generated from the
compressional sonic, shear sonic and density logs. The static
properties’ empirical correlations from a triaxial test were also
estimated. These correlations were estimated with regression
from the wells with available information.

Laboratory measurements provide the possibility to con-
strain a range of physical rock properties, including uniaxial
compressive strength (UCS), coefficient of internal friction,
Young’s modulus, and Poisson’s ratio. Correlations between
dynamic and static rock properties were derived from rock
mechanical core plug tests. Static rock properties and rock
strength properties were estimated from dynamic properties,
showing significant variation in Young’s modulus between
Zones A, B, C, and D that were found changing from 3
Mpsi to 9 Mpsi. Figures 12a and 12b illustrate the variations
between the triaxial rock mechanical properties.

Pore Pressure

Pore pressure profiles were modeled using compaction trend
lines in the velocity logs assuming a loading process. It was
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gradient associated with the wells reported with mud losses.
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observed that the pore pressure increases with depth from 0.5
psi/ft, reaching up to 0.7 psi/ft. The computed pore pressure in
Zones B and D were calibrated with direct measurements. Fig-
ure 13 illustrates the pore pressure results.

Stress Magnitude

The overburden (vertical) stress was calculated by using the
density logs, which shows an average gradient of approximately
~1.15 psi/ft.

The minimum stress magnitude was estimated using poro-
elastic equations and available leakoff test and formation
integrity test (FIT) recorded in the field. The analysis shows a
consistent change from 0.8 psi/ft for Zones A and B, to 0.85
psi/ft for the Zones C and D.

The S, was estimated using the poroelastic model, con-
strained by the wellbore stability model and drilling events, also
used were the borehole image interpretation (drilling induced

tensile fractures and borehole breakouts) and the average value
estimated was around ~1.3 psi/ft to ~1.4 psi/ft. Figure 14 illus-
trates the geomechanical modeling results.

Geomechanics Facies, Acoustic Anisotropy and
Fracture Detection

Geomechanical facies were computed as a pattern model using
the elastic rock properties and stress magnitude profiles, making
mathematical combinations between the variables classifying
the formation into mechanical layering “facies.” Geomechan-
ics facies were computed for five wells using the rock mechani-
cal properties, computing all the possible scenarios between the
elastic properties. The results from those combinations were
compared with the sonic acoustic anisotropy, showing that
only one particular facie, (red flag) has a good relation with the
high anisotropy. This high anisotropy was identified as “intrin-
sic” caused by open natural fractures®. These natural fractures
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Fig. 15. Geomechanics facies and acoustic anisotropy showing the red flag for Zone D associated with a high acoustic anisotropy response for Well-XX.

were also observed on the borehole images, Fig. 15. This well,
Well-XX, encountered 100% mud losses over this interval
while drilling.

The same geomechanics facies classification was applied to the
other wells, Well-YY, Well-ZZ, Well-AA, and Well-BB; identi-
fying with the red flag only to Well-YY. Well-YY has a few nat-
ural fractures interpreted over the red flag facies, also showing
high anisotropy over this facies. The wells don’t show “intrinsic”
anisotropy induced by open natural fractures. No drilling issues
were encountered in these wells while drilling. Figure 16 illus-
trates the geomechanics facies correlations for five wells.

3D MEM

The seismic elastic inversion was used to estimate the dynamic
and static properties. Static Young’s modulus and static Pois-
son’s ratio were estimated using the correlations defined from
the 1D MEM. Additionally, unconfined compressional strength
was estimated using different equations for Zones A, B, C, and
D, due to the high heterogeneities between the carbonate units.
The compaction line defined in the 1D MEM was applied to

the interval velocity from the seismic data, to estimate the pore
pressure for the entire Zones A, B, C, and D. The pore pressure
derived from velocity analysis was compared with mud weight
used to drill the wells and direct pore pressure measurements,
Fig. 17.

The horizontal stresses predicted from the 3D geomechan-
ics model were compared with the 1D MEM results, showing
Himay S
however, a 3D model was unable to resolve high resolution
from the 1D MEM, Fig. 18. A wellbore stability model was
created based on the 3D stress prediction and compared with
the 1D MEM, Fig. 19.

Two scenarios (undisturbed and disturbed) were considered

a good correlation between the S and vertical stress,

hmin

for Zone D in the geomechanics simulations.
Undisturbed Scenario

This scenario assumes the model without any lineaments or
faults/fractures that can perturb the stress orientation and mag-
nitude. This scenario sets the S, orientation to NW-SE and
remains constant for the whole model, Fig. 20.
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Disturbed Scenario point for the stress rotations to match the maximum stress ten-
sor predictions, and interpreted from borehole images.

In Zone D, the S, orientation was identified with significant

lateral variations, Fig. 21. These stress directions were mainly NORMAL AND SHEAR STIFFNESS ANALYSIS

aligned with 3D seismic lineaments. In our 3D geomechanical

modeling, the seismic lineaments were defined as an inflexion The main objective is to identify critically stressed fractures’,
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which are more likely to be permeable, and therefore, more
likely to control fluid flow within a reservoir. In this tech-

nique, permeable fracture predictions are made by using the
“Mohr-Coulomb Failure Criterion.” This is a linear relationship
between the shear stress and the effective normal stress acting
on a fracture or fault plane. Sliding will occur when the ratio of
shear to effective normal stress is equal or greater than the fric-
tion angle. We are using this technique to determine the rela-
tionship between the in situ state of stress and fracture geometry
to identify the critically stressed fractures. Fractures used in this
technique are mainly derived from the borehole images. These
fractures also are located over the red flag geomechanics facies
and high acoustic anisotropy in certain parts of the field. It was
concluded that these fractures are the main reason for the mud
losses encountered during drilling. Figure 22 illustrates the crit-
ical stress analysis, geomechanical facies and fracture identified
from borehole images.

Additionally, using the 3D geomechanical model, the normal
and shear stiffness analysis were estimated into two main lin-
eaments identified by 3D seismic attribute analysis. The results
show that the lineaments toward the direction of S-SE (blue
path) are probably under a more critical state than the linea-
ments toward the direction of E-W (green path), Fig. 23.

RESULTS AND DISCUSSIONS

1. The stress regime is characterized by strike-slip-faulting, for

e > O
max v
> S, . The field is associated with complex tectonic events,

which the S, is the largest principal stress, i.e., S

possibly related to salt movements in the deeper sections.

2. The calibrated stress model was established based on the
poroelastic equations, fracture close pressure, core data,
wellbore stability model and drilling events showing an
average anisotropy ratio of approximately 1.62:1.64 —
maximum principal stress magnitude/minimum principal
stress magnitude.

3. Stress rotations were identified from borehole images,
acoustic sonic anisotropy and VSP walkaround showing
consistent results.

4. In the reservoir, the lateral changes in the stress directions
are mainly related to lineaments and/or faults observed on
the 3D seismic analysis.

5. The critically stressed fractures have a strong relationship
with mud losses reported in the respective wells.

6. High anisotropy induced by stress and natural fractures is
related with the geomechanics facies, and can be useful to
predict natural fractures away from the wellbores.

7. The walkaround VSP confirmed the effect of fractures and
stress induced anisotropy in the seismic data.
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An Effective Approach Using Microemulsion
Treatment Techniques to Remove Sandstone
Formation Damage: Lab Testing and Field

Application

Hussain A. Almajid, Hisham 1. Al-Shuwaikhbat, Saleh M. Abou Zeid, and Ajay Kumar V. Addagalla

ABSTRACT

Matrix stimulation treatments executed with coiled tubing (CT)
face various challenges in terms of design, execution, and eval-
uation. The design phase typically relies on information that is
usually poorly known, e.g., extent of damage. Treatment pump-
ing schedules and fluid concentrations are often determined
based on previous experience and accepted local practices. In
most cases, tools like high-pressure differential jetting nozzles
are used to provide deeper penetration and lower breakout
pressures. The depths at which these tools are operated usually
depend on a prior log interpretation. The treatment evaluation
is typically limited to the comparison of pre- and post-stimula-
tion wellhead pressures and rates.

Over the past decade, numerous sandstone stimulation
treatment alternatives have been introduced to the industry to
address formation damage related issues. Yet, the same ques-
tion often remains: Has the design been effectively executed and
was the intervention successful?

A CT downhole measurement system, which consists of
downhole gauges providing real-time data of pressure, tempera-
ture, gamma ray, and casing collar locator, has proven to be a
game-changing technology with respect to treatment execution,
improving both intervention efficiency and safety. The down-
hole measurements, along with the possibility to acquire dis-
tributed temperature surveys (DTS), have also shown to be the
most effective solution for treatment evaluation to date.

This article will describe a case study of how the system can
be used to optimize the acidizing treatment of damaged wells
and ensure their effective stimulation. This article will also
demonstrate how real-time data analysis during the intervention
process can result in these intervention jobs having a high suc-
cess rate.

INTRODUCTION

The following treatment design is described for two wells that
were drilled and completed in the same unconsolidated sand-

stone formation. These wells were drilled using a synthetic oil-
based mud (OBM) drilling fluid, designed to provide maximum
lubrication while drilling, and minimize formation damage due

to solid invasion. The wells were completed with a 9%” casing

and a 7” liner. Due to the nature of this formation, these wells
were completed with 4% sand screens to prevent the produc-
tion of the unconsolidated sand, Fig. 1. Both wells were also
completed with an electric submersible pump (ESP) and Y-tool
assembly as an artificial method for increased production, Fig. 2.
The ESP was integrated into the Y-tool and completed as part of
the tailpipe assembly to provide a means to access the wellbore.

Both wells were worked over by sidetracking them both into
a different zone inside the same formation with better reser-
voir rock quality and pressure support. Workover operations
were completed with minimal mud loss into the formation to
reduce the extent of formation induced damaged. Temperature
and pressure surveys were conducted for both wells after com-
pletion of workover operations, to evaluate the downhole res-
ervoir conditions, and acquire the base distributed temperature
and pressure profiles across the pay zone.

After workover operations were completed, both of these
wells did not have sufficient flow and the ESP could not sustain
flow, due to amperage underload. Several attempts were made
to restart the ESP in these wells, but the flow rate was not able
to generate enough amperage to keep the ESP running above
the needed minimum amps, until eventually they were pro-
nounced dead. A microemulsion treatment job was proposed,
evaluated, and conducted to remediate these wells and improve
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Fig. 1. A 4% sand screen used to prevent sand production in unconsolidated
sandstone reservoirs.
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Fig. 2. Completion schematic for an ESP used as an artificial lift method.

their productivity. This article provides a new approach to
maximize efficiency of the microemulsion treatment techniques

in unconsolidated sandstone reservoirs.
DESCRIPTION OF TREATMENT FLUIDS

The treatment fluids for both wells included acetic acid
(CH,COOH), surfactants and corrosion inhibitors. These treat-
ment fluids are customized to remediate and clean a reservoir
with near wellbore damage and/or plugged screens, allowing
the reservoir to flow at its maximum potential. The system
operates by solubilizing the oil phase along with associated
emulsions into a single meso-phase, to allow the acid to break
the mud solids into smaller water-wet particles. After the OBM
particles are broken down and dispersed, the formation fluids
are able to displace these solids from the damaged zone through
the wellbore until it reaches the surface. Emulsions generated
from the synthetic OBM cannot be treated with a regular mud
acid system of hydrochloric (HCI) acid, which is the commonly
used treatment method to remediate near wellbore areas in this
formation (unconsolidated sandstone).

The advantage of using microemulsion-based chemicals com-
bined with organic acid is the ability to breakdown emulsions
using surfactants, so that calcium carbonate-based bridging
material can be exposed to organic acid for the chemical reac-
tion" 2. The key characteristics of this recipe is the ultralow
interfacial tension and high diffusion coefficient that enables the
breakdown of the emulsion layer, and creates a water-wet sur-
face that can be easily removed by formation fluids.

GUIDELINES FOR TREATMENT DESIGN

To achieve a successful complex treatment, a set of guidelines
must be considered for the candidate well to ensure the treat-
ment will be effective in removing induced wellbore damage.
The following criteria were implemented in the candidate selec-
tion for this treatment’:

. Type of acid.

. Formation mineralogy and rock properties.
. Fluid composition.

. Type of completion.

. Required additives and compatibility.

AN L A W N =

. Type of scale present based on drilling mud used.

Many of these factors, individually or in combinations,
guide the selection of an appropriate formulation at which the
required additives will be used for the specified job. These fac-
tors are analyzed and integrated since they dictate the treatment
placement strategy. For sandstone formations, matrix stimu-
lation strives to remove the formation damage, and therefore
depends mostly on the reservoir mineralogy. Further under-
standing of these factors results in a direct impact in fluid pen-
etration, optimum rate calculation, skin estimation prior to the
treatment and production profile modeling post-stimulation.

FIELD APPLICATION

The treatment was implemented using 1.75” coil tubing (CT) to
ensure that the treatment fluids were placed at the interface of
the 4%2” sand screens. The treatment application included three
stages; preflush, main fluid, and overflush. The preflush fluid
was used to dissolve as much of the calcareous materials as
possible to minimize calcium iron precipitation, and to displace

formation brines containing potassium, sodium or calcium ions

Mineral Chemical Structure

Illite K, sAlLISi, Al O, 1(OH),
Kaolinite Al,[Si,0,](OH),

Chlorite (Mg,Al,Fe),,[Si,Al),O,,](OH),
Smectite (2 Ca,Na),,(Al,Mg,Fe),[(5i,Al),O,,] - nH,O

Table 1. Chemical structure for the four main types of clay minerals
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Mineral Potential Effect Maximizes Damage Minimizes Damage
Smectite swelling Freshwater, I;I)C/icijrofluoric (HF) Inorgan\j\fitir?;usgljolution
Kaolinite Mobile fines HF Clay stabilizer
Chlorite Iron precipitate High pH and O, rich Iron sequester/stabilizer
Quartz, Feldspar Mobile fines; gel precipitate High pH Clay stabilizer

Table 2. Sandstone minerals and their related potential effects

away from the wellbore, and to avoid forming precipitates from
these minerals. The main fluid used was a mixture of acetic
acid and surfactant to breakdown emulsions and disperse mud
solids. Meanwhile, the overflush fluid was used to extend the
reach of treatment fluid into the formation and remediate oil-
wet relative permeability issues®.

Sandstone formations contain various amounts of quartz
and clays, as well as carbonates. Clay minerals are extremely
small, platy-shaped materials that may be present in sedimen-
tary rocks as packs of crystals. These clay minerals can be clas-
sified into four main groups: kaolinite group, chlorite group,
illite group, and smectite group. Table 1 shows the chemical
structure of the different types of clay minerals’. Table 2 shows
the potential formation damage as a result of the interaction
between the clay minerals and proposed treatment operations®.

The types and concentrations of clay minerals present in
this formation vary with depth within a single well and vary
between wells within the same field. A small variation in clay
percentage — 2% to 3% — can result in a drastic reduction in
the formation with low porosity and tight rock properties. The
main clay minerals in this formation are 0% to 40% kaolin-
ite, 0% to 20% chlorite, 0% to 33% illite, and 0% to 73%
of an ordered and random interstratified mixed layer of illite/

montmorillonite.
TREATMENT IMPLEMENTATION

The case study presented in this article features two field appli-
cations in which state-of-the-art technologies were utilized to
improve the efficiency of the treatment job. This technology
employs the use of real-time CT downhole data to optimize
fluid placement across the treatment interval based on the dis-
tributed temperature and pressure profiles. The cornerstone of
this application is based on the following procedures that lever-
age the use of a real-time downhole data acquisition system,
throughout the course of the treatment process, to optimize
fluid placement using the distributed temperature and pressure
profiles. A summary of this workflow is given as:

1. Run in hole up to total depth, shut-in the well, and record
the baseline distributed temperature survey (DTS-1) profile.

2. Pump preflush at a constant rate below the maximum
wellhead pressure with a volume calculated based on the
pay zone interval, and record the DTS-2 profile.

3. Data interpretation is conducted to identify thief zones and
tight zones based on the quantitive amount of flow observed
during the preflush stage for low rate wells.

4. The pumping schedule is modified based on the previous
step to add diverters and ensure optimal acid placement is
employed.

5. Treatment is then spotted through CT while targeting the
expected tight or damaged zone — referring to the open
hole log. Pumps are shut-in, the well behavior is observed,
and record the DTS-3 profile.

6. Finally, overflush is pumped to ensure that all treatment is
squeezed inside the targeted formation zone.

EXPERIMENTAL LAB PROCEDURE

To understand the compatibility between the well itself, treat-
ment fluids, and the formation minerals, a fluid compatibility
test was conducted to analyze the byproducts resulting from
the secondary and tertiary reactions. The compatibility test was
conducted by adding iron carbonate (FeCO,) to the same treat-
ment fluids that were used in both wells, and monitored the
reaction for any resulting byproducts. Table 3 lists the concen-
tration and formulation for the fluids used.

A fluid compatibility test was conducted by preparing a solu-
tion of acetic acid — 10% and 15% by weight — and was for-
mulated to match the same treatment design used in the actual
treatment job. The solutions were tested by mixing them with
FeCO,, while varying the pH concentration for the mix from
3.0 to 5.5 with FeCO, levels of 1,000 mg/L, 3,000 mg/L, and
5,000 mg/L, Table 4. After adding FeCO,, the solutions were
left to stabilize at room conditions for 24 hours. For iron con-
centration analysis, all solutions were filtered through 0.45
micron filter paper, pipette out 1 ml of the sample and diluted

Product Concentrations
Eflﬂ:\i/(\;aeter + Sodium 63%
Acetic Acid 10% and 15%
OHR-750 21%
OHR-AC 1.0%
OHR-759 5.0%

Table 3. The concentration and treatment fluid formulation used during the
compatibility test
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Iron Content 1,000 mg/L of FeCO, 3,000 mg/L of FeCO, 5,000 mg/L of FeCO,
Remaining Iron Remaining Iron Remaining Iron
Acid Used pH in Solution pH in Solution pH in Solution
(mg/L) (mg/L) (mg/L)
3.5 975 3.7 2,589 4.0 4,560
1Agf/:ic Acid 3.8 630 4.2 1,789 43 3,463
4.1 420 4.8 530 5.2 1,752
] _ 3.3 988 3.5 2,853 3.8 4,687
1A§f/:'c Adid 3.6 832 3.7 2,367 4.1 3,456
4.0 432 4.2 1,251 4.5 1,986
Table 4. Fluid compatibility test of FeCO, with mixtures of acetic acid at 10% and 15%
Precipitate Origin

Iron compounds

Iron minerals or iron oxides (rust) can react with organic-HF to produce these compounds.

Calcium fluoride (CaF))
away from the near wellbore.

Carbonate-HF reaction CaF, can be caused by an inadequate HCl acid preflush to remove
calcium ions from calcite cementing materials or to flush calcium chloride completion fluids

Sodium and potassium
fluosilicates

Feldspar and illite clay dissolution in organic acids produce these primary reaction products.
They can also form if sodium or potassium brines are mixed with spent organic acids.

Aluminum hydroxides
and fluorides

Clay and feldspar dissolution in HF can cause these precipitates.

Table 5. Possible precipitates during sandstone acidizing

to 100 ml. The solutions were shaken and subjected for iron
analysis using inductive coupled plasma (ICP) and a Perkin-
Elmer Optima 8300DV spectrometer.

LAB RESULTS AND ANALYSIS

In any treating job, the treating fluid must remove existing dam-
age without creating additional damage through interactions
with the formation rock or fluids. A formation is sensitive if the
reaction between the rock minerals, and a given fluid induces
damage to the formation, Table 5. The sensitivity of a formation
to a given fluid includes all the detrimental reactions that can
take place when this fluid contacts the rock. These detrimental
reactions include the deconsolidation and collapse of the matrix,
the release of fines or the formation of precipitates®”.

After conducting a lab analysis on the flow back samples
gathered from the treated wells, traces of solid precipitate were
found. These solids were analyzed using ICP and were identified
as iron Il acetate, Fe(CH,COO),, and iron lll acetate, Fe(CH,-
COO),. The purpose of this laboratory study is to identify the

type of precipitates in the flow back samples, and the mecha-
nism in which these precipitates were formed during the interac-
tion between the treatment fluids and formation minerals.

In this compatibility test, FeCO, was mixed with an acetic
acid solution — both 10% and 15% by weight — at levels of
1,000 mg/L, 3,000 mg/L, and 5,000 mg/L. Three solutions were
prepared for each acetic acid group — 10% and 15%, and the
pH value was modified to range from 3.0 to 5.5. After allowing
the solution mix to stabilize for 24 hours at room conditions, it
was evident that the amount of iron that remained in the solu-
tion decreased continuously with time as the pH value for the
solution increased®. It is also worth noting that the 15% acetic
acid solution used experienced less iron precipitation compared
to the 10% acetic acid solution used, previously seen in Table 4.

In addition, none of these acids were able to re-dissolve the
iron precipitate. The iron precipitate was identified as iron ace-
tate, which is identical to the precipitate that was found in the
flow back sample from the well. In addition, based on historical
X-ray diffraction (XRD) data that was conducted on the treated
wells, Well-A and Well-B, the abundant minerals were ankerite

Approximate Weight Percent
Depth Kaolinite Chlorite | lllite | Montmorillonite | Anhydrite | Ankerite | Siderite Quartz Total
8,260 1.4 3 0.9 0 Trace 5 2 87.7 100
8,265 1.7 1.2 Trace 0 0 4.8 0.5 91.8 100
8,270 0 5 0 Trace 1 6.2 3 84.8 100
8,275 1 4.6 0.8 Trace 0.5 7 Trace 86.1 100

Table 6. Formation mineral content for Well-A
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Approximate Weight Percent
Depth Kaolinite Chlorite | Illite | Montmorillonite | Anhydrite | Ankerite | Siderite | Quartz Total
5,830 0 1 0 2 4 0 1 92 100
5,835 0 1 0 2 1 Trace 0 96 100
5,840 Trace Trace 0 2 3 93 100
5,845 0 Trace 0 0 2 2 92 100

Table 7. Formation mineral content for Well-B

Ca(Mg,Fe)(CO,), and chlorite (Mg,Fe,Al) (Si,Al),O, (OH),,
Tables 6 and 7, respectively. All of these minerals contain iron
and are very sensitive to organic acids, which explains the high
iron acetate precipitation inside the well.

FE(CH,COO), PRECIPITATION PROCESS

Acetic acids are monoprotic acids that dissociate, Eqn. 1; the
dissociation degree of each acid is measured by its acid dissoci-
ation constant (pKa) value® 1°. Acids with low pKa values are
stronger than the ones with higher pKa values. The pKa values
also determine the distribution of ionic species; Fig. 3 shows the
distribution of the ionic species of acetic acid as a function of
the pH solution.

CH3COOH — CH3COO + H*, pKa = 4.756 (1)

There are many sources of iron that could interact with the
dissociated acetic acid (CH,COO), including surface and sub-
surface equipment and some formation minerals like chlorite,
smectite, and siderite. Therefore, the type of precipitate and
conditions of precipitate formation will differ accordingly. Iron
I and iron II acetate precipitates in spent acetic acid when the
pH rises to around 3.8 and 4.7, respectively, according to Eqns.
2 and 3:

FeCOs + 2CH3COOH — Fe(CH3COO)s + Hz0 + COz
Fe2* + 2(CHsCOO") > Fe(CH3CO0), (2)

0.9 A

CH3COOH CH3;COO

0.8
0.7 A
0.6 1
0.5 A
0.4
0.3 1
0.2 4

0.1 14

0 2.5 5.0 7.5 10

pH

Fig. 3. The distribution of acetic acid species as a function of the pH solution
value using Eqn. 1.

Fe2(COs)s + 6CH3COOH — 2Fe(CH3COO)s + 3H20 + 3CO2
Fe® + 3(CHsCOO") - Fe(CH3COO0)s 3)

An important factor that must be considered before con-
ducting such a treatment job is the analysis of the petrophysical
properties for the proposed formation. Upon further analysis
of the well formation log data, it was found that this well has
a nonuniform permeability profile. Once treatment fluid is
pumped into these wellbore conditions, the treatment fluid will
go to zones with higher permeability, leaving the low permea-
bility areas untreated. The design of this treatment job included
the use of diverters and additives to control the distribution of
the treatment fluid in the formation.

POST-JOB RESULTS

Well performance evaluation showed that the proposed micro-
emulsion treatment was effective in removing OBM filter cake
and mud invaded solids, as both wells were able to sustain
production at the optimum ESP design range. Previous to this
treatment, both wells did not have adequate flow rates, and the
ESP was tripped by amperage underload, due to the insufficient
flow rates. Furthermore, pressure transient analysis conducted
for these wells showed a 20% increase in the well productivity
index, in comparison with the pre-job productivity index val-
ues. Lab analysis showed that minor precipitants were detected,
and they were found to be mainly dependent on pH solution,
acetic acid concentration, and initial mineral content.

CONCLUSIONS AND RECOMMENDATIONS

Based on post-stimulation rate gain and the fluid compatibility
test conducted using the same treatment fluids, we can conclude
the following;:

1. The use of CT downhole gauges played a vital role in
providing a qualitative and quantitative interpretation of the
DTS across the treatment interval, which ultimately resulted
in an optimized fluid placement across this interval.

2. The sensitivity of the formation minerology to acetic acid
reaction varied from one well to another, which was mainly
dependent on the type of clays and iron composition. The
acetic acid (10%) used reacted with the iron (siderite)
present in the formation, and Fe(CH,COO), precipitate
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was formed, which resulted in a significant reduction in
permeability.

. The amount of Fe(CH,COO), precipitate was found to be
mainly dependent on solution pH, acetic acid concentration,
and the initial mineral content. When the solution pH value
was raised, none of the tested acetic acid solutions was able
to prevent Fe(CH,COO), precipitation.

. Based on the fluid compatibility results for acetic acid and
sandstone formation, an iron control agent is needed to
prevent the precipitation of iron acetate. Iron control agents
exist in two general categories: (1) iron complexing, or

(2) iron sequestering agents. These additives are needed,
especially at higher temperatures, where dissolved iron
contents may be high. Iron control agents react with
dissolved iron and other dissolved metal ions to inhibit
solids precipitation, by maintaining iron cations in solution,
as acid spends and the pH increases.

. The use of spectroscopy analytical techniques, such as XRD
mineralogical analysis, to determine the magnitude and
potential of formation clay problems, was vital to selecting
the optimal treatment fluids.

. A clay stabilizer is often recommended for the purpose of
preventing migration and/or swelling of clays following
an acid treatment. Table 2 shows the various potential
effects of sandstone minerals and their associated damage.
Common clay stabilizers are either polyquaternary amines
or polyamines, at 0.1% to 0.4%. Use of a clay stabilizer

seems to be most effective when added to the overflush only.
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In 20035, he received his B.S. degree in Petroleum
Engineering from King Fahd University of Petroleum and
Minerals (KFUPM), Dhahran, Saudi Arabia.

Saleh M. Abo Zied is a Senior
Production Engineer working in Saudi
Aramco’s Southern Area Production
Engineering Department. He has 12
years of experience in the oil industry.
Before joining Saudi Aramco, Saleh

worked in the Suez Oil Company for
20 years as a Petroleum Engineering Assistant General
Manager, including both in onshore and offshore oil field
assignments.

He has written and presented many Society of
Petroleum Engineers (SPE) papers and presentations on
the subject of gas lift system optimization, devolved gas
lift network, and the removal of organic deposits from oil
producing wells in sandstone reservoirs.

In 1983, Saleh received his B.S. degree in Petroleum
Engineering from the Faculty of Engineering, Cairo
University, Sheikh Zayed City, Egypt.

Ajay Kumar V. Addagalla is currently
working as the Technical Manager for
Drilling and Completion at Baker
Hughes, a GE company for the Saudi
Arabia and Bahrain Geomarket. He
has more than 9 years of oil field

experience and has served in various
positions in Engineering, Operations and Sales. Ajay’s
areas of expertise include drill-in fluids, completion fluids
and near wellbore damage remediation techniques.

He received his B.Tech. degree in Chemical Engineering
from Jawaharlal Nehru Technological University,
Hyderabad, India, and his M.S. degree in Petroleum
and Environmental Engineering from University of
Nottingham, Nottingham, U.K.
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