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ABSTRACT
hydraulic fractures in long vertical open hole intervals using
this two-step diversion process for sequenced fracturing. The
ability to do this consistently — and predictably — can pro-
vide a practical, efficient and cost-effective preferred solution
that does not exist today for completing and fracturing similar
zones that are traditionally bypassed, resulting in increased
production and reserves.

INTRODUCTION

The well that was considered for the first application of a se-
quenced fracturing technique in a vertical well was an explo-
ration well located in the northern part of Saudi Arabia. The
well originally targeted a shallow formation but was drilled
deeper for appraisal of the deeper horizons. Six targets of in-
terest were selected across a tight, heterogeneous sandstone
layer of the Q formation. These targets spanned a 552 ft verti-
cal open hole section where previous experience had showed
large stress variations in the layers and natural fractures. The
large stress variations would require individual fracture treat-
ments to ensure stimulation of each sand package. Not only
was this option costly, but the current completion pressure
limitations would not be adequate to perform a cased hole
fracture treatment.

A decision was made to move forward with an open hole
completion, based on work by Chang et al. (2014)1, who
demonstrated — through a series of open hole block tests —
that a fracture initiation position within an open hole can be
targeted using a weak point cut into a rock. It was further
demonstrated that two independent transverse fractures could
be initiated from two notches placed in a single open hole hori-
zontal wellbore. Aidagulov et al. (2015)2 developed a model
that predicts the orientation, position and pressure at which a
fracture will initiate from the notched open hole, which built
the confidence needed to perform a hydraulic fracture treat-
ment in a high stress area with pressure limitations due to the
completion.

The limitation of the work cited here is that it was devel-
oped for horizontal wells where the in situ stress contrast is
relatively constant throughout the lateral, making it simpler to
initiate and extend multiple fractures because the pressures are
relatively constant in a homogeneous wellbore. In a vertical

A unique sequenced fracturing technique using formation
notching and degradable diversion pills was applied for the
first time in a vertical open hole completion to stimulate multi-
ple pay intervals in a well in the “Q” sandstone formation of
Saudi Arabia.

The challenge — to divert fractures in a vertical open hole
— is made more difficult by the large fracture surface area is in
contact with the wellbore. A robust, efficient and repeatable
two-step technique was implemented to provide the diversion
and controlled breakdown of higher stressed sections of the 
interval. The first step used a specialized jetting nozzle to create
circular notches and weaken the formation at target depths.
The second step involved the pumping of a small volume of a
composite fluid made up of degradable non-damaging fiber
and multimodal particles that bridge at the fracture face,
which would divert the remainder of the treatment to understim-
ulated sections of the interval.

The target for this well was a shallower formation, due to
completion pressure limitations while fracturing. This left six
pay intervals spread across the tight, heterogeneous sandstone
layers of the Q formation, spanning a single 552 ft vertical
open hole section. Previous experience showed large stress
variations in the layers with contained fractures, so fracturing
all pay intervals would require separate treatments for the 
interval. After notching the pay intervals to reduce breakdown
pressures, each interval was fractured with three proppant
ramps separated by two diversion pills in the span of eight
hours, improving efficiency more than threefold. Diversion
was confirmed by: (1) Pressure increases of 380 psi and 500
psi, respectively, when the pills landed on formation, (2) In-
creasing the trend of the initial shut-in pressures (ISIPs)
throughout the treatment, resulting in 1,270 psi of net pressure
gain, and (3) Comparison of post-diagnostic injection test tem-
perature log data with post-fracture neutron log data, showing
where nonradioactive traceable proppant was placed, includ-
ing into at least three pay intervals not broken down during
the injection test. Post-treatment production expectations were
met and confirmed with a well test.

This article will present the design, execution and evalua-
tion methodology, and challenges that were overcome to divert
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wellbore, one needs to consider that the stress increases as one
moves down the wellbore due to the changing overburden
pressure. Therefore, to compensate for the changing stress gra-
dient, a diverter would be required to move the fluids from
zone to zone once the fracture is initiated. Adil et al. (2014)3

demonstrated in a 616 ft open hole — within a thick homoge-
neous rock layer — that diversion could be accomplished
through a series of diversion stages where pressure increases
were observed when the diverter entered the formation. This
work, however, did not show any post-diagnostics that demon-
strated the effectiveness of the treatment coverage.

The diverter pill needs to be effective in diverting high-pres-
sure fluids, needs to withstand bottom-hole temperatures
(BHTs) and needs to dissolve over time, leaving no residual be-
hind. The selected sequence diverting fluid was a multimodal
size distribution of particulates and fibers. The material is ef-
fective up to 330 °F. The material dissolves within three hours,
leaving no residual materials behind.

Other challenges included testing the integrity of the 7”
shoe during fracturing operations, of the cement plug that iso-
lated the non-reservoir rock below the zone of interest, and of
the formation during fracturing and cleanup of the well.

RESERVOIR DESCRIPTION

The Q formation is a laminated quartz sandstone reservoir
with porosity up to 15% from the dissolution of calcite ce-
ment. The tighter intervals have a clay-bound matrix and are
quartz cemented fill. There appears to be moveable water in
the lower porosity intervals, and gas shows appear throughout
the reservoir. The Q formation is highly laminated and hetero-
geneous, showing a large stress contrast between layers — but
not exceeding 1,000 psi. Petrophysical interpretation suggested
six main target layers, which were designed to be stimulated
with three fracture stages. Figure 1 is the open hole log for the
zone of interest.

FRACTURE INITIATION FROM NOTCH

The fact that operators have limited or no control of the posi-
tions and orientations of initiated fractures represents one of
the major challenges encountered in hydraulic fracturing of
long open hole wellbore sections. Indeed, the hydraulic frac-
ture initiates at location(s) along the wellbore subjected to the
lowest in situ stresses, surrounded by weaker rock and/or
crossed by a natural fracture — all factors that are out of the
operator’s control. One of the ways to “force” the hydraulic
fracture to initiate at the target depth is to mechanically
weaken the formation at that point. A circular notch — or
360° perforation — cut into the wellbore wall in a transverse
direction can play a role in creating such a weak point, Fig. 2.
The notch amplifies the particular tensile stress components in
the rock and so lowers the fracture initiation pressures within
the region of the wellbore near the notch. This circular notch
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can be made by a high-pressure liquid jet or mechanical cutter
placed on the rotating head of the downhole tool.

Chang et al. (2014)1 conducted a lab investigation of the 
effect of circular and semicircular transverse notches on the
initiation of hydraulic fractures from an open hole drilled in the
direction of minimal far-field stress. This setup can be related
to the process of stimulating a horizontal wellbore drilled
along the minimal horizontal stress direction under the normal
stress regime. The experiments repeatedly demonstrated that
two transverse fractures initiated from two notches placed in a
single open hole interval — provided that the notches were cut
deep enough into the rock. For the experimental conditions
considered, it was found that notches had to be at least one
wellbore diameter deep to ensure transverse fracture initiation.
Otherwise, the fractures were initiated longitudinally and 
required higher breakdown pressures. 

Aidagulov et al. (2015)2 proposed the model that captures
the observed dependence of fracture orientation direction on

Fig. 1. Open hole log over the zone of interest.

Fig. 2. Schematic of the open hole with a circular notch (360° perforation), along
with the hoop (σϴϴ) and axial (σZZ) stress components at the surface of the
wellbore and notch tip. The σϴϴ stress component opens a longitudinal fracture,
whereas the σZZ stress component opens a transverse fracture along the
corresponding dashed line.
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• Tensile strength, T0 = 2,500 psi.

• Far-field stresses:

o Horizontal maximum, SHMax = 8,200 psi (SHMax_g =
0.75 psi/ft).

o Horizontal minimum, Shmin = 7,300 psi (Shmin_g = 
0.68 psi/ft).

o Vertical, SV = 12,100 psi (SV_g = 1.1 psi/ft).

• Pp = 4,400 psi.

The following geometrical parameters for the notch and
wellbore were:

• Wellbore diameter, Dw = 57⁄8”.

• Notch: 

o Wn = (3/16)*Dw ≈ 1.1”.

o Dn = Dw = 57⁄8”.

• SAMTS averaging length, davg = 1”.

According to the 3D model simulations for these synthetic
case parameters, a transverse notch does not promote initia-
tion of a transverse fracture, Fig. 3. Only the initiation of lon-
gitudinal fractures is realistic under such high contrast between
vertical and horizontal effective stresses: 7,700 psi vs. 2,900
psi. It should be noted that as this well is directed along the
maximal (vertical) stress, longitudinal fracture orientation is
also preferred by the far-field stresses. 

notch depth, Dn. In that model, the notch has a round end (U-
shape) and has a width, Wn, which is a certain portion of the
wellbore radius, Rw, Fig. 2. These assumptions about the
notch geometry match well with the actual shape of notches
observed in the lab tests. The model prediction is based on the
3D boundary element method (BEM) elastic analysis of
stresses near the wellbore and the notch that are caused by the
application of far-field stresses and wellbore pressure, Pw. Lon-
gitudinal and transverse fracture initiation is then governed by
the hoop, σθθ, and axial, σzz, tensile stress concentrations, re-
spectively. 

Whether or not a particular stress component causes the ini-
tiation of a fracture is decided based on the fracture criterion
for the rock. The experimental results were matched with the
model using the nonlocal fracture criterion based on the stress
averaging technique (SAMTS) and allowing for the microstruc-
tural scale of the rock, davg. It was demonstrated, starting from
the given notch depth, that the σzz stress concentration at the
notch tip met the fracture criterion earlier, i.e., at lower Pw,
than the hoop stress concentration at the wellbore wall, which
results in transverse fracture initiation. Next, we applied this
model to evaluate the effect of the notch on the fracturing
stimulation of the well under study.

The fracture initiation model proposed2 assumes nonporous
and impermeable rock, and it does not include formation pore
pressure, Pp. To apply this “dry rock model” to the real field
case, the Pp must be taken into account. The simplest way of
taking into account the effect of Pp on hydraulic fracture initi-
ation is by assuming that over the course of pressure buildup,
fracturing fluid does not penetrate into the rock, which is valid
for low permeability rock and/or fast injection. As a result, the
Pp in the surrounding rock does not change and remains con-
stant during pressurization4. In this case, all the formulas be-
hind the stress analysis of the dry rock model are also valid for
effective stress:                         . In contrast to the total stress,

, effective stress,     , represents the load borne by the rock
matrix and so is used in fracture criteria for porous saturated
rock. The poroelastic coefficient,   , is provided as a part of
the mechanical earth model, but is often set to 1 when used for
failure predictions. Therefore, under these assumptions, the
dry rock model can still be applied for this case of saturated
rock, but with the far-field stresses replaced by the effective
ones. As a result, the model will provide fracture initiation
pressure in terms of wellbore overbalanced pressure:

. In the absence of a notch, this approach is
equivalent to the classical and widely used Hubert-Willis esti-
mate for breakdown pressure5.

Simulations were performed for the synthetic case represent-
ing the conditions for the well under study at roughly a true
vertical depth of 11,000 ft:

• Young’s modulus, E = 8.5E+6 psi.

• Poisson’s ratio, 𝜈 = 0.22.
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Fig. 3. The 3D model predicts initiation of longitudinal fracture(s) next to the
transverse notch. The red color (Sxx) is related to the concentration of the hoop
stress in the zone of fracture.
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The transverse notch, when pressurized with the wellbore
pressure, produces a zone of elevated hoop stresses within the
part of the wellbore wall close to the notch. This is clearly
demonstrated in Fig. 4, where hoop stresses were alternatively
calculated in greater detail using the axisymmetric BEM for-
mulation6 for the case of equal horizontal stresses: Shmin =
SHMax = 7,300 psi. Here, the cases of various notch depths are
shown: no notch (blue); 25% of wellbore diameter or ¼ Dw

(green); and 100% of wellbore diameter or 1 Dw (red). In all
cases, the wellbore pressure was taken to be equal to the Hu-
bert-Willis breakdown pressure estimate: T0 - SHMax +3 ×
Shmin-α × Pp = 12,700 psi. In the absence of the notch (blue
curve), this results in the (effective) hoop stress value at the
wellbore wall being equal to the tensile strength of the rock. 

One can see that for the same wellbore pressure, the
notched wellbore develops an effective hoop stress that is 8%
to 20% higher than the one for the wellbore without a notch.
For the notched wellbores, hoop stresses reach their maximum
within the region close to the notch, while decaying toward the
non-notch value away from the notch. Higher hoop stresses
thereby promote initiation of the longitudinal fracture first in
the zone of elevated stresses near the notch. The shallower
notch (25% of Dw) appears to induce even higher values of
hoop stresses. The extent of the area of elevated stress increases
consistently with the notch depth. This suggests there may
even be more chances for a longitudinal fracture to initiate, as
a larger number of defects fall into the region where the stress
exceeds the critical value. In this way, the region where elastic
hoop stress exceeds the non-notched value, i.e., tensile strength
for this case, by 3% extends for 12” when the notch is 25% of
Dw (green) and for 23” when the notch is 100% of Dw (red).

This result demonstrates a potential mechanism for control-
ling the position and initiation pressure for the longitudinal
fracture: placing the transverse notch in the target region of
the open hole wellbore. This does not exclude, however, the
need for excessive validation of the proposed mechanism, as
the presented argument relies on pure elastic static stress
analysis.

ROTATING JETTING YARD TEST

The ability of hydraulic jets to penetrate the rock — making
deep perforation tunnels7 and even breaking through several
casing layers8 — is well-known in the industry. Tools for such
high-pressure jetting applications can be found among the
standard coiled tubing (CT) services. The current project re-
quired the cutting of circular notches into the wellbore wall.
Conceptually, this can be achieved by having the high-pressure
jetting nozzle placed on the rotating head of a downhole CT
tool. Such a rotating head can be an intrinsic part of the tool,
or it can be made by assembling the tool with a stationary noz-
zle to work in combination with the downhole drilling motor
or turbine, which would additionally rotate the tool, and noz-
zle(s), around the tool axis. None of the existing tools or as-
semblies had ever been used to cut circular notches in open
hole wellbores, so a series of yard tests was performed with
different downhole tool configurations. The following high-
lights the resulting key observations, using examples of a cou-
ple of the tests performed with the high-pressure jetting CT
tool (Tests N-1-T and N-1-B). 

Cement targets were manufactured for the yard test to sim-
ulate the open hole wellbore section. The block sample (ce-
ment target) was placed into a larger steel tank, referred to
here as a “sample container,” with the objective to keep the
sample and high-pressure jet contained in a safe area during
the jetting test, Fig. 5. 

In Test N-1-T, the jetting pressure was ramped up in steps
from 1,000 psi to 5,000 psi over the 125 minutes of the test
total time, Fig. 6a. Although a shallow notch 0.5 cm deep was
already observed after jetting at pressures around 1,000 psi,
overall it took around 40 minutes to cut the notch to the depth

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SPRING 2016        5

Fig. 5. Deployment of the yard test: The sample container general view (left);
cement block sample (target) placed inside the sample container (right). The
jetting tool is rigidly fixed with the centralizer arms to prevent its oscillation
around the borehole axis, which otherwise may gain significant amplitude during
high-pressure jetting.Fig. 4. Effective hoop stress profiles along the wellbore axis in the notch vicinity.
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of 2 cm at pressures of approximately 2,000 psi, which ap-
peared too slow. Nevertheless, the notch was nice and smooth
— free of cavities. A further increase of pressure to the range
from 3,600 psi to 3,700 psi and jetting for another 25 minutes
made the notch only 4 cm deep and from one side only — the
other side remained at 2 cm. Subsequent jetting for 20 minutes
at 4,000 psi deepened one side from 4 cm to 5 cm only. The
following increase of pressure to 5,000 psi did not run as
smoothly as required; the replacement of the pump was needed
after it was damaged by cavitation. After finally jetting at
5,000 psi for about 40 minutes, the jet broke through the
block, Fig. 7a. The final depth of the notch increased signifi-
cantly during this last 40-minute jetting stage — up to 14 cm
at its deepest among the smooth regions of the notch. The
shallowest part of the notch — which was also the “slowest”
one to grow, keeping slightly above 2 cm deep over the previ-
ous jetting pressure levels — also jumped to 5 cm. On the
borehole side, Test N-1-T also looked smooth and did not re-
veal large breakouts, Fig. 7b; depth can be measured at all an-
gles except the breakthrough side. The notch’s smooth depth
of 14 cm is just a little bit smaller than 17 cm, which is the tar-
geted depth of “one wellbore diameter.”

Then the question arose: Will there be any drastic changes
in results — in notch depth and/or failure patterns — if the jet-
ting was done at 5,000 psi pressure right from the start? That
was checked in Test N-1-B, Fig. 6b. The jet broke through the
block after 40 minutes of jetting, Fig. 7c, with a failure pattern
very similar to the N-1-T case. A final notch depth of 15 cm —
also very close to the N-1-T test result — was found, Fig. 7d.
Therefore, this was a well repeated result, which showed the
overall consistency of the results.

Based on the test results presented here, the following con-
clusions can be reached. A series of several jetting tests was
performed in cement targets made of a 125 PCF cement recipe

using the actual CT tool, which comprised the rotating jetting
head equipped with 2 ×  jetting nozzle (0.156”). The test results
demonstrated mostly smooth failure patterns and consistent
results.

1. The ability to cut 10 cm to 15 cm deep circular notches 
with the 27⁄8” jetting tool was demonstrated repeatedly in 
the yard for the 17 cm diameter open hole in a cement tar
get. This assumed pure water jetting and required around 
40 minutes of jetting time. 

2. A minimal jetting pressure of 1,000 psi was required to ini-
tiate the erosion of notches. To cut the notch to the maxi-
mum depth observed required at least 4,500 psi jetting pres-
sure. There is evidence as well that jetting at intermediate 
pressures resulted in the notch depth’s being stabilized at 
shallower depths. This is intuitively correct; as the standoff 
distance increases, one expects jet dispersion and shear to 
decrease the jetting efficiency.

3. The depth of the notches in all cases is highly nonuniform 
— with respect to the angle — even in smooth regions, pos-
sibly as a result of the nonlinear nature of the erosive inter-
action with the fluid stream.

4. Jetting at constant pressure or ramping pressure up in steps 
was inconclusive as the two approaches did not lead to no-
table differences in results — eventual notch depth — except
ramping required longer jetting times due to lower pressure 
stages. Although some results indicate smoother and more 
uniform notches as a result of ramping pumping schedules, 
this is not considered operationally relevant at this time, 
with the recommendation that pumping should take place 
at the maximum pressure immediately.

Overall, we consider the performed tests as successful: 

• The maximum observed notch depth was 150 mm,
which is 1 wellbore diameter for standard Saudi
Aramco open hole completions. 

6 SPRING 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

Fig. 6. The 125 pounds per cubic foot (PCF) cement target tests run with 0.156”
nozzles. For each test, the jetting pressure and notch depth are plotted against the
time (in the graphs, left). The reported notch depth corresponds to its “deepest”
part where the depth could be measured (given in cm values on the depth
diagrams, right). In sectors where the jet broke out of the cement target, the depth
of notches cannot be detected, which is indicated with “x” in the depth diagrams.

Fig. 7. Post-test image of the target #1 block representing 125 PCF cement recipe
used in the tests N-1-T and N-1-B (center). In both tests, the jet “broke out” of
the block via a single face where the resulting hole appeared localized as well,
leaving the remaining three faces intact (7a, 7c). Images of the borehole (7b, 7d)
also demonstrate the smooth openings of both notches — free of large breakouts
and longitudinal cracks.
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• We have strong evidence that this would increase
further with additional available pumping pressure.

There were limitations to the experimental arrangement.
First, the measured maximum penetration was a significant
fraction of the block size and associated with breakouts near
those regions. This means that to study reliably deeper jet 
penetration, the sample would need to be larger to eliminate
boundary effects. 

While the implementation of a similar test at high hydro-
static pressure and elevated pressures would represent an ex-
cessive engineering challenge, it is worth considering how these
tests might translate to a downhole environment and the re-
sulting operational considerations. Taking into account high
velocities of water flow through the nozzle, there is an in-
creased chance for the occurrence of cavitation in the jet — in
the areas of the flow with sudden pressure drop. It is known
that the appearance of gas bubbles in the fluid jet due to cavi-
tation can increase the efficiency of the water jet cutting by ad-
ditional mechanisms that damage and erode materials9, and
that cavitation will be modulated by the hydrostatic pressure
of the environment. This suggests that the efficiency of water
jetting drops with depth; it is believed that the most effective
way to de-risk this for field operations is to employ abrasives
to ensure consistent and controlled erosive action independ-
ently of entrained gas within the stream.

SEQUENCE DIVERTER

The diverter pill is an engineered slurry comprising a propri-
etary blend of degradable particles with multimodal size distri-
bution and fibers. The diverter composite pill was specifically
designed to promote diversion in multistage fracture treat-
ments for perforated cased hole wells where there is a limited
open area and so limited control of the placement of the pill.

The composite fluid overcomes the limitations of traditional
chemical diverters by coupling degradable particles of a wide
size distribution. Degradable fibers are added to improve dis-
persion of the particles in the tubulars, thereby keeping the
solid slug highly concentrated. The fibers modify the rheology
of the composite fluid by imposing a yield stress, which hin-
ders dispersion in the tubulars. Fibers also help to level the 
velocity profile toward the center of the conduit, which reduces
shearing forces on the slugs and mitigates dispersion as well10.
Large particles accumulate at the fracture entrance bridging
the fracture face, and then the smaller particles reduce perme-
ability and deliver temporary isolation. The fibers enhance par-
ticle transport to ensure integrity of the blend from the surface
to the near wellbore area, helping to mitigate pill dispersion
and particle settling. 

Particles and fibers completely degrade within three hours
triggered by the BHT; therefore no additional treatment is re-
quired to put the well back in production, ensuring that all in-
tervals are available to contribute.

COMPLETION DESIGN

Completion of this well required the setting of two balanced
cement plugs in the open hole section. The lower plug was
required due to water-bearing porosity intervals below, while

the second plug was needed for support to land and cement
the 4½” liner. The liner was pressure tested to ensure there
would be no hydraulic leaks during the fracturing treatment
and then drilled out to expose the open hole section. After
that, the well was completed with 4½”, 13.5 lb/ft, C-95 tubing
and liner with VAM-TOP high compression connectors and a
4½” × 7”, VFLH 25 ft, polished bore receptacle and seal as-
sembly. The completion was designed for a bottom-hole injec-
tion pressure as high as 14,500 psi, which would not be
sufficient for a cased hole fracture design for this particular
well. Figure 8 is a schematic of the open hole completion.

FRACTURE DESIGN

Three targets were identified in the well, Fig. 9 (left), covering
a total area of 250 ft out of the 550 ft of open hole. The three
target areas were selected based on porosity development and
a clean gamma response. Due to the formation’s heterogeneity,
permeability was a huge unknown, along with the uncertainty
as to the stress state and natural fractures that could be present
along the open hole section.

Six notch locations were selected with the intention to lower
the fracture initiation pressure and distribute the fracture
across the open hole interval. Cutting of the notches was per-
formed with 35 bbl of 1 PPA sintered bauxite at 2 bpm. Each
stage was flushed with a gel fluid, and all six stages were per-
formed consecutively. Tool integrity during the cutting stages
was determined by monitoring the CT injection pressure. Loss
of pressure would indicate the jets had deteriorated and were
not providing sufficient cutting power.

Due to the large surface area, the treatment was designed
for three stages with two pill stages, Table 1. The design was
to pump a total of 300,000 lb of nonradioactive tracer prop-
pant, with the stage volumes increasing with each stage. The
larger volumes were placed toward the end, which was when
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Fig. 8. Open hole completion schematic.
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the proppant was placed into the tighter rock, providing maxi-
mum penetration and fracture conductivity.

To determine the effectiveness of the notches and to obtain
a better understanding of the breakdown pressures, a calibra-
tion injection treatment of 300 bbl of cross-linked fluid was
followed by a temperature log. Breakdown pressures were less
than originally calculated, allowing the fracture treatment to
move forward, and the temperature survey indicated good
fluid entry at the notches.

To avoid restimulating the same section, two diverter com-
posite pills were deployed in two stages, with the goal to tem-
porarily isolate each fracture. The volume of each pill, 900 lb,
was engineered to cover 60 ft to 70 ft of fracture height, which
was the expected fracture height growth based on fracture sim-
ulations and previous experience in the area. As a reference,
this volume is approximately eight to 10 times larger than the
typical pill volume used for cased holed perforated applica-
tions; the large volume was directly related to the larger sur-
face contacting the wellbore in the open hole case.

The deployment of the composite pill can be performed in a
continuous action right after the last proppant stage — 4 PPA

or 5 PPA — or as a separate stage after flushing. We opted for
the latter, which provides the flexibility to capture the post-
fracture initial shut-in pressure (ISIP) for evaluation purposes
and to have better control when the pill entered the formation;
this job was the first case worldwide to deploy such pill volumes.

FRACTURE RESULTS

The entire open hole interval was fracture stimulated with
three proppant ramps separated by two diversion pills as per
design — in the span of eight hours — improving operational
efficiency more than threefold. Diversion was confirmed by:
(1) Pressure increases of 380 psi and 500 psi, respectively,
when the pills landed on formation, Fig 10; and (2) Increasing
the trend of the ISIPs throughout the treatment, resulting in
1,270 psi of net pressure gain, Fig. 11. Comparison was made
of the post-diagnostic injection test temperature log data with
post-fracture neutron log data, showing where the nonradioac-
tive traceable proppant was placed, previously seen in Fig. 9,
including into at least three notched pay intervals not broken
down during the injection test. Post-treatment production 
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expectations were obtained and confirmed with a long-term
well test.

CONCLUSIONS

Analysis of the results allows the following conclusions to be
drawn:

1. The rotating notching tool was successfully deployed down

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SPRING 2016        9

Stage Description Fluid Type Rate (bpm) Stage Vol (bbl) Proppant Vol (lb)

1 Pre-pad 45 PPTG 40 150

1 Pad 45 PPTG-XL 40 300

1 Slurry 0.5 to 4 PPA 45 PPTG-XL 40 463 40,000

1 Displacement 20 PPTG 40 171

Shutdown

Pill 1 Spacer 40 PPTG 7 10

Pill 1 Pill Pill 7 20

Pill 1 Spacer 40 PPTG 7 10

Pill 1 Displacement 20 PPTG 10 131

Pill 1 Placement 20 PPTG 10 40

Pill 1 SDT 20 PPTG 45 100

Shutdown

2 Pre-pad 45 PPTG 45 150

2 Pad 45 PPTG-XL 45 350

2 Slurry 1 to 5 PPA 45 PPTG-XL 45 860 100,000

2 Displacement 20 PPTG 45 164

Shutdown

Pill 2 Spacer 40 PPTG 450 10

Pill 2 Pill Pill 7 20

Pill 2 Spacer 40 PPTG 7 10

Pill 2 Displacement 20 PPTG 7 124

Pill 2 Placement 20 PPTG 10 40

Pill 2 SDT 20 PPTG 10 100

Shutdown

3 Pre-pad 45 PPTG 45 150

3 Pad 45 PPTG-XL 45 500 160,000

3 Slurry 1 to 6 PPA 45 PPTG-XL 45 1,313

3 Displacement 20 PPTG 45 163

Total Proppant 300,000

T    Table 1. Treatment design

Fig. 10. Pressure treatment plot indicating pressure effects from the pill stages.

Fig. 11. Increasing ISIP evolution indicating new rock breaking down.
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hole via CT providing a 360° circular notch, supported by 
the series of yard tests with cement targets, which tested the
actual field configuration of the tool.

2. Open hole notches reduce breakdown pressures by increasing
the tensile stress at the wellbore in the notch vicinity. This 
promotes the initiation of longitudinal fractures in that zone.

3. Open hole notches can be used to provide for fracture initi-
ation at multiple spots along the open hole section, as was 
indicated by the nonradioactive traceable proppant placed 
into at least three notched pay intervals not broken down 
during the injection test. 

4. A combination of degradable particulates and fibers will 
divert fluids in an open hole, as was indicated by an 
increasing ISIP between stages and the nonradioactive 
tracer diagnostic log.

5. Pill volumes approximately eight to 10 times larger than 
those of a cased hole application were employed to ensure 
diversion in the open hole.

Overall, the feasibility of a new two-step sequenced fractur-
ing technique was demonstrated for open hole wellbores. The
technique uses notching of the target pay zones to ensure the
selected areas are preferentially fractured with subsequent
pumping stages. Notching is followed by the injection phase,
without any mechanical isolation; the entire 552 ft length of
open hole was exposed to elevated pressures. Clearly, the
weakest point initiated the first fracture. Injection stages were
interchanged with diversion phases to temporarily impede
fluid flow into growing fractures and allow the pressure to re-
build to fracture the next weakest zone, effectively generating
multiple fractures at targeted zones without mechanical isola-
tion. This makes the implemented two-step fracturing tech-
nique, i.e., notching plus diversion, a practical, efficient and
cost-effective preferred solution for completing and fracturing
similar zones that are traditionally bypassed, resulting in a
cost-effective means to increase production and reserves. 
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ABSTRACT
provide favorable flow properties. They are commercialized in
various ratings, based on the strength and density of the
spheres. The strengths of HGSs range from 2,000 psi to
18,000 psi, with true densities between 0.29 gm/cc and 0.63
gm/cc, and their particle sizes range between 1 µm and 100
µm. With the use of HGSs, the density of a water-based fluid
can be reduced to 41 pounds per cubic foot (PCF). Drilling flu-
ids can be formulated with an upper limit of 40 vol% HGS
while maintaining suitable rheology and mud characteristics1.
The rheological properties of HGS-based fluids are similar to
those of conventional fluids and can be calculated through
Einstein’s viscosity model2.

Drilling fluids formulated with HGSs permit measurements
while drilling and have been found to be compatible with con-
ventional surface equipment3. HGSs allow the employment of
near balanced and underbalanced drilling, which reduces the
differential pressure in the wellbore. Drilling in low differential
pressure conditions can result in numerous benefits, such as an
increase in the rate of penetration (ROP), reduction in forma-
tion damage, and elimination of loss of circulation and differ-
ential pipe sticking4. These improvements ultimately lead to
lower nonproductive time and greater efficiencies. 

To reduce hydrostatic pressure on the formation, a low-den-
sity cement (LDC) needs to be applied, especially on a frac-
tured weak formation. To reduce the density of cement, water
can be added in large volumes, but this will affect the mechani-
cal properties of the cement, such as its compressive strength
and permeability. This type of cement is called water extender
cement. The lowest density that can be formulated using water
extender cements is 86 PCF5. Water extender cements also re-
quire multistage operations to avoid fracturing the formation
due to high hydrostatic pressure, and multistage cementing can
fail, which then requires remedial operations, such as perfora-
tion and squeeze jobs6-8. 

Nitrogen can be used to make LDC, but attention is re-
quired to achieve the required density. Another way to make
LDC is to use materials with low SGs, such as hollow micros-
pheres (ceramic or glass), mixed with the cement9-11. Gas con-
tained in these hollow glass materials enable the reduction of
cement density down to approximately 60 PCF12. There are
several ways to make LDC other than just mixing hollow mi-
crospheres with cement; i.e., mixing coarse and fine cement

Hollow glass spheres (HGSs) provide an attractive method to
reduce the densities of drilling fluids and cement slurries for
different objectives. There are several pressure ratings for
HGSs, and selecting and testing the right type for the suitable
application is important.

The objective of this article is to evaluate the performance
and stability of HGSs in three formulations: (a) HGS-based
fluids at different pH conditions, (b) low-density water-based
drilling fluids with HGSs as a density reducing additive, and
(c) low-density cement (LDC) with HGSs as a density reducing
additive.

The evaluation of the stability of low density inhibited wa-
ter-based fluids formulated with HGSs in diverse pH environ-
ments was for their potential application in the Wasia
formations in Saudi Arabia. Intensive testing of the fluids in-
cluded rheological properties, pH and density measurements
before hot rolling (BHR) and after hot rolling (AHR) in diff-
erent pH environments at high-pressure/high temperature
(HPHT) for extended periods of time — up to four days. 

The evaluation of the stability of LDC utilizing HGSs was
for their potential to cement shallow casings in gas wells and
oil wells in Saudi Arabia. In this study, we present the results
of extensive lab work that included rheology measurements,
thickening time tests, free water and sedimentation tests, a
fluid loss test and a compressive strength test. 

Data generated supported the use of low-density fluids for-
mulated with HGSs in the Wasia formation when applicable.
Also, this study supported the use of the examined cement for
casings under shallow conditions in gas wells and oil wells.
The shallow conditions simulated in the lab tests were at a
static temperature of 158 ºF and at 2,500 psi.

INTRODUCTION

Hollow glass spheres (HGSs) are lightweight solids composed
of soda-lime-borosilicate glass. They are incompressible mi-
crospheres with specific gravities (SGs) lower than that of wa-
ter. The high strength and low density of HGSs make them an
attractive method to reduce the density of drilling fluids and
cement slurries. Furthermore, HGSs are chemically inert and

Investigation of the Stability of Hollow
Glass Spheres in Fluids and Cement Slurries
for Potential Field Applications in Saudi
Arabia
Authors: Dr. Abdullah S. Al-Yami, Mohammed B. Al-Awami and Dr. Vikrant B. Wagle
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particles, fly ash, fumed silica, hollow microspheres and wa-
ter13. Another way is to mix hollow microspheres with plasti-
cizer, cement and aluminum metal powder and sodium
sulfate14. The first application of LDC utilizing hollow micros-
pheres took place in 1980 at a density of approximately 69
PCF15.  

The objectives of this article are:

• To formulate and evaluate HGSs for drilling fluids
applications.

• To formulate and evaluate HGSs for cementing
operations.

OVERVIEW OF SUCCESSFUL FIELD IMPLEMENTATIONS
OF HGS-BASED DRILLING FLUIDS

Drilling fluids formulated with HGSs have been tested in nu-
merous field trials in the past decade, and many of these
drilling fluids have been proven successful. HGS-based fluid is
mostly deployed in areas with major problems, such as areas
with extremely slow ROP, frequent differential pipe sticking,
severe or total loss of circulation and high formation damage
in reservoir sections. HGS-based fluid successfully eliminated
differential sticking in the field deployment3 and was able to
reduce mud losses from 100+ bbl/hr to 6 bbl/hr in India16. In
areas of slow ROP, oil-based mud formulated with HGSs suc-
cessfully reduced drilling operations by 11 days in Venezuela17.
A study conducted by Chen and Burnett (2003)18 determined
that HGSs do not create additional damage to the formation’s
permeability. The small particle size of HGSs, though, leads to
the formation of a tighter filter cake19. In these examples of
HGS field deployment, added benefits such as reduced torque
and enhanced productivity have also been observed.

OVERVIEW OF SUCCESSFUL FIELD IMPLEMENTATIONS
OF HGS-BASED LDCs

LDCs have been used throughout the industry for many years
as a specialty cement for application in areas of weak forma-
tions. Ripley et al. (1981)20 have described the use of small di-
ameter, inorganic, high strength microspheres in LDC slurries
with improved compressive strength, enabling the slurry to
maintain its low density even at high pressures. Wu and Onan
(1986)21 have described the use of high strength microspheres
in LDC as resulting in improved primary casing and liner ce-
menting in the Gulf of Bohai. Al-Yami et al. (2007, 2008)22, 23

have conducted a long-term evaluation of LDC stability where
LDC is used to achieve zonal isolation across weak sandstone
and carbonate formations in the fields of Saudi Arabia. Field
treatments were conducted without encountering any opera-
tional problems, and the cement maintained isolation for more
than three years, which confirmed the effectiveness of the LDC
system. Al-Yami et al. (2012)24 have also tested low-density
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systems at 300 °F. After testing the durability of LDC at higher
temperatures and in different operational scenarios, they have
shown that the LDC is durable even in high-pressure/high tem-
perature (HPHT) conditions. Carver et al. (2011)25 have used
hollow microsphere-based LDCs for increasing primary ce-
menting success in steam injected, low fracture gradient areas.
Wang and Wang (2013)26 have used an ultra-LDC system with
HGSs as a weight reducing additive to control lost circulation
in coalbed methane wells. 

METHODS AND MATERIALS

The performance and stability of HGSs were assessed in three
formulations: (a) HGS-based fluids in different pH conditions,
(b) low-density water-based drilling fluids with HGSs as a den-
sity reducing additive, and (c) LDC with HGSs as a density 
reducing additive.

The experimental procedure to evaluate the stability and
performance of HGSs is given as follows. 

Formulating HGS-based Fluids in Different pH Conditions 

In this study, 57.5 PCF (7.69 lb/gal) water-based fluids were
designed having different pH values — acid condition pH < 4,
original pH = 9 and basic condition pH > 11 — to assess the
effect of pH on the stability of the HGSs. All fluids were de-
signed utilizing HGS-8000 (SG = 0.42) to get a density of ap-
proximately 57.5 PCF, Table 1. The additives were mixed with
water using a standard multi-mixer. Mixing operations were
observed to ensure proper mixing of each component.

Evaluation of Hollow Glass Microspheres in Low-Density

Drilling Fluids

In this study, 57.5 PCF water-based drilling fluids were de-
signed with HGS-8000. The HGS-based drilling fluids were
formulated with a viscosifier, fluid loss additive, shale in-
hibitors, etc. The fluids were hot rolled at 160 °F/250 °F for
16 hours in HPHT aging cells. 

Additives

Concentration (ppb)

Original pH 
(pH = 9)

Basic 
Conditions 
(pH > 11)

Acidic 
Conditions

(pH < 4)

Water 306.8 306.3 302.9

HGS 18.01 18.06 18.40

XC-Polymer 0.5 0.5 0.5

NaOH – 0.15 –

HCl Acid – – 3.54

T           

    

  
 

  
  

 
  

 

 

 

 

            

 

 

 

 

  

             

 

 

 

             

Table 1. Formulation of the fluids at different pH conditions
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Fluid Loss Test. Dynamic fluid loss, i.e., loss of fluid from the
slurry while it is being placed, results in an increase in slurry
density, which may cause loss of circulation. Other properties,
such as rheology and thickening time, also may be adversely
affected. Static fluid loss, i.e., loss of fluid from the slurry after
placement, if not carefully controlled, will lead to a slurry vol-
ume reduction and pressure drop that can allow formation 
fluids to enter the slurry28. 

Curing at Downhole Conditions. A HPHT curing chamber
was used for curing the cement specimens at the required con-
ditions. Cubical molds, 2” × 2” × 2”, and cylindrical cells,
1.4” diameter and 12” length, were lowered into the curing
chamber27. Pressures and temperatures were maintained until
shortly before the end of the curing, when they were reduced
to ambient conditions.

Compressive Strength Test. The cubical molds, 2” × 2” × 2”,
were removed from the molds to be placed in a hydraulic press
where force was exerted on each cube until failure, which is in
compliance with API specifications for the oil well’s cement
testing27. The compressive strength was measured after curing
the samples for four days.

Density Measurements of HGSs. The density of the hollow
glass microspheres was determined using the following speci-
fied procedure: 

1. Weigh the empty flask to the nearest 0.01 g. 
2. Add approximately one-third of the volume of glass bub-

bles to the flask, and weigh the flask and the powder to the 
nearest 0.01 g. 

3. Add sufficient mineral oil to cover and wet the glass bubbles.
Stopper the flask and agitate it for several minutes, ensuring
that neither air pockets nor lumps of glass bubbles exist. 
Wash the stopper and the walls of the flask with mineral oil
until they are free of glass bubbles and the flask is filled to 
the 100 mL level.   

4. Weigh the flask and the glass bubbles and mineral oil to the 
nearest 0.01 g. 

5. Empty the flask. Clean and dry the flask, add 100 mL of 
mineral oil, and weigh the flask and the mineral oil to the 
nearest 0.01 g. 

6. Calculate the density of the mineral oil, Ps, using the formula
in Eqn. 2: 

PS = 10(MFS – MF) (2)

where:  
PS = density of mineral oil (g/L) 
MFS = mass of flask plus mineral oil (g) 
MF = mass of flask (g) 

7. Calculate the density of the glass bubbles using the formula 

Evaluation of Hollow Glass Microspheres in LDC Slurry

A 75 PCF LDC slurry was formulated using HGS-4000 (SG =
0.38) hollow glass microspheres. This slurry was then evalu-
ated for its performance after curing it at 158 °F and 2,500 psi
for four days.

Slurry Preparation Procedure. The LDC was formulated in the
lab using a standard American Petroleum Institute (API)
blender. The maximum speed during slurry preparation was
4,000 revolutions per minute (rpm) instead of the typical
12,000 rpm. To apply the same mixing energy, the duration of
mixing was changed to 330 seconds at 4,000 rpm, instead of
15 seconds at 4,000 rpm and 35 seconds at 12,000 rpm22. The
equation of mixing energy is27: 

(1)

where:
E = mixing energy (kJ)
M = mass of slurry (kg)
k = 6.1 × 10-8 m5/s (constant found experimentally)
�= rotational speed (radians/s)
t = mixing time(s)
V = slurry volume (m3)

After mixing and preparing the slurry, it was placed in a
consistometer, and a pressure of 2,500 psi was applied. The
objective of placing the cement under pressure is to simulate
field placement under a 2,500 psi hydrostatic column, based
on the usual placement of 75 PCF LDC. All tests were con-
ducted after applying 2,500 psi (simulating hydrostatic pres-
sure on the LDC) to find out if crushing the hollow microspheres
had an effect on the physical properties tested. 

Slurry Rheology. The slurry was conditioned in the atmos-
pheric consistometer before measuring rheological readings. A
standard rheometer was used to measure the slurry rheology27.

Thickening Time Test. A standard API HPHT consistometer
was used to evaluate the pumpability of the cement slurry. 

Free Water and Slurry Sedimentation Tests. Water separation
in slurries is an indication of bad performance and a potential
zonal isolation problem. So, a free water test was conducted
using 250 ml in a graduated cylinder for two hours according
to API procedures. Settling is another indication of improper
performance and likely zonal isolation problems. This can be
tested for by measuring the densities of different sections of a
cured cement column27. A gas pycnometer was used to meas-
ure the density of these different sections at the specified con-
ditions previously mentioned. Points 2” from the top, middle
and bottom sections of a 12” long and 1.4” diameter sample
of the cement were measured for densities.
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in Eqn. 3: 

(3)

where: 
PP = density of glass bubbles (g/L) 
MFP = mass of flask plus glass bubbles (g) 
MF = mass of flask (g) 
MFPS = mass of flask plus glass bubbles and mineral oil (g) 
PS = density of mineral oil (g/L) 

Particle Size Distribution

The particle size distribution of the hollow glass microspheres
was determined using a Malvern Mastersizer 2000.

RESULTS AND DISCUSSION

Effect of pH on Hollow Glass Microspheres

The stability of the spheres in drilling fluids is critical to sus-
taining a practical and effective drilling fluid. Unplanned
breakage or dissolution of the spheres in the wellbore while
drilling could lead to numerous problems, such as increased
formation damage and loss of circulation due to the sudden 
increase in the density of the drilling fluid. Alawami et al.
(2015)29 has studied the effect of various pH conditions on the
stability of HGSs. In that study, HGS-based fluids after hot
rolling (AHR) at a pressure of 500 psi and a temperature of
250 °F for intervals up to four days showed slight changes in
density. The results showed a slight density increase up to 0.5
PCF AHR in the fluids at 250 °F in alkaline conditions. This
could be attributed to a dissolution of the spheres driven by
the reaction of sodium hydroxide (NaOH) with the silicon-
oxygen bond in borosilicate HGS glass. The addition of
NaOH boosts the forward reaction of water with the silicon-
oxygen bond, Eqn. 4, which consequently encourages further
dissolution of the spheres, Eqn. 530.

Si-O-Si + H2O = SiOH HOSi (4)         

Si-O-Si + NaOH = SiOH Na+OSi (5)

In acidic conditions, pH < 4, on the other hand, the spheres
revealed extremely high stability. The density of the fluid was
sustained without any changes at all hot rolling durations.
Table 2 is a summary of the stability results of the HGS in the
different pH conditions.

Evaluation of Hollow Glass Microspheres in Low-Density

Drilling Fluids

Alawami et al. (2015)29 have assessed two 57.5 PCF formulations
of inhibited water-based muds using HGSs as density reducing

agents, Tables 3 and 4. The two formulations targeted a den-
sity of a pH between 9 and 10. 

The tests displayed excellent results with stable density and
pH before and after three days of hot rolling, Table 5. Formu-
lation #1 was hot rolled at a temperature of 250 °F, while For-
mulation #2 was hot rolled at a temperature of 160 °F; these
simulated real wellbore conditions in the Wasia formation. The
density of the fluid remained within 0.1 PCF, and the pH val-
ues were sustained within the desired range of 9 to 10. The
plastic viscosity and gel strength values were kept low for both
formulations. The yield point of Formulation #2 recorded
higher values than that of Formulation #1; however, both values
are within the practical range. 
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Hot Rolling 
Duration
(Days)

Density Increase (lbm/ft3)

Original pH 
(pH ~9)

High pH 
(pH > 11)

Low pH
(pH < 4)

1 day – 0.0 –

2 days 0.5 0.2 0.0

3 days 0.2 – 0.0

4 days 0.3 0.5 0.0

T             

 

 

 

 

  

             

 

 

 

             

Table 2. Summary of the stability results of HGSs having different pH values28

 

  
  

 
 

  

 

  

 

          

    

  
 

  
  

 
  

 

 

 

 

            

Additives Concentration (ppb)

Water 280.5

Bentonite 2

Soda Ash 0.3

Shale Inhibitor 10

XC-Polymer 0.5

Bio-polymer 2

Filtration Control 0.75

HT Filtration Control 4

HGSs 24.6

T              

 

 

 

             

Table 3. Formulation #1 of a typical fluid, hot rolled at 250 °F

 

  
  

 
 

  

 

  

 

          

    

  
 

  
  

 
  

 

 

 

 

            

 

 

 

 

  

             

Additives Concentration (ppb)

Water 296.3

Bentonite 3

XC-Polymer 0.5

Shale Inhibitor 1

Bio-polymer 4

HGSs 20.3

NaOH As needed

T              Table 4. Formulation #2 of a typical fluid, hot rolled at 160 °F
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Evaluation of Hollow Glass Microspheres in LDC Slurry

The density of hollow glass microspheres was measured using
the procedure previously described. The density of the HGSs
calculated from Eqn. 5 was 377 g/L (0.377 g/ml). 

The particle size distribution of the HGS-4000 hollow glass
microspheres is given in Table 6. The HGSs show a particle
size distribution with a d(0.5) value of 41.385.

Cement crushing tests were done at a pressure of 2,500 psi
and 4,000 psi. These two pressures were selected to simulate
field conditions; they represent the hydrostatic pressure ap-
plied on the column of the cement slurry. 

In the crushing test, the slurry density was measured before
and after exposing the cement slurry to 2,500 psi and 4,000
psi, using a mud balance. The density measurement was 76
PCF after exposure to 2,500 psi and 77 PCF after exposure to
4,000 psi. 

Therefore, the following two conclusions can be drawn
from the crushing tests:

• The LDC slurry that is pressurized at a conditioning
pressure of 2,500 psi should result in approximately a 
1 PCF to 2 PCF increase in density, compared to the
initial density.

• The LDC slurry that is pressurized at a conditioning
pressure of 4,000 psi should result in approximately a 
2 PCF to 3 PCF increase in density, compared to the
initial density.

The pumping time was found to be 6 hr 49 min (409 min at
100 Bc) for shallow conditions, Fig. 1. The static fluid loss
value for the LDC slurry was 344.4 cc. 

Test data showing zero free water and no significant settling
or sedimentation are indications of good slurry stability and
good potential for zonal isolation27. The free water test in the
study showed no settling in the LDC slurry. The LDC cylinder
was cured at 2,500 psi and 158 °F for four days. Sections of
this cylinder then were cut and their density was measured.
Table 7 shows that the density of the six sections of the LDC
cylinder did not vary from one section to another. These re-
sults confirmed that there was no settling of the LDC over 24
hours.

The growth of hydrated calcium silicate crystalline struc-
tures in cement leads to the development of greater compres-
sive strength. More strength can grow due to structure growth
with each other31.

One study indicates that a 100 psi compressive strength is
enough for casing support32. A compressive strength of 500 psi
is needed for casing support, according to another study28. The
final compressive strength of the LDC in this study after curing
at 158 °F and 2,500 psi for four days was 2,487 psi, Fig. 2. 
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Measurement Formulation 
#1

Formulation 
#2

BHR AHR BHR AHR

Density (PCF) 57.5 57.4 57.5 57.4

pH 9.75 9 9.66 9.76

10 s Gel Strength 
(lb/100 ft2) 13 2.7 – 5.3

10 m Gel Strength 
(lb/100 ft2) 18.5 3.3 – 11.3

Plastic Viscosity (cP) 21.9 11.3 – 11.8

Yield Point (lb/100 ft2) 63.2 10.3 – 20.8

T                       
 

 

         

  

 

 

 

 

 

 

           

Table 5. Performance of HGSs in drilling fluids before and after hot rolling at 160
°F (Formulation #1) and 250 °F (Formulation #2)28

  

 

    
 

    
 

  

   

                      
 

 d(0.1) d(0.5) d(0.9)

HGS-4000 17.138 41.385 81.591

T          

  

 

 

 

 

 

 

           

Table 6. Particle size distribution of HGS-4000 hollow glass microspheres

Fig. 1. Thickening time chart of the LDC at 158 °F and 2,500 psi.

  

 

    
 

    
 

  

   

                      
 

 

         

Sections Wt. in Water

Bottom 85.9 PCF

1 86.1 PCF

2 85.9 PCF

3 85.4 PCF

4 85.2 PCF

Top 85.6 PCF

T            Table 7. Density measurements of different sections in the LDC test cylinder
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CONCLUSIONS

1. At pH = 9, the HGSs were found to be stable at high tem-
peratures. The HGS-based fluids experienced a slight 
increase in density, with a maximum change of 0.5 PCF. 

2. At high temperatures and higher pH values (pH > 11), the 
HGS-based fluids experienced a drop in pH values, accom-
panied by a slight increase in density. 

3. The inhibited water-based drilling fluids formulated with 
HGSs yielded favorable rheology and stable mud character-
istics. 

4. HGS-based LDC, after curing at 158 °F and 2,500 psi for 
four days, gave a good compressive strength of 2,487 psi.

5. In the crushing test, exposure of the cement slurry to 2,500 
psi and 4,000 psi resulted in a 76 PCF slurry after exposure 
to 2,500 psi and a 77 PCF slurry after exposure to 4,000 psi.
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ABSTRACT
INTRODUCTION

A reservoir’s lateral and vertical heterogeneity and complexity
poses challenges in exploiting carbonate reservoirs1-3. Typical
carbonate formations can exhibit low reservoir quality, requir-
ing long laterals and appropriate stimulation methods to make
them commercially viable4. The high temperature also requires
stable acid properties for deep penetration and optimal etching
of the formation3. Anhydrate streaks and high in situ stress
can restrict fracture growth. Moreover, condensate dropout
and banking can have severe consequences on gas production
and recovery.

Acid stimulation has become the preferred technology to
improve gas production and reservoir sustainability. To address
many varied challenges, different technologies have been applied
over the years, from simple acid washes to major acid fracturing
operations that use various fluids and acid systems, diverter
mechanisms, novel completions and improved chemicals3.

Numerous well, reservoir and operational data were ana-
lyzed to understand their impact on well production. The data
includes reservoir parameters, completion properties, opera-
tional data from a step-rate test and main stimulation treat-
ments — including fluid types, volumes, rates and pressures —
fracture geometry details and monthly production data. Analy-
ses of two areas are presented, Table 1. Area 1 represents a
moderate reservoir with comparably better porosity and per-
meability, while Area 2 consists of a tighter reservoir with a

The multistage fracturing (MSF) technique has considerably
improved gas production from tight gas reservoirs all over the
world. Well production is one of the main determining factors
used to assess the success of a fracturing treatment. In this arti-
cle, numerous vertical and horizontal wells drilled in high-
pressure/high temperature heterogeneous reservoirs have been
evaluated to confirm the effectiveness of stimulation treatments
and the benefits derived from the use of novel technologies.
Among many variables that were analyzed are drilling, com-
pletion and stimulation parameters, such as well azimuth,
completion types, fluid characteristics, acid strength, etc.

A database for stimulated wells was created, and various
parameters were grouped and assessed to provide a correlation
to, and understanding of, the effectiveness of fracture treatments,
and to optimize development plans. Correlations were drawn
by using the Pearson correlation coefficient (PCC) equation to
compute data trends and ensure good quality data. Numerous
very useful plots that show the different trends of the variables
evaluated and how they affect production rate have been con-
structed and are presented here.

Analyses results indicate that use of real-time geomechanics
is important to predict reservoir pressure and mud weight when
wells are laterally drilled in the preferred minimum in situ
stress (σmin) direction. This is because when wells are drilled
along the σmin direction, they tend to become more unstable
due to the higher stress acting on the wellbore. Accuracy in
predicting stresses and pressures is key to the drilling of such
wells. The completion assemblies were selected between the
open hole multistage approach and the plug and perforation
cased hole approach, based on reservoir properties and hole
conditions. The impact on production performance of using
non-damaging, low gel loading fracturing fluids, high strength
proppants, and optimal fluid and acid volumes is demon-
strated using actual field examples. The application of channel
fracturing, a novel fracturing technique, for improved fracture
conductivity has proven successful for sustained gas produc-
tion in tight gas reservoirs, thereby making low productivity
wells commercially viable. 

Impact of Multistage Fracturing on Tight
Gas Recovery from High-Pressure/High
Temperature Carbonate Reservoirs

Authors: Dr. Zillur Rahim, Adnan A. Al-Kanaan, Dr. Hamoud A. Al-Anazi, Rifat Kayumov and Ziad Al-Jalal
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 Parameter Area 1 Area 2

Reservoir Characteristics Deep Deep

Porosity (%) 10.5 8

Permeability (mD) 1.2 0.5

Reservoir Temperature (°F) 260 300

Young’s Modulus (Mpsi) 6.5 6.4

FG (psi/ft) 0.87 0.98

Condensate to Gas Ratio 
(bbl/MMscf) 70 45

   

        

 

    

        

         

 

     

     

 

     

         

  

  

  

   

 

    

   

   

   

    

      

Table 1. Average reservoir properties for the selected areas
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higher fracture gradient (FG). Vertical and horizontal wells
were evaluated in Area 1, and deviated — more than 50° incli-
nation — and horizontal wells were analyzed in Area 2. 
Numerous parameters were evaluated to see their influence

on the gas rate (Qg) and productivity index (PI). The Qg and
PI were normalized on the reservoir net height (Hnet) and the
product of the Hnet and porosity (f ) for comparison. For hori-
zontal wells, the Hnet was taken from the nearest vertical offset
well. Due to the fact that no vertical wells were available in
Area 2, the Hnet was taken from one of the deviated wells and
assumed to be equal for all analyzed wells. This assumption is
fair because all wells in Area 2 are located in close proximity
to each other. The main focus of the study is to evaluate com-
pletion, stimulation and reservoir parameters and their impacts
on well productivity. Many parameters were analyzed from
each category, Table 2, some showing a visible effect on the PI
and some not showing a clear trend. 
The parameters have been analyzed using the Pearson corre-

lation coefficient (PCC) calculated by the following equation:

(1)

where x and y are sets of independent parameters, x– and y– are
the average values. The PCC is a dimensionless index that
ranges from -1.0 to 1.0 inclusive and reflects the extent of a
linear relationship between two data sets. Figure 1 and Table 3
provide examples of different PCC values. For this particular
study, the PCC can be interpreted as described next.

TYPE OF WELL — VERTICAL VS. HORIZONTAL

A small reservoir section near the edge of the field was selected
for Area 1, having horizontal wells completed with three-stage
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multistage fracturing (MSF). These were compared with offset
vertical wells stimulated with single-stage acid fracturing. The
normalized average PI for the horizontal wells was calculated
by PI/Hnet x f and clearly shows that the horizontal wells are
producing better compared to the offset vertical wells, Fig. 2
(top). On average, the horizontal wells show an 85% increase
in PI. In Area 2, results similar to those in Area 1 are observed,
and on average the horizontal wells perform 60% better com-
pared to the vertical wells.

OPEN HOLE LENGTH AND PERFORATED INTERVAL

Figure 2 (bottom) presents normalized PI values for vertical
and horizontal wells in Areas 1 and 2, respectively, showing a

Fig. 1. Examples of different PCC values.

   

 

 

 

  

  

 

    

   

        

Completion Parameters

Well type: Vertical, horizontal, deviated

Contact length: Open hole (MSF), perforated (cement and 
cased)

Well azimuth: Deviation from maximum in situ stress (σmax) 
direction

Stimulation Parameters

Number of stages pumped without communication

Volume of acid per net pay

Pump rate

Pump time over overburden (OB) stress

Pump time above closure stress or FG but below OB

Treatment Evaluation Parameters

Etched fracture half-length

Average fracture width

T    

 

    

   

   

   

    

      

Table 2. Evaluation parameters

   

 

 

 

  

  

 

    

   

        

 

    

        

         

 

     

     

 

     

         

  

  

  

   

PCC Values Comments

+ 0 ç 0.19 Very weak

+ 0.2 ç 0.39 Weak

+ 0.4 ç 0.59 Moderate

+ 0.6 ç 0.79 Strong

+ 0.8 ç 1 Very Strong

T       Table 3. PCC values describing correlation strength

Fig. 2. PI for horizontal wells (top) and longer perforation/open hole intervals
(bottom).
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Area 2, more acid per foot of net pay is required because the
increased reservoir contact area is the key contributor for pro-
ductivity enhancement in tight formations.

PUMP RATE

In this section, the average pump rate used during the main
acid fracturing treatment is analyzed. The wellbore fluid dis-
placement at the beginning of treatment and the closed fracture
acidizing stage at the end of the treatment are not considered,
as they do not contribute to the actual well stimulation.

Figure 5 shows the pump rates and normalized PI values in
Area 1 for vertical and horizontal wells. A somewhat good as-
cending trend is observed as a function of the pump rate for
the PIs in the vertical wells (bottom, blue bars). The sharp in-
crease in PI observed in two wells, Well-2 and Well-8, is due to
other producing conditions, such as low drawdown pressure.
The maximum average pump rate for the vertical wells is 50
bbl/min, shown on the graph. The horizontal wells (red line
and bars) do not show a linear trend; well productivity in-
creases with the pump rate at the beginning, but then it drops
after the rate reaches about 35 bpm. 

Although the industry rule of thumb in acid fracturing treat-
ment calls for pumping at the highest possible rate to transport
live acid deeper into the created hydraulic fracture, the gain in
length is sometimes offset by the decrease in width. The etched
fracture width is vital to keep the induced fractures open dur-
ing production, and therefore, the reduced fracture width can
be a possible reason for the productivity drop for wells treated

good increasing trend in productivity. The gain in PI is due to
better communication when perforation lengths or open hole
sections are increased, allowing higher reservoir contact with
the wellbore. The open hole interval in a multistage comple-
tion can also contribute to production if vertical permeability
is favorable, although the major production comes through the
induced fractures.

ACID VOLUME

Different types of acid can be pumped during an acid fractur-
ing treatment, such as gelled hydrochloric (HCl) acid with
varying concentrations, emulsified acid, self-diverting acid, etc.
The type of acid is selected based on reservoir rock and fluid
properties. The volume of all pumped acid was recalculated to
an equivalent volume of 28% HCl acid for comparison pur-
poses. An average acid volume per stage was used for the hori-
zontal wells.

Figure 3 illustrates the normalized PI graph (top) and shows
somewhat nonlinear behavior in Area 1 for both vertical and
horizontal wells, suggesting that some optimum values of acid
volume exist and the optimum is not necessarily the maxi-
mum. The corresponding acid volumes are also provided in
Fig. 3 (bottom). Analyses suggest that 500 gal to 600 gal of
28% HCl acid equivalent per foot of net pay provides opti-
mum well performance for vertical wells, and 300 gal/ft to 500
gal/ft provides optimum well performance for horizontal wells.
Larger acid volumes may not have a significant impact on frac-
ture geometry and production as they may reduce the effective-
ness of post-fracturing flow back due to the additional volume
of fluid introduced into the gas reservoir.

For Area 2, a good ascending trend of PI, further normalized
by the number of stages — productivity divided by the number
of stages — is observed, Fig. 4. For the tighter reservoirs of
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Fig. 3. PI as a normalized function of acid pumped, Area 1 (top), and the
corresponding HCl acid volumes (bottom).

Fig. 4. PI as a function of acid pumped, Area 2.

Fig. 5. The separate PI values and average pump rates for horizontal and vertical
wells, Area 1.
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with the high average pumping rate. Based on this analysis, it is
recommended to limit the fracturing pump rate to 50 bbl/min
in the study area.

Most of the wells in the tighter area, Area 2, were pumped
with a pump rate of 35 bbl/min to 38 bbl/min, Fig. 6. Higher
pump rates usually could not be achieved due to the higher in
situ stresses encountered in this area compared to those in
Area 1. A good ascending trend can be seen, with better pro-
ductivity for wells pumped at a higher pumping rate.

PUMPING TIME AND BOTTOM-HOLE 
PRESSURE (BHP) 

The BHP impacts the created fracture dimensions. In general,
the higher the BHP, the larger the fracture size will be. If the
BHP drops below the FG, the fracture will close. The overbur-
den (OB) stress was calculated by multiplying the formation’s
true vertical depth by an average OB stress gradient of 1.1 psi/ft.

Figures 7 and 8 show normalized PI values for vertical and
horizontal wells in Area 1 and Area 2, respectively. All wells
are placed in order of ascending value of pumping time, with
BHP > OB in Area 1 or OB > BHP > FG in Area 2. A very sim-
ilar trend to that of the previously analyzed average BHP is 
observed. 

The PI decreases as BHP exceeds the OB stress, indicating
the possible creation of T-shaped fractures causing limited
fracture growth. On the other hand, when the BHP is main-

tained below the OB stress, the fracture grows optimally and
increased PI is observed.

ETCHED FRACTURE HALF-LENGTH AND 
FRACTURE WIDTH

Normalized PI values were calculated for many horizontal and
vertical wells in moderate to tight reservoir conditions. A good
positive average productivity trend is observed in the tighter
area, Area 2, where horizontal wells are drilled, Fig. 9. There

is a nonlinear tread seen for vertical wells, where the produc-
tivity increases up to a certain value (~170 ft) and then starts
decreasing. It may be that with longer fracture half-lengths,
fracture widths are being compromised, thereby bringing
down the PI values. As for the width, Fig. 10, the vertical wells

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SPRING 2016        23

Fig. 6. The combined PI values and average pump rates for both horizontal wells,
Area 2.

Fig. 7. The PI values and pumping times with BHP > OB for vertical and
horizontal wells, Area 1.

Fig. 8. The PI values and pumping times with FG < BHP < OB for vertical and
horizontal wells, Area 2.

Fig. 9. Normalized PI values as a function of fracture half-length.

Fig. 10. Normalized PI values as a function of fracture width.
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show a good increasing trend in PI values with wider fractures.
For the horizontal well examples, the maximum PI is reached
for a fracture width around 0.28”. A greater width attributes
to reduced fracture length, which is also a very important 
parameter to achieve an improved production rate.

DRILLING AZIMUTH

Normalized PI values were calculated and plotted as a function
of well azimuth for horizontal, MSF wells. When wells deviate
from the maximum in situ stress (σmax) direction, the created
fractures no longer stay parallel to the wellbore; they become
oblique or transverse, thereby generating independent frac-
tures. In the case of wells drilled toward the σmax direction, an
induced fracture is created along the wellbore. This restricts
the independent growth of subsequent fractures.

Independent fractures are needed to provide more reservoir
contact. The production rate is directly proportional to the
contact area, Fig. 11. Figure 12 presents the PI increase when

the number of stages is increased. For the Area 2 wells, the
number of stimulation stages varied between one and four,
whereas for Area 1, it varied between one and five. The im-
proved PI numbers in both areas are noticeable.

SUMMARY

The PCC values were calculated for each set of variables to en-
sure that the correlations are acceptable and the trends are cor-
rect. The PCC numbers and correlation strength are provided
in Table 4. With actual field data, which usually have 
inherent measurement errors, getting moderate to strong corre-
lations is quite good and acceptable. This shows that the trends
reported in this article on the impact on PI and Qg, and deter-
mining some of the optimal parameters, are valid in general.

CONCLUSIONS

This article presents the impact of many critical reservoir, com-
pletion and stimulation parameters on well productivity. The
following conclusions are derived from the work presented in
this article. These conclusions are specifically for the reservoirs
studied and may not be applicable as a general guideline.

• Horizontal wells with MSF completion provide better PI.

• Drilling longer laterals in the σmin direction provides an
opportunity to design more stages for MSF completion,
resulting in improved production. 

• Preventing interstage communication is critical for
productivity optimization. 

• For the vertical wells, longer perforated intervals
provide better productivity.

• For the moderate quality reservoir, 500 gal to 600 gal of
28% HCl acid equivalent per foot of net pay provides
the optimum well performance for vertical wells, and
300 gal/ft to 500 gal/ft provides the optimum well
performance for horizontal wells. For the tight reservoir,
more acid per foot of net pay is recommended.

• A higher pumping rate positively affects production —
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Fig. 11. Normalized PI values as a function of well azimuth.

Fig. 12. Normalized PI values as a function of the number of stimulation stages.

Table 4. The calculated PCC numbers and correlation strength

Variable PCC Correlation Strength

Type of Well 0.51 Moderate

Perforation Length 0.53 Moderate

Well Azimuth 0.93 Very strong

Number of Independent Stages 0.7 Strong

Acid Volume 0.58 (vertical) 0.38 (horizontal) Moderate and weak

Pump Rate 0.68 (vertical) -0.19 Strong and weak

BHP > OB -0.57 (vertical) -0.38 (horizontal) Moderate and weak

Open Hole > BHP > FG 0.38 (vertical) 0.23 (horizontal) Weak

T         
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but only up to about 50 bbl/min. 

• Maintaining the correct BHP during acid fracturing is
critical; BHP should be kept high enough to overcome
closure stress, but it must also be maintained below OB
stress. This can be done by changing the pumping rate,
changing the fluid viscosity, or in some instances,
adjusting the pumping schedule during the treatment. 

• For the moderate quality reservoir, analysis shows that
well productivity increases with an increase in fracture
half-length up to about 170 ft. For the tight reservoir,
no constraint is observed for fracture length.

• An increase in the etched fracture width has positive
affects on production. At the same time, the fracture
half-length should not be compromised. The fracture
half-length should be long enough to increase reservoir
contact, but the fracture average width should be as
high as possible to ensure that the fracture will remain
open at production conditions.
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ABSTRACT
multilateral horizontal well technologies have demonstrated
increased production rates. Several multilateral configurations
have been drilled, with four to seven legs, for both producer
and injector wells1. Well architecture and completion became
the focus of many innovative technologies that increased well
reservoir contact. Simultaneously, advanced completions were
sought to reduce field development costs by reducing the total
number of wells required to achieve production targets2, 3. 

In the Kingdom of Saudi Arabia, multilaterals have been
drilled for decades. From this concept, Saudi Aramco moved
to successfully implement maximum reservoir contact wells to
further enhance hydrocarbon recovery4, 5. From there, Saudi
Aramco has been developing extreme reservoir contact wells
where control and monitoring measures are deployed in both
the motherbore and the laterals6. Lateral accessibility is an im-
portant aspect of these advanced completion concepts. Several
methods and tools have been developed to facilitate lateral ac-
cessibility, making changes to existing completion types and
tools7-11; however, active sensing and accurate mapping of the
lateral window required further improvement through new 
intervention tools. 

In this article, a new lateral accessibility tool, the well lateral
intervention tool (WLIT), is presented. This tool is a joint 
development between Saudi Aramco and Welltec. Several field
trial tests have been successfully performed in Saudi Aramco
fields, which have proven the concept of smart lateral sensing
and access using several sets of advanced sensors and diagnostic
tools.  

WLIT COMPONENTS AND SPECIFICATIONS

The first version of the WLIT introduced was “wired” due to
the fact that the third party tool has to be modified with a wire
feed to be able to communicate commands to the WLIT steering
joint — at the very bottom section of the string — and allow
steering of the toolstring in the desired direction for lateral access-
ing. This version proved the concept in the first two trials,
where a multiphase production logging tool was deployed and
successfully accessed the laterals. With the lessons learned from
the first two trials, stage 2 development commenced to introduce
the “wireless” WLIT. The wireless WLIT is basically equipped
with a wireless sub to allow the WLIT to send commands to

Wells with extended reach, or multilateral wells, have im-
proved reservoir contact and have opened the opportunity for
well placement and drilling optimization. Since the early
2000s, the number of maximum reservoir contact wells has 
increased substantially, and the benefit of these wells is being
realized at the early implementation stage. To enhance the per-
formance of these multilateral wells, intervention operations in
the laterals are required. Stimulation, data acquisition and
other operations help to optimize the production from the lat-
erals; however, accessing the lateral of any wellbore for inter-
vention in a reliable manner is still a challenge. 

This article describes the development of an intelligent, 
real-time controllable tool, the well lateral intervention tool
(WLIT), that can identify a lateral junction and steer an inter-
vention/surveillance string into it. The WLIT is designed to be
deployed utilizing either coiled tubing (CT) or e-line (with the
help of Well Tractor® for extended reach horizontal deploy-
ments) for logging and/or stimulation purposes. This tool 
provides the ability to increase the quantity and quality of in-
formation collected from the whole well — the motherbore
and each of the multiple laterals individually — to get the best
answers for intervention planning. The discussion here is dedi-
cated to the development stages of the tool and the field trial
tests results.

The WLIT comes in two versions; the first version is
“wired,” which accommodates specific logging tools that are
compatible with the WLIT design, and the second version is
“wireless,” which allows the use of all types of logging tool-
strings from any third party provider. The test results are from
trials using both versions of the tool. The WLIT sensory equip-
ment as well as the control environment are described, and 
results from the field trial tests are presented. 

INTRODUCTION

The oil and gas industry is constantly advancing well technolo-
gies to increase recovery and reduce production costs, espe-
cially as more and more complex reservoirs are being targeted.
The idea of increasing reservoir contact with multilateral com-
pletions started in the 1990s, and since the first completions,

Development and Field Trial of the 
Well Lateral Intervention Tool

Authors: Dr. Mohamed N. Noui-Mehidi, Abubaker S. Saeed, Haider Al-Khamees and Mohamed Farouk
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the steering joint without the need for modifying the third
party tool, given that some third party tools don’t have enough
space to accommodate the extra wiring required. The new so-
lution was deployed in the rest of the trials.

The tool itself is an electromechanical platform comprising
several components: the sensor package with different types of
sensors; the electromechanical actuator system, which actuates
in the direction desired to allow steering of the tool toward the
lateral; and the wireless sub and control/monitoring interface.
Figure 1 provides a diagram of the WLIT, and Table 1 summa-
rizes the main features.

In the following sections, the different parts of the WLIT
tool are described. 

Sensor 1: Well Hardware Scanner 

The well hardware scanner (WHS) is designed to detect the
magnetic characteristics of known reference points on the cas-
ing string; these points can be used to determine the position
of the entrance to a lateral window. The WHS consists of per-
manent magnets and magnetic sensors. The magnets and mag-
netic sensors are placed in a grid-like structure that ensures
well-defined magnetic flux lines. The sensors measure changes
to the magnetic field caused by changes in the metallic sur-
rounding, i.e., indicating casing collars, perforation holes, slid-
ing sleeves, etc. In this arrangement, the results are monitored
and the tool is controlled from the surface using the control
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cockpit. The sensor measures the angle of a magnetic field rel-
ative to the sensitive axis — the direction crosswise to the sen-
sor. Each of the sensors measures the anomaly of a magnetic
field relative to a given direction. When the tool is positioned
in the casing, the changes in geometry/metallic surrounding
will cause changes in the magnetic field. The sensors record the
same fluctuations in the signals when passing the same geo-
metric/metallic structures in the well. As an illustration of the
concept, Fig. 2 shows a typical signal response received from
this sensor. 

The WHS diagnostic tool provides the following:

• Depth measurement.

• Lateral entry confirmation.

• Lateral window identification.

• Inclination (in real time).

Fig. 1. A sketch of the WLIT tool assembly. This includes a well tractor to
illustrate the assembly when a well tractor is needed in the operation.

OD 2⅛”

Length (w/o third party tool or 
well tractor)

32 ft

Length with Well Tractor 80 ft*

Weight in Air 220 lb

Maximum Pressure 20,000 psi

Maximum Temperature 257 °F

Tensile Strength 36,000 lb

Compressive Strength 30,000 lb

Well Fluid Oil/Water/Gas

Minimum Dev. at Junction 30°

Maximum ID at Junction
8½” Cased Hole or 

Open Hole

Third Party Tool Requirement Mono Conductor

* Depending on desired 
confi guration; third party tool 
will depend on logging tool 
utilized.

    

     

       

       

         
  

       

       

       

       

              

                       
           

Table 1. WLIT specifications

Fig. 2. Raw data from the WHS indicating the tool response to the changes in the
metallic surrounding environment (welds, holes, etc.), shown above the plot.
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The WUS diagnostic tool provides the following:

• Lateral window identification.

• Lateral entry confirmation.

• Tool orientation.

• Inclination (in real time).

• Open hole/cased hole and open hole/open hole
distinction.

The Wireless Sub

The wireless sub was designed to allow communication with
the steering joint without the need to modify the third party
tools. It is operated from the surface and uses batteries to pro-
vide the power required to activate and steer the steering joint.
The batteries are designed to work for 12 hours downhole for
the same run. The wireless kit has a data protocol converter to
connect to the wireless hub, Fig. 4.

The Electromechanical Actuator (Steering Joint)

Data from the sensor package, which is coupled with prior
well path information, is used to maneuver the electromechan-
ical actuator section, Fig. 5, into the lateral in two steps. The
first step pivots the joint around its central axis in the direction
toward the center of an identified lateral. In the second step, a
hydraulic piston steers the joint in the desired direction; steer-
ing is done in increments of 15° to fine-tune access. The steer-

• Tool speed/direction.

• Open hole/cased hole distinction. 

Sensor 2: Well Ultrasonic Scanner 

The well ultrasonic scanner (WUS) is designed to be used in
single-phase flow regimes, mainly liquid. It is able to provide
fast, reliable and accurate range detection in that environment.
It consists of an array of ultrasonic transducers arranged cir-
cumferentially around the outer diameter (OD) of the tool,
facing outwards. The tool transmits individual signals in se-
quence while “listening” simultaneously on all transducers.
The echo return time and amplitude response provide informa-
tion — a wellbore fingerprint — identifying the surrounding
environment.

In principle, it uses basic range finding principles of time of
flight measurements for ultrasonic signals, Fig. 3a. The meas-
urements can be made using either one or two transducers. It
may be possible to acquire the speed of sound of the well fluid
in real time while operating in the well. To do so requires sam-
pling the fluid once or repeatedly for calibration. Software at
the surface is designed to interpret/plot the transmitted/re-
ceived signal and find the place of diverging radius, i.e.,
washouts and sidetracks. Basically, the WUS transducers,
placed around the circumference of the tool, are able to map
the inside OD of the opposite wall. Figure 3b illustrates how
the sensors show an opening space in the pipe on the right-
hand side where the reflected ultrasonic data is far off from the
data received directly from the pipe wall. 

Fig. 3. (a) An ultrasonic scanner range measurement example in a slotted casing. (b) Recorded data showing an open space in the pipe (right-hand side) where the reflected
ultrasonic data is far off from the data received directly from the pipe wall.

Fig. 4. The wireless sub function.
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able joint was developed to be controlled from the surface us-
ing the data from the sensor package. The control system is
used to engage and disengage the various tools in the toolstring.

Once an angle value has been set, the arm rotates to the de-
sired direction, one that points toward the lateral entry. Steer-
ing then commences, and after the tool has been confirmed in
the lateral, the controller at the surface releases the arm to its
neutral point, which will deactivate it. 

The toolstring, once in the lateral, progresses while the arm
is deactivated.  

The Software and the Interface (Selective Access Interface)  

The WLIT utilizes software that is run on an interface at the
surface, where it is operated by the field engineer. The software
controls and monitors the entire operation of all the tools, as
well as two sub modules specific for the intervention tool: (a)
Module 1 incorporates the data from the sensor package to
consistently display a proximity signal showing the casing/
pipe/tubing/liner in a 360° circumference, and (b) Module 2
controls the electromechanical actuator.

The signal response and the tool responses are monitored in
real time for accurate depth control and operational efficiency.

TRIAL TEST SUMMARY

The WLIT was designed to be compatible with deployment by
either an e-line or coiled tubing (CT) that uses an e-line to
lower power transmission to the sensors. Since the lateral win-
dow shape and integrity are unknown, it was decided to exe-
cute all trials utilizing CT for simplicity and to prove the

concept of the WLIT. The tool was tested in seven wells in
Saudi Arabia; some had been completed with a cased hole
motherbore and open hole laterals and others had been com-
pleted with an open hole motherbore and open hole laterals.
The main objective of the trials was to prove the tool’s capabil-
ity to map/scan the motherbore at lateral depths, using the sen-
sor package to identify the depth and direction of the lateral
window, and then to guide the bottom-hole assembly to access
any desired lateral. Once a lateral window is scanned, the log
file can be used at any time later to access the lateral without
the need to re-scan the motherbore. Scanning and accessing
procedures were identical for all wells. One well example is
discussed next; all well trial configurations are summarized in
Table 2.

Trial Test of Well-1: Operational Details 

Figure 6 shows the lateral intervention toolstrings deployed for
both jobs. The first test took place in Well-1, Fig. 7, where the
tool was deployed on a third party CT string. The primary ob-
jective was to map the motherbore, determine where the lat-
eral windows were and then drive the toolstring from the
cased hole motherbore into the open hole laterals. The WLIT
was run in hole, and logging data of the sensors’ signals were
collected at the surface on the control computer. The toolstring
started logging 7,000 ft above the topmost lateral (L3) win-
dow. The WHS sensor clearly indicated the casing housing and
the different parts of the well completion as expected. At the
vicinity of L3, the sensors indicated a change in the signal am-
plitude that revealed the presence of the lateral window. Once
the toolstring passed the window, the sensor’s signal went back
to the previous signal range, indicating normal casing in the
motherbore. The motherbore mapping continued down to-
ward the two other laterals, and at the vicinity of each lateral,
the same signal deviation was observed, indicating the pres-
ence of the lateral windows. 

The toolstring was pushed further down into the mother-
bore to the open hole section where it was clearly seen that the

Fig. 5. The electromechanical actuator (steering joint).

      
 

 

    

   

  

  

  

  

 

   

   
    

 

    

    
     

     

    

Well Number WLIT Version Number of Laterals Completion Type*

Well 1 Wired MB – 3 × L Cased Hole-Open Hole

Well 2 Wired MB – 1 × L Cased Hole-Open Hole

Well 3 Wireless MB – 2 × L Cased Hole-Open Hole and 
Open Hole-Open Hole

Well 4 Wireless MB – 1 × L Open Hole-Open Hole

Well 5 Wireless MB – 1 × L Cased Hole-Open Hole

Well 6 Wireless MB – 6 × L Open Hole-Open Hole

Well 7 Wireless MB – 1 × L Open Hole-Open Hole

* CH-OH/OH-OH going from cased hole to open hole/Going from open hole to open hole

                       
           

Table 2. The configurations for the WLIT test wells (MB: Motherbore; L: Lateral; Cased Hole-Open Hole: Going from cased hole to open hole; Open Hole-Open Hole:
Going from open hole to open hole).
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signal was completely lost, again as anticipated, since this implied
the absence of any metallic surrounding, which is true for an
open hole section. The toolstring was then pulled back along
the motherbore, and the three lateral windows were mapped
again while moving the WLIT back toward the well heel. 

Figure 8 shows a typical WHS signal response indicating a
lateral window signature; the large amplitude results from the
loss of signal that occurs with the interruption in the metallic
surrounding at the lateral junction. Before entering any of the
laterals, the toolstring was run at a slow speed several times
backwards and forwards in the vicinity of the window to al-
low the sensors to more clearly identify the entry point’s az-
imuth. The responses of multiple sensors from multiple passes
were then combined to better locate the window width and
window orientation, Fig. 9. The lateral window shown in Fig.
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Fig. 7. Schematic of Well-1 used for the first field trial.

9 corresponds to the window mapped in Well-1. The signal
clearly identifies the window extension from both sides, and
the window orientation can be seen on the vertical axis. Once
the lateral junction window was successfully mapped, the lat-
eral entry preparation started by pulling the toolstring 30 ft
above the lateral window, powering up the electromechanical
actuator and changing its orientation to point toward the lat-
eral window, i.e., 315° (45° from the left) for L2 in Well-1. 

While powering the electromechanical actuator, the engineer
received a positive indication at the surface that the arm had
rotated to the desired set azimuth. The toolstring was then run
at the same slow speed while passing the window. Initially
while passing the window, the signal indicates a large amplitude
change in the magnetic flux. As the toolstring moves further
ahead into the lateral, the signal amplitude decreases until the
signal disappears completely, indicating it is in an open hole
environment, Fig. 10. During the field trial, the toolstring was
run several hundred feet further into the open hole lateral. As
anticipated, the signal never restarted. After progressing 200 ft

Fig. 6. The lateral intervention toolstrings used in the field trials.

Fig. 8. WHS sensor window signature during the motherbore logging.

Fig. 9. Lateral window azimuthal indications after several passes across the
same window (the more passes taken the darker the area, i.e., a confirmed
window opening).
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into the lateral, the toolstring was pulled back to the junction
to test the response. The signal returned at the same location
where it had been lost due to the presence once again of the
casing. The operation was repeated several times to assure re-
peatability of the signal. At each run and at each lateral, the
same results were obtained, indicating correct and positive lat-
eral entrance and exit. The access was performed at different
speeds, between 5 ft/s to 15 ft/s.

During the mapping and lateral entry procedures, the engi-
neer can analyze the response from the complementary combi-
nation of tool signals, as previously described. Therefore, to
make sure that the lateral was accessed before moving the
toolstring deeper in the lateral open hole, multiple signals were
compared while passing the window and while trying to access
the lateral, Figs. 11 and 12. In Fig. 11 it can be seen that two
independent passes for the same lateral window gave the same
signal responses, while in Fig. 12 the comparison of the signal
while passing the window and while entering the lateral are

completely different. The two signals in Fig. 12 deviated just at
the depth where the window started, indicating the high prob-
ability of a lateral intersection. The toolstring then progressed
further into the lateral open hole until the signal was com-
pletely lost at around 49 ft from the entry point — enough dis-
tance to lose the response from the casing — again indicating
that the sensors had moved deep into the open hole.  

Open Hole-Open Hole Laterals 

In the open hole-open hole lateral completions — open hole
motherbore to open hole lateral — the WHS response will be
zero due to the absence of any metallic surrounding. There-
fore, the WUS (Sensor 2) response is used alone to identify and
confirm lateral accessing. During the scanning passes, the WUS
gives a real-time measurement of the borehole inclination —
motherbore and lateral.

In Fig. 13, plots of the inclination data of the WUS in real-
time measurement vs. data from a drilling survey are shown.
The overlay of the real-time measurement with the drilling 
survey would confirm the location of the toolstring — whether
in the motherbore or in the lateral.
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Fig. 10. WHS signal loss as the toolstring enters the open hole lateral.

Fig. 11. The sensor response for two different passes across the same lateral
window. The two signals are clearly seen as being overlaid.

Fig. 12. The sensor response comparison for two different passes; one passing a
window and one accessing a lateral. It can be seen that the two signals are
different, indicating lateral entry.
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CONCLUSIONS

Lateral accessibility with the WLIT has been proven through
several well trials in both cased hole to open hole and open
hole to open hole well configurations. This tool is the first
electromechanical downhole tool in the industry for both lat-
eral detection and repeatable access. The sensor package of the
tool can visualize the lateral window as well as direct the tool-
string toward the lateral entry point. The sensors have shown
very good reliability in identifying the lateral junction window
shape and orientation, and they have been used several times
successfully to access laterals. 

The WLIT is a tool designed to suit both e-line and CT with
an e-line deployment for logging; the potential exists to use the
tool for future acid stimulation purposes. The wireless commu-
nication provides the capability to deploy a wide range of sur-
veillance tools with different service providers. This tool gives
operators the ability to locate and enter laterals, overcoming
previous limitations in the industry and allowing the operator
to fully understand and remediate lateral monitoring. 
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ABSTRACT
downhole tools by using the casing as the drillstring. Like
drillpipe, the casing string conveys torque, rotation and hy-
draulic energy to the bit. The directional casing while drilling
(DCwD) solution can be used with any conventional direc-
tional or logging bottom-hole assembly (BHA), while ensuring
that every foot drilled is cased off and secured1.

One of the benefits of the casing while drilling technology is
an augmented wellbore strengthening2. As a result, the well-
bore retains a smoother, more uniform surface, thereby provid-
ing stability as well as minimizing the invasion of the drilling
fluid into the surrounding near wellbore area3. This aspect
alone can reduce the likelihood of differential sticking and im-
prove cementing quality4. 

Throughout the casing while drilling process, the operator
should expect to see an improvement in the ability to control
losses, as the casing always remains at the bottom of the well-
bore5. This also allows every foot drilled to be cased off, bring-
ing value through the elimination of nonproductive time
(NPT) that can occur with the extended reaming and back
reaming often needed in an open hole completion6. 

DCwD technology was considered for drilling the direc-
tional hole section needed to access the reservoir in M field, a
large Saudi Arabian development field. The 12¼” hole re-
quired of the M field wells is a long directional section that ex-
tends an average of 5,000 ft with a dogleg severity ranging
from 2.5°/100 ft to 3.0°/100 ft. Moreover, this 12¼” interval
is drilled across a sort of problematic formation, including
fractured limestones, unstable shales and interbedded abrasive
sands and siltstones.

Some of the potential hole problems that are expected in a
well drilled in this field, based on information from offset
wells, are:

• Wellbore instability in shallower horizons as a
consequence of water flow, loss of circulation and/or
extended reaming and back reaming across such
formations.

• Severe or total losses.

• Severe drilling dynamic effects due to the harsh drilling
environment, such as “stick and slip” and high
abrasiveness. 

To access the reservoir in a large Saudi Arabian development
field, the operator is required to drill an intermediate 5,000 ft
to 6,000 ft directional hole section with a dogleg severity vary-
ing from 2.5°/100 ft to 3°/100 ft. The 12¼” borehole typically
crosses several interbedded formations of limestone, shale and
sand. This is associated with a variety of hole problems, which
have occurred repeatedly in the offset wells. The main objec-
tive for the operator was to mitigate the problems by finding
alternative drilling technologies. Among those considered,
Saudi Aramco determined that the recent developments in di-
rectional casing while drilling (DCwD) technology may well
provide an effective method for diminishing the associated
nonproductive time (NPT). 

The drilling engineering team conducted an extensive evalu-
ation of the problems across this section, including issues with
wellbore stability, water flow and loss of circulation; tight
hole/stuck pipe incidents; and severe bit/stabilizer wear while
drilling abrasive sands. After a promising technical and engi-
neering evaluation of DCwD, followed by a detailed risk as-
sessment striving to determine the potential of the application,
a well was planned and executed using the DCwD service. 

This article outlines the process carried out during all stages
from planning through the final deployment of the first 9⅝”
DCwD application in Saudi Arabia. It shows how the technol-
ogy was successful in reducing the impact of some of the prob-
lems previously experienced while drilling the same section in
other wells in the field. The information provided will serve as
a starting point for the design and construction of subsequent
wells, leading to further improvement in drilling performance.
Best practices and lessons learned from this implementation
are expected to become a model, with the know-how trans-
ferred to other areas where comparable drilling problems occur.

As the technological benefits have been recognized by the
operator, this application has reestablished DCwD as a viable
technology to address a number of challenges common in
many of the Saudi Arabian oil and gas fields.

INTRODUCTION

Casing drilling replaces conventional drillpipe and other

Directional Casing while Drilling (DCwD)
Reestablished as Viable Technology in
Saudi Arabia

Authors: Germán A. Muñoz, Bader N. Al-Dhafeeri, Hatem M. Al-Saggaf, Hossam Shaaban, Delimar C. Herrera,
Ahmed Osman and Locus Otaremwa
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• Possible tight hole, stuck pipe, shale sloughing and
invasive water flow.

• Early and deep bit and stabilizer wear while drilling
across the abrasive sands, along with a very low rate of
penetration (ROP).

Saudi Aramco set the objectives for the well in this study as:

• Reevaluate the viability of using DCwD with 9⅝”
casing in the M field.

• Drill the 12¼” section with casing and reach the
planned casing point with the minimum number of
BHA runs.

• Accomplish the directional plan for the section.

• Minimize the risks associated with typical hole issues
seen in offset wells (tight hole, stuck pipe and shale
sloughing).

PLANNING

Extensive pre-job planning was performed to determine the
feasibility of using DCwD in the section and whether the ob-
jectives were achievable or not. The main factors analyzed
were: torque and drag, casing connection selection, fatigue life
on the casing, bit and underreamer (UR) hydraulics, and shock
and vibration mitigation. The engineering modeling data and
their comparison with the actual results — including lessons
learned — are discussed in this article.

The results of the feasibility studies were analyzed by both
engineering and drilling operations teams, and additional ef-
forts were made to optimize the initial proposed BHA follow-
ing several risk assessment sessions. The participation of rig
crew and third parties in these technical meetings — including,
but not limited to, well supervisors, mud and cementing engi-
neers, directional drillers, etc. — was crucial to review the de-
sign basis for the job.

The 2,000 horsepower (HP) drilling rig selected to run this
application did not require any modification. The DCwD sup-
plier performed a rig survey before the job and provided a cas-
ing running tool, which was installed on the rig’s top drive, to
make up the casing connections and also transmit the required
axial and torsional loads while drilling.

A total of three downhole tool sets were made available for
this job. The directional BHA was planned to be retrieved and
run in hole again using drillpipe conveyed tools. Figure 1 illus-
trates the typical kit of downhole tools, running tools and con-
sumables required for a DCwD application. 

TORQUE AND FATIQUE ANALYSES WITH CASING
CONNECTION SELECTION

The torque and drag modeling analysis done during the planning
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stage took into account the proposed directional trajectory,
typical friction factors (open hole and cased hole, as previously
calibrated from similar wells), bit torque and tortuosity. The
resulting estimate of the string torque required to drill to total
depth was close to 28,600 lbf-ft, Fig. 2a, which meant that the
casing connections had to be made up to 35,000 lbf-ft — 20%
above the calculated drilling torque — to meet the criteria to
safely drill with the casing string.

Therefore, it was realized that a buttress connection — us-
ing American Petroleum Institute (API) buttress thread casing
(BTC) — was best suited for the job. But the field standardized
thread is a long thread casing, needed if it becomes imperative
to cut and re-thread the pipe, which meant the connection
alone could not handle the calculated torque with the required
safety factor of 35,000 lbf-ft. Therefore, multi-lobe torque
(MLT) rings were recommended to increase the maximum
drilling torque capacity of the connections to 44,426 lbf-ft. The
MLT rings provide a positive makeup shoulder for the pin ends,
which increases the API BTC connection torque capacity, Fig. 2b.

In addition to torque capability, the fatigue life of the BTC
connections determines whether they can be safely used for a
given DCwD application. The fatigue life analysis for the BTC
casing string was done using conservative drilling parameters
— weight on bit (WOB), surface revolutions per minute (rpm)
and ROP. 

A fatigue failure occurs when the casing string is exposed to
high alternating stress. The two common sources of alternat-
ing/cyclical tensile stress are the bending stresses resulting from
rotating the casing in a directional section and vibration.

The maximum allowable stress for a DCwD application de-
pends on the number of alternating stress cycles. In this partic-
ular case, the maximum calculated stress level for 9⅝” casing
— based on the directional plan — was less than 8,000 psi.
That translates to a fatigue life for the casing of more than 10
million cycles, Figs. 3 and 4, which represents less than 1% of
the fatigue life of the string. 

DIRECTIONAL BHA DESIGN 

The BHA inside the 9⅝” casing was composed of 6¾” tools.
The BHA extruding below the casing shoe consisted of a 

Fig. 1. Standard DCwD equipment and consumables package.
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started, another feature that has shown to have great impor-
tance in such an application. Finally, the UR was dressed with
12¼” arms to allow enlarging the hole to 12¼” without jeop-
ardizing the ability of the BHA to pass through the 9⅝” cas-
ing, Fig. 5.

SHOCKS AND VIBRATION MODELING

The dynamics of the proposed drilling system were modeled to
test the stability of the whole DCwD BHA and determine the
optimum parameters for drilling through the different formations.

The bit for a DCwD application is typically selected after

directional drive system, a measurement while drilling (MWD)
tool and an underreamer. The drive system was a point-the-bit
rotary steerable system (RSS) along with an 8½” polycrys-
talline diamond compact (PDC) bit that was driven by a mud
motor placed and locked inside the casing. This drive system
was selected based on its proven performance in the field. The
MWD tool had the “pumps off” surveying feature that allowed
it to take surveys when pumps are stopped. Ensuring that the
tool is stationary when surveys are taken is a critical feature to
ensure good surveys in DCwD applications. This MWD tool
was also configured with a delayed surveying feature to minimize
the effect of lost surveys or signal noise when pumps are
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Fig. 3. Plots showing accumulated fatigue life (left) and equivalent alternating stress (right).

Fig. 2. (a) Torque modeling for the “M” well; and (b) Torque capacity of MLT ring installed on a BTC connection.
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reviewing the best performing bits from offset wells, including
number of blades, PDC cutter size, etc. The candidate bits
went through an integrated drill bit design platform analysis to
check if they could drill the given formations and if they were
compatible with the UR cutting structure in the BHA. The
UR/bit cutting structures need to be compatible to enhance the
response of the directional BHA. The bit selection process led
to the suggestion to start with a five blade bit for the softer top
interval of the section and then to move to a six blade bit

while drilling the more abrasive deep interval. The finite ele-
ment analysis (FEA) software modeling also suggested, for op-
timum cutting structure performance, that the ratio of weight
on reamer to WOB must be maintained at 30%, Fig. 6.  

The FEA software is a time-based 4D modeling tool used to
accurately predict a drilling system’s behavior using labora-
tory-derived drilling mechanics data and physical input data
that characterizes the bit, BHA, wellbore, formations and op-
erating parameters. FEA calculates solutions for a complex
system by breaking down each component into small elements,
establishing both stress equilibrium and strain compatibility at
each node of all the elements, and creating an assemblage of
the individual equations, which is used to derive global solu-
tions for the entire drilling system.

Using FEA, the drilling performance of the DCwD equip-
ment and BHA was simulated for all the expected formations
under different surface drilling parameter combinations —
WOB and rpm — to determine the optimum and most stable
parameter operating window. Figure 7 shows one example of
the parameter road maps produced by the analysis: The green
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Fig. 4. Typical SN curve used for fatigue life estimation.

Fig. 5. Directional BHA configuration.

Fig. 6. Weight on reamer to WOB ratio.

Fig. 7. Example of drilling parameter sensitivity plot done with FEA software.
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zone shows the combination of drilling parameters where the
BHA would be stable or without vibrations.

WELL CONTROL

Well integrity is one of the key aspects to be considered when
drilling sections, even for intervals where the associated risks
are low, e.g., where there are no bearing pay zone formations
or hydrocarbon production. The DCwD response is not signif-
icantly different from the regular approach when conventional
drilling is used7, but it does require additional equipment for
tripping out and in with a specific set of running tools, such as

to retrieve or set a new BHA. Under this circumstance — with
casing string on slips and with the drillpipe inside with running
tools — there are two different flow paths along which the
well can take an influx: (1) open hole casing annulus, and (2)
casing string drillpipe annulus. 

The service provider offered the latest generation of a sur-
face well control tool, the casing circulating tool (CCT), which
is designed to provide a reliable means of well control when
the drillpipe is being used to convey a retrievable DCwD BHA,
Fig. 8. It also allows pressure testing before and after installa-
tion, plus periodic circulation, reciprocation and rotation of
the casing string to mitigate the chance of the casings getting
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Fig. 8. BHA being retrieved with drillpipe conveyed tools and a false rotary table (right). The yellow and red boxes show the CCT components (bottom).
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stuck as a result of sitting idle during the tripping process. This
can be done at any time and as frequently as required, depend-
ing on the magnitude of the risks associated with the opera-
tions. The tool has the following functionalities:

• Isolates the annulus inner string casing to contain
maximum anticipated surface pressure.

• Simultaneously suspends the casing string, the inner
string and the BHA.

• Allows measurement of the surface pressure in the inner
string casing annulus.

• Makes up to the inner string casing in an expeditious
manner.

• Has a secondary purpose once installed, enabling the
operator to reciprocate and circulate as needed to
ensure the casing string is free when differential sticking
has been identified as a potential risk, e.g., when drilling
through depleted and porous formations.

The CCT is mounted below the top drive, and once at-
tached, it becomes part of the primary load path. All parts of
the CCT that are in the primary load path are designed for a
500 ton load, according to API 8C requirements. 
The landing sub should be made up to the top of the casing

string and hung off in the split bushing on the rig floor. The
landing sub has a modified buttress box thread connection,
which allows the CCT, once it is made up to the drillpipe
string, to be stabbed into the landing sub. This reduces the
amount of time required to engage the CCT. As this thread
may be damaged during tripping, a thread protector is pro-
vided to protect the thread during tripping operations. A spi-
der or drillpipe slip bowl is placed on top of the split flange to
support the drillpipe string when the pipe connections are be-
ing made or broken.
The CCT was developed to also provide well control when

the drillpipe is used for retrieving a BHA. The CCT includes a
chevron seal stack that provides a seal between the internal di-
ameter of the casing and the drillpipe’s outer diameter once the
CCT is stabbed into the landing sub. When the seal is inside
the landing sub, the casing/drillpipe annulus will be closed and
circulated conventionally through the drillpipe and the top
drive. The CCT may include a diverter sub with metered ports
to allow circulation down the annulus between the casing and
drillpipe. 

HYDRAULICS

The hydraulic program was planned around maintaining an
equivalent circulating density (ECD) below the expected fracture
gradient while achieving adequate hole cleaning.
The hydraulic analysis was critical to balance the ECD cre-

ated in the small annulus between the casing and the borehole

and still have enough flow rate to clean the hole, while also
generating the required torsional loads from the mud motor
and keeping a good hydraulic energy for the bit — HP per
square inch ≥ 1.5 hydraulic HP.
Simulations showed that using an oil-based mud (OBM)

with a density of 72 pcf (9.6 ppg) at a flow rate of 500 gpm
will give annular velocities high enough — casing/open hole
annular velocity was 235 ft/min with 550 gpm, Table 1 — to
clean the hole, while maintaining an acceptable ECD below 79
pcf (10.6 ppg), Fig. 9. 

PREPARATION AND LOGISTICS

A certain amount of equipment preparation was done in the
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Bit and UR Hydraulics

Bit UR

Flow Rate 550 gpm 0.00 gpm

Flow Area 0.90 in2 0.00 in2

Pressure Drop 271 psi 0 psi

Jet Velocity 195.65 ft/sec 0.00 ft/sec

Hydraulic Power 1.5 HHP 0.0 HHP

Impact Force 533 lb 0 lb

Annular Hydraulics

Ft/min Re Flow Regime

BHA/Open Hole 125.05 638 Lam

Drill Casing 1/Open Hole 234.78 1,059 Lam

Drill Casing 1/Liner 219.24 989 Lam

Drill Casing 1/Casing

Drill Casing 2/Casing

Hydraulic Lift 45.44 × 
1,000 lb

Bottoms Up Time 45 min.
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Table 1. Hydraulics modeling results: bit and UR hydraulics (top) and annular
hydraulics (bottom)

Fig. 9. ECD with and without cuttings.
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provider’s warehouse prior to sending the tools out to the rig.
A special cut-to-length shoe joint was made to accommodate
the drill lock assembly (DLA), internal tandem stabilizers and
motor, which were to be installed before shipping. The DLA
was made up to the internal tandem stabilizers, which pre-
vented excessive vibration at the DLA/casing profile nipple
(CPN) connection. The motor was made up to the stabilizers,
and the casing shoe joint was cut to such a length that the mo-
tor’s rotor sub was the only part that extended past the reamer
shoe. A sleeve stabilizer that matched the drift of the casing
was installed on the motor so that it would be located just in-
side the casing shoe. This location is critical in mitigating vi-
brations between the motor inside the casing and the UR just
below the casing shoe. This assembly was loaded into the cas-
ing shoe joint and locked in place to the CPN with the DLA. It
was then sent to the rig pre-assembled to save rig time. Figure
10 shows details of the DLA and CPN configuration.

DRILLING OPERATION

The 13⅜” casing shoe and an additional 151 ft of new forma-
tion were drilled out conventionally before DCwD operations
started to ensure that the UR would be positioned in the 12¼”
open hole when the pumps were brought on to commence
drilling.

The 9⅝” casing was inspected, measured and gauged to ver-
ify internal drift and joint length. A casing tally was prepared
referencing three key depths: (1) bit depth, which can change
with different BHAs; (2) total UR depth, which also changes
with the BHA; and (3) casing shoe depth, which is needed to
control the DCwD operations.

The lower components of the directional BHA were made up
conventionally and secured in the rotary table. These included
the 8½” PDC bit, RSS, MWD tool, roller reamer and 12¼”
UR. The casing running tool was then rigged up to the top
drive, and the pre-assembled section was picked up. The motor
was made up to the directional assembly using the rig tongs
and the casing joint, with the BHA hung off beneath it in the
slips. The casing was then run using conventional casing running

procedures until the UR was below the 13⅜” casing shoe. 
One of the major advantages of the DCwD system is the

ability to retrieve the BHA at any point without the need to
pull the casing out of the hole. This allows the BHA to be re-
trieved for any reason before reaching the end of the section,
after which a new BHA can then be run in hole.   

The tool used to retrieve the BHA is run into the hole using
drillpipe. A false rotary table is required at the surface to run
the drillpipe through the casing. The retrieval tool is a grapple-
type tool, which locks into the DLA latch sub and when
picked up releases the locking mechanism and simultaneously
opens a bypass port through the seal cups in the DLA to pre-
vent swabbing on retrieval.

To latch the new BHA to the casing, the DLA is set into the
CPN, using a hydraulic setting tool. After the hydraulic setting
tool sets the DLA, it is hydraulically released, and the con-
veyed drillpipe string with the hydraulic setting tool is then
tripped out of the hole and the DCwD operations are resumed.

The procedure of retrieving and latching the BHA was per-
formed three times during the drilled interval with no prob-
lems. 

The 12¼” interval was drilled in three runs as follows:

• Run 1: Drilled a total of 2,771 ft with an average ROP
of 49 ft/hr (5 to 10 Klb WOB, 40 surface rpm and 550
gpm flow rate). 

The BHA was pulled out of the hole due to a motor failure.
After changing the motor and while trying to run the new
BHA, the operator observed an obstruction inside the casing.
Because the BHA was unable to pass it, a decision was made
to pull the BHA back and then pull the casing out to the depth
of the obstruction. Once it was on the surface, a failed MLT
ring was found, Fig. 11. All the rings and casing connections
were checked prior to running the casing back in the hole. The
root cause of the torque ring failure was related to overtorque,
thread height and/or thread forms issues or to wrong ring
color selection. The bit dull grade was 1-1-WT-A-X-I-ER-
DMF. 

• Run 2: The mud motor and bit were replaced, and
drilling was continued to a total of 1,762 ft with an
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Fig. 10. The BHA pre-assembled DLA and CPN section components.

Fig. 11. Failed MLT ring (left) found while running in the hole to retrieve BHA
#1, with the new ring (right).
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average ROP of 26.5 ft/hr (6 to 10 Klb WOB, 40
surface rpm and 550 gpm). The BHA was tripped out
due to slow ROP. The UR arms were found to be
severely worn out, Fig. 12. The bit dull grade was 1-1-
WT-A-X-I-NO/RR-BHA.

The UR was changed, and BHA #3 was run back and set
into the CPN with no problem.

• Run 3: Drilled only 214 ft in abrasive siltstone, then the
BHA was tripped out due to a drop in ROP (from 25 to
0 ft/hr). The bit and UR arms were checked on the
surface. The bit was still in good condition (1-1-WT-A-
X-I-NO/RR-TD), but the UR arms were found to be
severely worn out after only drilling 214 ft.

The cause of the UR’s wearing out in the two runs was asso-
ciated with the use of medium speed mud motors in an abra-
sive formation, which caused the UR to rotate at speeds close
to its design limit — 220 rpm for soft and nonabrasive forma-
tions. The motors used were 0.3 rev/gal, which means that

with a 550 gpm flow rate and 40 surface rpm, the UR was 
rotating at 205 rpm.

Another factor that may have caused the UR to quickly
wear out in the third run was the need to ream down a signifi-
cantly undergauged hole along an abrasive formation, thereby
accelerating the wearing process. At that point, the hole was
being reamed faster than drilled to minimize the chances of an
unplanned sidetrack.

Table 2 shows the bit run summary.

Torque and Drag 

The friction factors used throughout pre-planning to predict
the torque and drag were conservative: 0.20 cased hole and
0.25 open hole. Those conservative values resulted in a high
predicted torque and therefore a high connection torque.

The maximum surface torque that was recorded in the first
two runs was 22,000 lb-ft. It was decided after Run #2 to re-
visit the pre-job model and reduce the friction factors to get a
more representative value. The new friction factors used were
0.15 cased hole and 0.20 open hole. These values proved to be
more realistic, Fig. 13; therefore, the connection makeup
torque was reduced from 38,000 lb-ft to 32,000 lb-ft.

CEMENTING OPERATION

To achieve cementing success, a full understanding of the
changes in the cementing operation for a DCwD application in
comparison to conventional drilling cementing operations was
necessary, in addition to adhering to the general best practices
for cementing.

At the time of this implementation, there was no available
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Fig. 12. UR arms in closed position from Run #2 (left) and Run #3 (center). The
picture on the right shows the arms in the open (activated) position.

   

   

   

   

   

   

   

 

 

 

   

  

  

  

   
 

   

              

Run #

Mud 
Motor 
Inside 
CSG 
(Yes/
No)

RSS 
(Yes/
No)

RSS Specs 
Mud Motor 

Specs

WOB 
(Klb)

Torque 
(ft-lb) 
× 103

Flow 
Rate 

(gpm)

Surface 
RPM

PDM 
(rev/
gal)

Total 
RPM

Start 
Depth

Inc. 
Azi.

Final 
Depth

Inc.
Azi.

Bit Bit Dull 
Grade

1 Yes Yes

Point the 
Bit RSS 7/8 
Lobes, 5 

stages, 300 
to 600 gpm

5-20 7-15 550 30 0.3 195
4,965 ft
37.36*
28.02*

7,736 ft
61.33*
28.23*

1
1-1-WT-
A-X-I-

ER-DMF

2 Yes Yes

Point the 
Bit RSS 

7/8 Lobes, 
6.8 stages, 
300 to 600 

gpm

6-20 17-21 580 32 0.29 200
7,736 ft
61.33*
28.23*

9,498 ft
68.86*
30.01*

2

1-1-WT-
A-X-I-

NO/RR-
BHA

3 Yes Yes

Point the 
Bit RSS

7/8 Lobes, 
6.8 stages, 
300 to 600 

gpm

9-23 22-25 550 25 0.29 185
9,498 ft
68.86*
30.01*

9,712 ft
69.28*
30.15*

2R

1-1-WT-
A-X-
I-NO/
RR-TD

T         Table 2. Run summary for the DCwD drilled interval
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field-tested solution for a two-stage cementing tool to be used
along with DCwD — which is the traditional method in Saudi
Arabia for cementing across known weak and fractured forma-
tions with the potential of a loss of circulation. The operator
took this into consideration, analyzed the potential risks and
mitigation plan, and relied on the fact that even in highly sen-
sitive formations, the ability to smear drilled cuttings into the
pores of the formation could result in a stronger wellbore that
might make multistage cementing systems unnecessary.

The need for full bore casing access to run and pull out of
the hole the BHAs implied that the conventional floating
equipment — float collars with displacement plugs — could
not be used. The plug landing nipple (PLN) was not available
at the time of the implementation, which meant that the pump
down displacement plug (PDDP), designed to be used along
with the DCwD BHA retrievable system, also could not be used.

The standoff obtained from the number of centralizers that
were crimped on the casing was a challenge insofar as achiev-
ing complete mud displacement during cementing since the
section was deviated. Also, a long rat hole existed because of a
long stick out of the BHA, leading to slumping of the cement
slurry during placement and after displacement that could lead
to a wet shoe.

Given the limitations of the formation fracture gradient,
lead and tail slurries were designed at 101 pcf and 118 pcf, 
respectively. Fluid loss and the rheological properties of the
slurries were optimized to ensure no annulus bridging and
minimize frictional pressures.

A sufficient amount of spacer was determined to take into
account the in-pipe contamination because of the lack of me-
chanical separation, e.g., bottom plugs, at the fluid interfaces
— the properties optimized for efficient mud removal purposes.

The well was circulated for several hours before the start of
the single-stage cement job. The cement job was executed as
planned, leaving 300 ft of cement slurry inside the casing, and
the well was shut-in — via the closed master valve at the sur-
face — throughout the wait on the cement with no operational

issues; the well was shut-in because of the lack of float equip-
ment to prevent cement flow back into the casing after its
placement in the annulus. Contaminated cement slurry reached
the surface; however, no pure cement was seen. The level in the
annulus was seen to drop while waiting on the cement by an
estimated volume of 45 bbl.

When operations resumed, the cement was tagged inside the
casing as expected and the casing was pressure tested to 1,100
psi. Hard cement was drilled out of the casing and down to 33
ft below the casing shoe. 

The operator’s main objectives of obtaining cement back to
the surface and achieving competent cement around the shoe
were successfully obtained. Figure 14 shows the actual pres-
sure and the simulated pump pressure.

LESSONS LEARNED

1. Conservative friction factors were used during the planning 
phase, e.g., 0.20 for cased hole and 0.25 for open hole, 
which resulted in a recommended makeup torque of 38,000
ft-lb — maximum predicted drilling torque + 20%. The 
friction factors observed were closer to 0.15 in the cased 
hole and 0.20 in the open hole, which resulted in a revised 
recommended makeup torque of 32,000 ft-lb. This will fur-
ther reduce the connection torque requirements for future 
jobs in this area.

2. The designed BHA with a RSS performed as expected, pro-
viding a smooth well profile with minimal well tortuosity 
that could affect casing fatigue life, which should lower 
torque requirements for the surface equipment and casing 
connections.

3. To be able to drill the interval in a single run, the UR arms 
design needs to be improved, e.g., by using premium PDC 
cutters and/or by modifying the gauge protection and 
exposed cutting area. The DCwD supplier is currently 
developing a new generation of high ratio URs with the 
field proven concept of cutter blocks, which is expected 
to replace the existing design for hard rock or abrasive 
applications.
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Fig. 13. Torque and drag comparison (actual vs. modeling).

Fig. 14. Actual vs. simulated pump pressure.
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operation. The benefits from the smearing effect, typically 
seen when using DCwD, were not observed 100% as 
expected. It is possible that this is linked to the surface rota-
tion restriction (40 rpm) imposed by the high speed on the 
motor.

4. This project has reestablished DCwD as a viable technology
to address a multitude of drilling challenges common in 
Saudi Arabia.
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Fig. 15. The planned trajectory (red) vs. the actual directional trajectory plot (blue).
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ABSTRACT
etc. Once the excessive solids from the mud are screened out in
the shale shaker, the cleaned mud can then be recirculated to
fulfill a suite of functional tasks. While drilling through porous
and permeable zones, however, there is a high possibility of
losing a huge volume of the fluid phase of the mud while
drilling or making a trip. 

To avoid fluid loss while drilling a borehole, loss control 
additives are incorporated in the drilling mud for sealing and
blocking the borehole pores by creating a low permeable mud
cake on the borehole wall. It is necessary to prevent excessive
loss of the mud fluids into the porous formation since that
may lead to a dramatic change in mud properties, which then
leads to different mud-related drilling problems, including in-
creased mud cost, deposition of excessively thick filter cakes
on the borehole wall, a significant increase in torque and drag
problems, a dramatic rise of equivalent circulation density,
surge and swabbing pressures, an increase in casing running
load, problems in primary cementing and differential sticking
problems in the presence of high permeable formations1. This
explains the importance of having a fluid loss additive as a
part of the formulation of drilling and completion fluids.

A typical fluid loss additive should be able to control the
loss of drilling and completion fluids into the surrounding for-
mations within an acceptable range: less than 15 cc/30 minutes
in standard American Petroleum Institute (API) fluid loss test
conditions, i.e., at room temperature under 100 psi pressure.
The formulation of the drilling mud is engineered to keep fluid
loss close to zero or as far as possible below the API recom-
mended value to: (1) maintain the drilling fluid consistency, (2)
ensure near wellbore formation stability, and (3) prevent dam-
age to the pay zone, etc. Different types of chemicals and poly-
mers are used by the petroleum industry to design drilling
muds, with mud rheology, density, fluid loss control property,
etc., appropriate to a given well2. 

Another important consideration in fluid design is the mini-
mization or elimination of any detrimental effect caused to the
surrounding environment, ecosystems, habitats, etc., by drilling
fluids. Due to strict environmental regulations around the
globe, the oil and gas industries are reluctant to use chemicals
and polymers that can cause a short- and/or long-term envi-
ronmental impact. 

Nearly three-fourths of the earth is covered in water, and

The Kingdom of Saudi Arabia spends a significant amount of
money per year on importing various fluid additives from
overseas countries to meet the demand of the oil and gas sec-
tor. An analysis of the drilling fluid additive import cost of
2012 indicates that a substantial amount of money was spent
on importing fluid loss control additives only. This very com-
mon mud additive is frequently needed for both water- and oil-
based mud formulations to fulfill certain functional tasks while
drilling or while making a connection or a trip. Therefore, its
total or partial replacement will save a considerable amount
per year. If we only replaced 10% of the imported fluid loss
additive, we would see a significant savings per year. This justi-
fies the development of in-Kingdom fluid loss additives using
locally available natural, industrial and/or agricultural raw
materials. 

Localization of the product development would be highly
beneficial to the Kingdom in terms of industrial growth, tech-
nology ownership and creation of new job opportunities for
the local public. It would also make a major contribution to
the national economy by bringing about a major reduction in
the mud additives’ import budget. 

This article describes the preliminary results of testing a lo-
cally developed fluid loss additive made using an agricultural
waste product. Experimental results indicate that the fluid loss
additive is equally applicable for clay-free freshwater-based
and for saltwater-based drilling muds. Therefore, they demon-
strate the additive’s suitability for current and future explo-
ration and exploitation of oil and gas resources.

INTRODUCTION

Drilling fluid plays a vital role during the course of drilling a
well. The mud, either water- or oil-based, is circulated from
the surface to the bottom of the hole and then brought back to
the surface. The primary objectives for circulating the drilling
mud are hole cleaning while drilling, cuttings suspension dur-
ing the non-circulation period, maintaining of borehole stabil-
ity while drilling or making a trip, etc. 

A drilling mud serves a variety of other functions, such as
bit cooling, energy supply to the mud motor, shale stabilization,

Preliminary Test Results of an Eco-Friendly
Fluid Loss Additive Based on an Indigenous
Raw Material
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those areas offer significant prospects for hydrocarbon re-
sources, in addition to other valuable marine resources3. Sub-
sequently, there has been a progressive move of drilling
activities from onshore to highly sensitive offshore and deep-
water environments. To preserve the marine life, research has
focused on the development of a new generation of “green”
chemicals and mud additives that are eco-friendly, nontoxic
and readily biodegradable, thereby avoiding short- and long-
term environmental impact in highly sensitive offshore and
deep-water environments. This is reflected in the increase in 
research activities by the industry centered on finding or devel-
oping virtually nontoxic, readily biodegradable and environ-
mentally benign green chemicals and polymers for use in
designing high performance drilling and completion fluids4.  

Drilling fluids are alkaline and usually have a pH above 9,
ideally ranging from 9 to 10.5. Excessive loss of alkaline mud
filtrate to the near wellbore formation can cause swelling and
dispersion of clays in the formations, leading to borehole insta-
bility problems. Excessive fluid loss can also cause severe for-
mation damage while drilling the pay zone5 due to the fluid’s
alteration of the poro-perm characteristics, fluid saturation
limits, relative permeability profiles, etc., of the near wellbore
reservoir formation. Therefore, effective control of fluid loss
while drilling a borehole is very important, for both the
drilling and the production phases of oil and gas exploration
and exploitation.

Fluid loss additives minimize loss by creating mud cake with
favorable mechanical characteristics. The thickness of the mud
cake plays an important role in mitigating a suite of drilling
and reservoir engineering problems. Muds producing soft,
thick mud cakes increase the potential of differential sticking
when drilling a high permeable zone, and therefore, are not de-
sirable for geological formations with high poro-perm charac-
teristics and differential sticking potential. Deposition of a
thick mud cake will reduce the ease of recovery of stuck pipe if
the mud cake creates strong sticking bonds at the drillpipe and
mud cake interface. 

This type of mud cake will also create high torque and lead
to drag problems while drilling deviated, horizontal or ex-
tended reach wells, and therefore, are not desirable for drilling
such wells. The formation of soft, thick mud cake in a horizon-
tal well may also create an embedded cuttings bed at the low
side of the borehole, leading to poor hole cleaning and tight
hole problems. The formation of an embedded cuttings bed in
the presence of a soft, sticky mud cake may further lead to me-
chanical pipe sticking problems. Subsequently, development of
superior fluid loss additives with excellent physical and chemi-
cal properties compared to conventional mud additives will
significantly mitigate these problems. 

This article describes the application of an eco-friendly fluid
loss additive derived from an indigenous raw material. The 
additive is applicable for both clay-free freshwater- and salt-
water-based drilling muds and is able to control the loss of the
fluid while drilling a borehole without any detrimental impact
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to the surrounding environment, ecosystem, habitats, etc. The
newly derived fluid loss additive has a particle size of less than
150 microns and is easily dispersible in an aqueous medium at
a low to moderate shear rate. The processing steps of produc-
ing the additive include removal of the external skin of the raw
material, washing of the material to remove any dirt and left-
over skin, and thermal treatment to improve the material’s
processability and ease the manufacturing of a fine powder
with particle sizes of less than 150 microns.

The suitability of the locally derived agri-based additive was
evaluated by formulating clay-free freshwater-based and salt-
water-based drilling muds with the additive and then conduct-
ing: (1) API tests at room temperature and 100 psi overbalance
pressure, and (2) high-pressure/high temperature (HPHT) fluid
loss tests at 212 °F and 500 psi overbalance pressure. Prelimi-
nary test results indicate that the locally produced fluid loss
additive labeled “DSP” can significantly mitigate the fluid loss
behavior of clay-free systems. Initial results also demonstrate
the suitability of the indigenous raw material for localization
of product development in the Kingdom within the oil and gas
industry.

INDIGENOUS RAW MATERIALS

Several agricultural waste materials available from various lo-
cal sources were evaluated to select a suitable raw material for
this feasibility study. A cursory study of the performance of the
locally available product selected demonstrated its suitability
as a fluid loss control additive for freshwater- and saltwater-
based drilling muds. Preliminary evaluation of the volume of
the source material readily on hand then indicated the avail-
ability of hundreds of thousands of tons of this material per
year. Due to the renewable nature of this source material, its
availability can be increased significantly to meet the changing
demand of the oil and gas industry. Subsequently, the selected
raw material was determined to be a viable local source of
supply of the material needed to create the additive, leading to
localization of product development for oil and gas field appli-
cations. The advantages of localization of product develop-
ment to replace the imported fluid additives, whether in whole
or in part, are: (1) reduction of the import cost, (2) increase in
the growth of the local industry, (3) creation of new job oppor-
tunities for the public, and (4) contribution to the local and
national economy.

MATERIALS AND METHODS

Preparation of DSP

Figure 1 shows the process flow for the fluid loss additive
preparation. Initial treatment is to clean all the external dirt
and skin from the raw material to isolate the base material,
and then to wash that material with freshwater to remove any
sticky material from the seed. The seed is then treated thermally
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slowly to the fluid phase to provide adequate time for proper
mixing and homogenization of the system. The pH of the mud
was adjusted to 10 by adding an appropriate amount of
sodium hydroxide (NaOH) solution. In the case of excessive
foaming, 2 to 3 drops of defoamer were added to remove any
air bubbles. To keep the DSP suspended homogeneously in the
fluid system, 1 g Xanthan gum (XC) polymer or 2 g PHP was
added to the mud as a viscosifier to raise the viscous properties
of the fluid before adding the DSP. 
Table 2 shows the formulation of freshwater- and saltwater-

based muds used in tests to evaluate the fluid loss behavior of
the mud at API and HPHT conditions. A test temperature of
212 °F and an overbalance pressure of 500 psi were used to
evaluate the HPHT fluid loss behavior of the muds.

RESULTS AND DISCUSSION

API Fluid Loss Behavior 

Figure 2 shows the API spurt loss behavior of several clay-free
water-based systems. Comparison of the spurt loss behavior of
the clay-free system with XC polymer alone (Test-1) and with
DSP added (Test-2) indicates 90 cc API spurt loss for the XC
polymer containing system but only 9 cc API spurt loss after
adding DSP to the clay-free system. This is about a 90% drop
of API spurt loss due to the presence of DSP. This undoubtedly

to remove excessive moisture and make the seed more brittle
for easier grinding. Next, the seeds are cooled to room temper-
ature. After cooling, the seeds are ground by placing them in
the sample placement chamber of a programmable grinding
machine. Finally, the ground powder is sieved to isolate parti-
cles less than 150 microns, which are stored. 

Formulations to Evaluate DSP Performance 

Table 1 shows several clay-free water-based mud (WBM) sys-
tems that were used in tests to evaluate the API fluid loss 
behavior of the DSP-based fluid loss additive and then to com-
pare that behavior with the API fluid loss behavior of several
conventional fluid loss additives, such as modified starch (MS)
and psyllium husk powder (PHP). The components shown in
the formulation were mixed adequately by using a high speed
mixer to prepare the mud systems. The ingredients were added

50 SPRING 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

Fig. 1. Diagram showing the process flow for the fluid loss additive preparation.

Mud Components Test-1 Test-2 Test-3 Test-4 Test-5 Test-6

Water (ml) 350 350 350 350 350 350

PHP (g) 0 0 0 0 2 2

XC (g) 1 1 0 1 0 0

MS (g) 0 0 6 0 0 0

DSP (g) 0 6 0 6 0 6

NaOH (ml) to raise
pH to 10

to raise 
pH to 10

to raise
pH to 10

to raise
pH to 10

to raise
pH to 10

to raise
pH to 10

Defoamer (cc) as required as required as required as required as required as required
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Table 1. Clay-free freshwater-based mud formulations used in tests of the DSP additive

 

 

 

 

 

 

  
  

  
  

 
  

 
  

 
  

 
  

       

             

Mud Components Test-5 Test-6 Test-7 Test-8

Freshwater (ml) 350 350 – –

Red Sea Seawater (ml) – – 350 350

PHP (g) 2 2 2 2

DSP (g) 0 6 0 6

NaOH (ml) to raise 
pH to 10

to raise
pH to 10

to raise 
pH to 10

to raise 
pH to 10

Defoamer (cc) as required as required as required as required

T                Table 2. Clay-free freshwater- and seawater-based mud formulations used in HPHT tests of the DSP additive
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proves the application and suitability of DSP as a fluid loss ad-
ditive or additive supplement for clay-free water-based drilling
fluid systems.

Comparison of the spurt loss behavior of the same DSP con-
taining clay-free system (Test-4) with a clay-free mud system
containing only MS (Test-3), which is a conventional fluid loss
additive, indicates much better performance for both, with
about 40% reduction in spurt loss for the fluid containing the
newly developed DSP-based fluid loss additive. It again sup-
ports the application of the DSP as a fluid loss additive to con-
trol the fluid loss behavior of WBMs. 

Comparison of another clay-free system with PHP (Test-5)
and with both PHP and DSP (Test-6) indicates 2 cc spurt loss
for the clay-free system in the absence of DSP and only 1 cc
spurt loss, i.e., about 50% lower spurt loss, in the presence of
DSP. This again proves the suitability of DSP as a fluid loss 
additive for WBM systems.  

Figure 3 shows the API fluid loss behavior of several clay-
free water-based systems. Comparison of the API fluid loss 
behavior of the clay-free systems used in Test-1 and Test-2 in-
dicates 175 cc API fluid loss for the XC polymer containing
system but only 31 cc API fluid loss after adding DSP. This is

about an 82% drop of fluid loss due to the presence of DSP.
This undoubtedly proves the application and suitability of DSP
as a fluid loss additive or additive supplement for water-based
drilling fluid systems.

Comparison of the fluid loss behavior of clay-free mud con-
taining only MS (Test-3), which is a conventional fluid loss ad-
ditive, with the earlier DSP containing clay-free system (Test-4)
indicates better performance for the newly developed DSP-
based fluid loss additive. It again supports the application of
the DSP as a fluid loss additive to control the fluid loss behav-
ior of clay-free WBMs. 

Comparison of a clay-free system with PHP with and with-
out the presence of DSP (Test-6 and Test-5, respectively) indi-
cates a much higher fluid loss in the absence of DSP. It is about
50% higher than the clay-free system containing the DSP as a
fluid loss additive supplement. This again proves the suitability
of DSP as a fluid loss additive for WBM systems. The red line
shown in Fig. 3 indicates the API recommended maximum
fluid loss value — which is less than 15 cc/30 minutes filtra-
tion time — for water-based drilling fluid systems. The pres-
ence of the DSP in the clay-free system in Test 6 reduced the
filtration behavior of the system to 25% below the API recom-
mended value. The results again demonstrate the suitability of
the DSP as a fluid loss additive or additive supplement for
clay-free water-based drilling fluid systems.

Figure 4 shows the API mud cake quality and thickness of
several clay-free water-based systems. Comparison of the mud
cake thickness of the clay-free systems used in Test-1 and Test-
2 indicates the formation of very thin but poor quality mud
cake for the XC polymer containing system and a thin, good
quality mud cake after adding DSP. The improved quality of the
DSP containing mud cake is reflected in the significant drop in
the API spurt and fluid loss behavior of the DSP containing
clay-free systems previously discussed. The deposition of thin,
good quality mud cakes will play a positive role in reducing
the scope of differential sticking in a borehole environment
prone to that problem. It will also play a positive role in reduc-
ing other mud cake related drilling problems. In conclusion, it
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Fig. 2. Evaluation of the API spurt loss behavior of tested clay-free drilling fluids.

Fig. 3. Evaluation of the API fluid loss behavior of tested clay-free drilling fluids.

Fig. 4. Evaluation of the API mud cake thickness behavior of tested clay-free
drilling fluids.
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can be said that the agri-waste-based product DSP has a high
potential for use as a locally available raw material for devel-
opment of additives/products for oil and gas field applications.

HPHT Fluid Loss Behavior 

Figure 5 shows the HPHT spurt loss behavior of several clay-
free freshwater- and saltwater-based systems at 212 °F and 500
psi overbalance pressure. Comparison of the spurt loss behav-
ior of the clay-free freshwater-based muds used in Test-5 and
Test-6 indicates 8.4 cc HPHT spurt loss in the absence of DSP
but only 4 cc HPHT spurt loss in the presence of DSP. This is a
drop of more than 50% of HPHT spurt loss due to the pres-
ence of DSP. In the case of the clay-free saltwater-based muds
used in Test-7 and Test-8, the results again show a reduction in
spurt loss in the presence of DSP. All comparisons support the
application of DSP as a fluid loss additive or additive supple-
ment for both clay-free freshwater- and saltwater-based
drilling mud systems.

Figure 6 shows the HPHT fluid loss behavior of several
clay-free freshwater- and saltwater-based systems at 212 °F
and 500 psi overbalance pressure. Comparison of the HPHT
fluid loss behavior of the clay-free freshwater-based muds used
in Test-5 and Test-6 indicates 76.4 cc HPHT fluid loss in the

absence of DSP, but only a 30 cc HPHT fluid loss in the pres-
ence of DSP. This is more than a 60% drop of HPHT fluid loss
of the freshwater-based mud due to the presence of DSP. In the
case of the saltwater-based clay-free systems used in Test-7 and
Test-8, the results again show a reduction in fluid loss in the
presence of DSP. This supports the application of DSP as a
fluid loss additive or additive supplement.

Figure 7 shows the HPHT mud cake thickness of clay-free
freshwater- and saltwater-based systems at 212 °F and 500 psi
overbalance pressure. Comparison of the mud cake thickness
of these mud systems indicates the formation of very thin mud
cakes in both the absence and the presence of the DSP. This in-
dicates that the DSP has no unusual effects on the physical be-
havior, i.e., thickness of the mud cakes; however, in subsequent
tests, the muds containing no DSP produced poor quality mud
cakes due to the lack of formation of a dispersed well and
tough mud cake as revealed while conducting the filtration test.
The superior quality of DSP containing mud cake was reflected
in the dispersed well formation and the homogeneous nature of
the mud cakes. The deposition of thin, good quality mud cakes
can play a positive role in reducing the scope of differential
sticking in borehole environments prone to that problem. 

The API and HPHT fluid loss test results previously de-
scribed support the application of DSP as a locally derived
fluid loss additive/product for oil and gas field applications.

CONCLUSIONS

In conclusion, the preliminary experiments have demonstrated
that locally available agri-waste DSP used as a fluid loss additive
is applicable for clay-free freshwater and saltwater systems in
oil and gas field applications. Furthermore, due to the organic
nature of the raw material and the use of an environmentally
friendly, thermo-physical preparation method, the incorporation
of the additive in fluid will have no detrimental impact on the
surrounding environment, ecosystems, habitats, etc. 

This result will open up the potential of finding applications
for various natural, agricultural and other industrial products,
byproducts and waste products in oil and gas field fluid design.
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Fig. 5. Evaluation of the HPHT spurt loss of tested clay-free freshwater- and
saltwater-based muds.

Fig. 6. Evaluation of the HPHT fluid loss of tested clay-free freshwater- and
saltwater-based muds.

Fig. 7. Evaluation of the HPHT mud cake thickness of tested clay-free freshwater-
and saltwater-based muds.
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ABSTRACT
collapsed and parted, and when the well contains leaking tub-
ing hanger seals that are not holding pressure. Because of these
conditions, meeting the requirement by some companies to
have dual-independent shutoff barriers for the tubing and tub-
ing casing annulus is unlikely using conventional methods.
With a kill fluid column pumped into the annulus, however,
there is a tested, proven alternative method for a successful 
solution: a cryogenic freeze plug.   

STATEMENT OF THEORY AND DEFINITIONS

Pipe freezing is a method of isolating the inside diameter of a
pipe or pipes for maintenance or repair. To accomplish this, a
metal container, designed to contain liquid nitrogen and to fit
around the pipe to be frozen, is installed around the pipe. The
container is then precooled with nitrogen gas and then filled
with liquid nitrogen to freeze the water-based fluid inside the
pipe. The frozen ice becomes a pressure barrier. In cases of 
cement filled outer annuli, the outer barrier is already in place,
yet the cold transfers through the cement and into the fluid of
the inner strings of casing and tubing, causing the fluid to form
the freeze plug. Further cooling lengthens the ice mass, which
becomes very stable and controllable. Temperature monitoring
sensors allow consistent verification of both the temperatures
applied to the surface of the pipe as well as the temperatures of
the nitrogen source. A gradual decrease in temperature is facil-
itated to a range of 0 °F to -80 °F to ensure adequate cooling has
been applied, enough to provide a pressure resistant ice plug.

This pipe freezing technique has been safely and successfully
used over many years for many types of repairs. Wellhead and
tree replacements, casing valve replacements, and other drilling
and production problems that require total well isolation have
been performed using ice plugs as a primary or secondary bar-
rier. The freezing of multiple strings of pipe is not outside the
normal operations, but instead is a preferred method of isola-
tion because the freeze plugs can be pressure tested to verify
integrity and can be maintained indefinitely until all repairs or
replacements have been made. Single string freezes, by allow-
ing a break in the connection above the freeze, provide the 
opportunity to add a valve or other component without per-
forming a costly fluid kill operation. Negative and/or positive
pressure testing of the freeze plug’s integrity can confirm isolation.

The objective of this article is to discuss the successful applica-
tion of a cryogenic freeze plug to fulfill the requirements of
having dual shutoffs available prior to removing the produc-
tion tree. This operation is presented as a substitute to use
when conventional means are not feasible.

The Saudi Aramco policy regarding the decompletion of
wells with downhole packers requires having two independent
shutoff barriers in place — for the tubing and tubing casing
annulus — prior to the removal of the production tree. These
shutoffs must be independent and able to be simultaneously
operated. Moreover, each shutoff must be pressure tested sepa-
rately. A dual shutoff is easily achievable with conventional
means, e.g., tubing plugs and tubing hanger back pressure
valves, or with a combination of the two. 

This pioneering operation was proposed when, prior to 
removing the production tree from an oil producing well, the
production tubing was found to have collapsed and parted.
Given these conditions, the only annular barrier was the kill
fluid column. The well also had leaking tubing hanger seals
that were not holding pressure. As a result, introducing an 
additional shutoff barrier would be challenging.

This need for a second shutoff application led to the proposal
to utilize the method for creating a cryogenic freeze plug as a so-
lution. When the kill fluid column, filling the tubing and tubing
casing annulus, was frozen using the cryogenic freeze plug meth-
od, it allowed the fluid to mimic the form of a second barrier.

This temporary secondary barrier would withstand the re-
quired pressure test if there were a full column of kill fluid in
the tubing and tubing casing annulus.

This article reviews the methodology, purpose, technique,
and qualification of using cryogenic freezing to create a second
barrier. It also supports the positive trend in technical reviews
toward new methods or alternative techniques for nonconven-
tional isolation barriers or shutoffs.

INTRODUCTION

The removal of a production tree for the decompletion of an
oil producing well with a downhole packer can be anything
but routine, particularly when the production tubing has 

Pioneering Utilization of Fluid Cryogenics
in Mimicking Shutoff Barrier Characteristics

Authors: Nawaf D. Al-Otaibi, Nelson O. Pinero, Ibrahim A. Al-Obaidi and Carlo Mazzella 
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DESCRIPTION AND APPLICATION OF EQUIPMENT 
AND PROCESSES

To assure that this service is safe and reliable, independent
tests and research have been conducted to determine the effects
of subjecting API grades of tubing and casing to liquid nitro-
gen temperatures.

A testing laboratory was retained to perform mechanical
testing of several grades of API tubing and casing and to un-
dertake a metallurgical examination to determine if they are
affected by cryogenic temperatures. 

This involved tensile tests and tests of the Charpy impact on
prepared samples from each of the four provided grades of API
pipe. One tensile sample from each was tested at ambient con-
ditions to establish a base line of property values; another 
sample from the same pipe was then tested at temperatures
ranging from -30 °F to -100 °F through the course of the test;
and yet another tensile sample was tested at a constant temper-
ature near -230 °F. Next, a Charpy set from each pipe was
tested at the impact test temperature prescribed in the API
5CT and 5D specifications, with another set tested at an im-
pact temperature of -60 °F. All test temperatures were moni-
tored, with thermocouples attached directly to the samples
during the tensile tests performed at temperatures other than
ambient. The Charpy tests were monitored with a thermo-
couple placed directly in the test bath. 

In addition, two sections of the tested N80 pipe were sub-
mitted to another test laboratory for metallurgical assessment
of retained austenite. One sample was taken directly from the
area that received the cryogenic application during testing. The
second was taken from a section of pipe located well away
from the cryogenic exposure area. This examination using X-
ray diffraction would show any effects the frequent cryogenic
exposure may have had on the microstructure of the material.

Operational Procedures

Safety was the key criterion that drove the design execution of
this job. Many factors were considered during job planning,
which included:

• A detailed job safety plan covering each technical step
in the workover.

• Contingency planning in case of a well control event.

• Issues involving the release of hydrogen sulfide. 

• Avoidance of leaks at the surface that would jeopardize
the integrity of the ice plug being formed.

As a part of the work scope, it was determined that several
conditions must be met to perform the freeze plug successfully: 

• The casing-casing annulus must be cemented or full of a
water-based fluid. 

• The tubing casing annulus and tubing must be filled
with a water-based fluid. 

As a part of the ongoing operation, the work scope condi-
tions were met with 0 psi pressure readings on the tubing and
tubing casing annulus. 

The standard setup for a multi-string freeze is as follows:

• Excavate to a predetermined depth, exposing 8 ft to 10
ft of surface casing, Fig. 1.

• Inspect the pipe to ensure there are no visible defects in
the pipe or welds. 

• Bolt the vendor’s freeze jacket onto the casing, leaving
at least 2 ft of room from the casing head weld. 

• Connect the thermocouples, nitrogen supply hoses and
vent pipes, Fig. 2.

The excavation is then closed to all personnel until after the
freeze is complete and a gas test has been performed to verify
that no nitrogen gas is present.

With setup complete, nitrogen is flowed through the jacket
until a trained service provider has confirmed that a pressure
resistant ice plug is in place, Fig. 3. Pressure testing should
then take place until it is confirmed that all annuli are plugged.
Then the safe removal of the tree can be facilitated and the
blowout preventers installed. A pressure test should be per-
formed again to ensure that all bolted connections are tested.
Planning should consider the time needed to perform the freeze
and so ensure an adequate nitrogen supply for lengthy repair
or replacement periods, including delays. A continuous supply
of nitrogen should be planned for as a contingency plan, given
that pipe freezes have been held for as long as 10 days.

Fig. 1. Excavation to a predetermined depth exposing 8 ft to 10 ft of the
surface casing.
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The freeze plug does not affect the exposed area of casings
or wellhead equipment integrity. As seen in Table 1, the overall
results of the testing for the API 5CT N80 pipe showed that
the tensile strength values of the subzero samples were slightly
higher than the ambient samples’ tensile strength values. The
elongation values varied when comparing the subzero samples
to the ambient samples, but remained within a 5% difference.
Table 2 shows that the Charpy impact values were lower for
the subzero impacts of the API 5CT N80 pipe in comparison
to ambient and +32 °F impacts, as is expected of any material.
All tensile, yield and elongation values showed that the cryo-
genic exposures were not causing a deleterious effect on any of
the materials tested.

Blind samples were provided to the testing facility to deter-
mine if a section of the N80 pipe that had been exposed to a
pipe freeze more than 100 times could be differentiated from a
sample that had not been exposed to the freezing process. No
difference could be noted. The tensile test values from the area of
the N80 pipe that had been subjected to numerous and frequent
testing only showed a slightly higher tensile strength. Addi-
tional samples of API 5CT P110, API 5D S135 and API 5CT
L80 pipe were provided to facilitate additional tests, Tables 3
through 8. Pull testing at ambient and cryogenic temperatures
shows an increase in tensile strength in all but the N80 samples.

Additional tests of carbon steel samples exposed to different
cryogenic temperatures were performed at the Texas A&M
University Microscopy and Imaging Center using a scanning
electron microscope (SEM). Images produced by the SEM of
the surfaces of these samples at fracture initiation zones
showed similar morphological characteristics. During the ob-
servations of these samples by the SEM, an energy dispersive
spectrometry detector produced similar plots of elements pres-
ent in each sample1. 

CONCLUSIONS

Pipe freezing is most frequently used when a previous opera-
tion — wireline, coiled tubing, snubbing, cementing or frack-
ing — has left a situation where isolation from the wellbore
cannot be completed because of a valve failure or restriction.
Wellhead and casing valves become inoperable for a variety of
reasons and frequently need to be replaced. Performing a fluid
kill operation is sometimes not feasible because of either logis-
tics or cost. When tool damage, inoperable valves or some type
of obstruction in the master valves leads to valve failure, a
freezing operation below the wellhead to isolate all the valves
above the casing head is proposed.

In circumstances where operation companies’ policies re-
quire two barriers, a combination of kill weight fluids, down-
hole plugs and pipe freezes can be implemented. On gas wells
where no fluid is present for the freeze operation, millable or
retrievable plugs can be set with a water-based fluid above to
provide an adequate freeze medium in the pipe. Pressure test-
ing to ensure plug integrity can be easily facilitated, and after

PRESENTATION OF DATA AND RESULTS

In this case, a freeze plug was placed through the tubing casing
annulus and the tubing, covering a total height of approxi-
mately 4 ft. To assist with heat withdrawal and ice formation,
the hoses were prepared as previously shown in Fig. 2. The
lower hose served to withdraw heat from below and prevent
an ice plug from forming underneath, while the top hose
served as the main ice forming hose. 

Once all strings on the well had been frozen, the tubing
casing annulus was successfully pressure tested to 1,000 psi
against the freeze plug, which allowed operators to nipple
down the tree and nipple up the blowout preventer safely.

Fig. 2. Connection of the thermocouples, nitrogen supply hoses and vent pipes.

Fig. 3. Formation of the ice plug as nitrogen is flowed through the jacket.
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Specimen 
Identifi cation

Reduced Area 
Dimensions (in.)

Area 
(sq. in.)

Yield 
Strength 

0.2% (psi)

Yield Strength 
0.5% EUL (psi)

Total 
Load (lb)

Tensile 
Strength (psi)

Elongation 
(%)

Ambient 0.755 x 0.235 0.177 94,940 95,185 19,360 109,115 25

Cryogenic 0.504 x 0.208 0.105 90,945 90,590 11,150 106,360 20
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Table 1. Tensile test results for the API 5CT N80 pipe

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

          

Specimen Temperature 
Cryo. Area

Impact Value (ft-lbf)
Lateral Expansion (Mils.) % Shear Fracture

Individual Avg.

1, 2, 3 +32 °F 66 70 74 70 61 76 77 100 100 100

1, 2, 3 +32 °F 74 68 67 70 77 74 75 100 100 100

1, 2, 3 −60 °F 58 61 58 59 59 62 78 100 100 100
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Table 2. Charpy test results for the API 5CT N80 pipe

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

          

 
 

  
    

   

   

   

          

Specimen 
Identifi cation

Reduced Area 
Dimensions (in.)

Area 
(sq. in.)

Yield 
Strength 

0.2% (psi)

Yield Strength 
0.6% EUL (psi)

Total 
Load (lb)

Tensile 
Strength (psi)

Elongation 
(%)

Ambient 0.505 x 0.333 0.168 123,815 124,045 22,850 135,880 20.8

Cryogenic 0.502 x 0.331 0.166 137,350 142,805 24,840 149,490 20.8
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Table 3. Tensile test results for the API 5CT P110 pipe

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

          

 
 

  
    

   

   

   

          

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

          

Specimen Temperature 
Cryo. Area

Impact Value (ft-lbf)
Lateral Expansion (Mils.) % Shear Fracture

Individual Avg.

1, 2, 3 +32 °F 79 76 78 78 67 61 60 100 100 100

1, 2, 3 −60 °F 47 73 73 64 32 52 54 100 100 100
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Table 4. Charpy impact test results for the API 5CT P110 pipe

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

          

 
 

  
    

   

   

   

          

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

          

 
 

  
    

   

   

           

Specimen 
Identifi cation

Reduced Area 
Dimensions (in.)

Area 
(sq. in.)

Yield 
Strength 

0.2% (psi)

Yield Strength 
0.7% EUL (psi)

Total 
Load (lb)

Tensile 
Strength (psi)

Elongation 
(%)

Ambient 0.503 x 0.418 0.210 154,040 157,685 36,710 174,600 13.9

Cryogenic 0.509 x 0.393 0.200 166,755 119,657 37,520 187,565 15.5

T           Table 5. Tensile test results for the API 5D S135 pipe

Specimen Temperature 
Cryo. Area

Impact Value (ft-lbf)
Lateral Expansion (Mils.) % Shear Fracture

Individual Avg.

1, 2, 3 Ambient 17 15 15 16 6 5 7 45 45 45

1, 2, 3 −60 °F 10 10 8 9 2 2 2 5 5 5
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Table 6. Charpy impact test results for the API 5D S135 pipe
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the repair or replacement, a post-repair or makeup pressure
test can also be performed to ensure that the new components
are tested before drilling or production is resumed.
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Specimen 
Identifi cation

Reduced Area 
Dimensions (in.)

Area 
(sq. in.)

Yield 
Strength 

0.2% (psi)

Yield Strength 
0.5% EUL (psi)

Total 
Load (lb)

Tensile 
Strength (psi)

Elongation 
(%)

Ambient 0.755 x 0.211 0.159 91,920 92,185 16,640 104,455 24.0

Cryogenic 0.503 x 0.192 0.097 106,365 106,315 11,990 124,150 17.2
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Table 7. Tensile test results for API 5CT L80 pipe

 
 

  
    

  

   

           

 
 

  
 

 
 

 
 

 

  
  

 
 

 
 

 

  

  

         

Specimen Temperature 
Cryo. Area

Impact Value (ft-lbf)
Lateral Expansion (Mils.) % Shear Fracture

Individual Avg.

1, 2, 3 +32 °F 62 62 65 63 72 71 75 100 100 100

1, 2, 3 −60 °F 57 57 58 57 61 57 60 100 100 100

T            Table 8. Charpy impact test results for the API 5CT L80 pipe
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ABSTRACT
The reservoir is under secondary recovery using waterflood-

ing, mainly seawater. The seawater is injected at the periphery
of the field for reservoir pressure maintenance.

GEOLOGICAL SETTING

The oil from this major field is produced from a carbonate
reservoir that is a composite anticline. The anticline is rela-
tively asymmetric. Generally, the reservoir is characterized by
heterogeneity in reservoir rock properties, salinity and fluid
movement. Major and minor faults identified from 3D seismic
data and associated fracture swarms have been observed to
various degrees throughout the reservoir. The fluid mechanism
in this specific area is highly influenced by the presence of frac-
ture corridors and strata from super permeability1-3.

EFFECTS OF EXCESSIVE WATER PRODUCTION

As previously mentioned, seawater is injected at the periphery
of the field. The primary objective is to maintain a healthy
reservoir pressure to keep oil wells flowing and ensure good oil
sweep. Injection water could break through to oil producers
and consequently be produced in association with the oil. Water
production mechanisms vary due to many factors related to
geological complexities, rock and fluid properties, and the
proximity of oil producers to water injectors. Excessive water
production has to be controlled to minimize its negative impact
on oil production. Effects of increased water production include:

• Reduced oil production rate.

• Reduced efficiency of oil recovery.

• Increased hydrostatic pressure in the well.

• Relative permeability effects in the formation.

• Downhole scale in the formation and tubulars. 

• Surface water handling bottlenecks.

• Corrosion failures (subsurface and surface).

• Additional treatment costs.

• Reduced profits from increased operating and capital
costs. 

Water management practices are an integral part of effective
well and reservoir management to avoid various water produc-
tion problems, which present major challenges in the oil and
gas industry. Many strategies have been used in the industry to
control water production, both in producer wells and in injec-
tor wells. There are many water control methods available in
the industry, including mechanical and chemical methods;
sometimes a combination of both methods is used. 

With the advent of horizontal drilling technology, unique
opportunities have been seized to enable efficient and effective
water management via horizontal wells. More complex wells
of various types and shapes have been drilled and completed.
The benefits of drilling these wells not only include a reduction
in development and operating costs because of the lower num-
ber of wells, but also improvement in the reservoir perform-
ance and in the management of fluid movements. These
complex wells are drilled with various objectives, which may
include, but are not limited to, increased production, enhanced
reservoir characterization, improved sweep, maximized recov-
ery and efficient reservoir management. 

Water management practices implemented for effective wa-
ter control and to sustain oil production in two different areas
of a major field are presented in this article. One exemplifies
water management practices in a conventionally developed
field, and the second describes drilling conformance technol-
ogy utilizing smart maximum reservoir contact (MRC) wells.   

INTRODUCTION

The subject field consists of three main segments: area-I, area-
II and area-III. Initial production from area-I started in 1996,
followed by area-II in 2003, and finally area-III began produc-
tion in 2006. These areas were developed over a span of about
two decades, which offers a unique opportunity for gauging
the impact of various technologies. A separate gas-oil separa-
tion plant (GOSP) serves each production area. All GOSPs are
equipped with wet crude handling facilities to desalt the crude
oil and separate the produced water. The produced processed
water is then injected back into the flank of the same reservoir,
usually below the original oil-water contact1.

Advancements in Well Conformance
Technologies Used in a Major Field in Saudi
Arabia: Case Histories

Authors: Ahmed K. Al-Zain, Mohammed A. Al-Atwi, Ahmed A. Al-Jandal, Rami A. Al-Abdulmohsen and Hashem A. Al-Ghafli
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• Earlier well abandonment. 

KEY ASPECTS OF WELL CONFORMANCE

The key to successful well conformance is the production strat-
egy, from project planning to production, with a focus on de-
veloping an oil field to ensure sustainable oil production and
maximize oil recovery. Once the field is on production, the fo-
cus is shifted to excellently managing the reservoir by acquir-
ing well and reservoir data. The data collection requirements
are part of the field’s surveillance master plan. Well surveil-
lance and data acquisition are vital processes to effectively and
continuously communicate with the reservoir to fully under-
stand the response of fluid movements and to make the neces-
sary adjustments to production and injection plans on a
well-by-well or region-by-region basis in the face of any unde-
sirable anomalies. 
The production and injection plans that are in agreement

with reservoir responses are then deployed for field implemen-
tation. Collaboration among stakeholders is very important to
ensure compliance with well production and injection rates.
One of the useful checks and balance tools is to employ the
concept of well target rates for oil producers and water injec-
tors. The target rate compliance is then cross-checked fre-
quently and reported monthly to management. Next is a brief
discussion of this exercise.

COMPLIANCE WITH WELL TARGET RATES 

Oil Production Side

Every oil producer serving a GOSP area is assigned a target
rate and a production priority. The wells are listed with the
higher producing wells at the top, giving them higher priority.
This list, called production priorities, reflects the reservoir and
production management strategy. The wells with top produc-
tion priorities are the first to be flowed to meet the oil target
rate of the GOSP area while limiting produced water. Wells at
the bottom of the list, and so beyond the GOSP target rate, are
to be shut-in as standby wells or as alternatives to replace a
shut-in high priority oil producer — one that, for instance, is
closed for well service jobs. 
Wells are rate tested frequently, or continuously in the case of

the intelligent field, to ensure compliance with assigned target
rates. The wells may be choked or relaxed, via a surface choke
valve installed on the well flow line, to meet the assigned target
rates. The objective of well restriction is to balance oil produc-
tion with water injection, optimizing drawdown on each well
to sustain oil production and slow water encroachment. Table
1 shows a typical monthly report for oil rate compliance in the
subject field.

Water Injection Side

Likewise, a water injection target rate is assigned to every in-
jector. Injection well rates are measured continuously via on-
line meters. Every well is equipped with a surface choke valve
to allow adjusting water flow to the assigned target rate. The
injection target for every well is set such that a predetermined
inflow performance rate is achieved for that well and area of
the field. The objective is to balance the water injection with
oil withdrawal while maintaining a healthy reservoir pressure
and ensuring good oil sweep. Table 2 shows a typical monthly
report for water rate compliance.

WATER MANAGEMENT PRACTICES

Excessive unwanted water production is one of the undesirable
responses of fluid movement in the reservoir and a major con-
cern since it may lead to negative consequences, including re-
serve and ultimate recovery loss. Therefore, every opportunity
has to be taken to enhance stringent water management strate-
gies to maximize oil production, conserve reservoir energy, 
reduce operation costs and protect the environment. Water
management is an integrated process that involves both sub-
surface and surface facilities, including separator retrofits, sys-
tem debottlenecking, pump upgrading, piping enlargement and
disposal well additions4, 5.
Water management practices implemented for effective wa-

ter control while at the same time sustaining oil production in
two different field areas are presented next. One exemplifies
water management practices in a conventionally developed
field, and the second describes drilling conformance technol-
ogy utilizing smart maximum reservoir contact (MRC) wells. 

A rea % Complying 
Wells

% Wells Over 
Target

% Wells Under 
Target

I 97 2 1

II 100 0 0

III 100 0 0

Total 99 1 0

T         

        

        

  
 

   
 

                       

Table 1. Oil rate compliance for a typical month

         

        

Area % Complying 
Wells

% Wells Over 
Target

% Wells Under 
Target

I 83 0 17

II 100 0 0

III 93 0 7

Total 91 0 9

T         

  
 

   
 

                       

Table 2. Water rate compliance for a typical month
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existing vertical and horizontal wells. This technique has been
successful in recovering the remaining unswept oil in areas
with a thin remaining oil column while preserving the water
underneath. Short radius horizontal recompletions like this are
preferred to conventional water shut-off jobs because short ra-
dius horizontal wells produce at a lower drawdown pressure.
A lower drawdown pressure minimizes water breakthrough
and sustains oil production for a longer time compared to rig-
less water shut-offs. In addition, short radius horizontals cost
66% less than drilling new horizontal wells. In high risk areas,
the well is usually completed with inflow control devices
(ICDs) to evenly distribute production contributions along the
pay zone, which improves the oil sweep and defers any prema-
ture water enchroachment7, 10.

For instance, Well-B was drilled and completed as a hori-
zontal open hole producer at the top of the reservoir in a ma-
ture location. The well showed a rapid water cut increase and
ceased to flow at a water cut above 70%. Accordingly, the
well was sidetracked in a different direction in the top 10 ft of
the pay zone. Because operators encountered complete loss 
circulation while drilling the horizontal section, the wall was
equipped with an ICD completion. Figure 2 shows the water

WELL CONFORMANCE IN A CONVENTIONAL FIELD:
AREA-I 

Initially, area-I was developed using mainly vertical wells.
Most wells are generally completed open hole. The last casing
or liner is set at the top of the reservoir, which is then drilled,
penetrating all zones to some point below the base of the reser-
voir. With the advent of horizontal drilling and for various
strategic reasons, infill wells have been completed as horizon-
tal producers throughout the field during the last two decades.
As water encroaches into the wellbore, the water is monitored
and evaluated using different diagnostic tools. These tools in-
clude rate tests, surface fluid samples, production logs, satura-
tion logs, etc. The purpose of this diagnostic work is to
identify the type of water and its point of entry. If the water is
identified as unwanted water, a remedial action to shut off the
water is considered using different approaches, based on the
severity of water encroachment.

Rigless Water Shut-offs

One option is to use rigless methods, such as wireline, to run
bridge plugs or coiled tubing (CT) for cement squeezing, which
involves plugging back perforations with cement or calcium
carbonate chips capped with cement. The wireline option is
very cheap. Through tubing bridge plugs deployed on an elec-
tric wireline have proven to be very effective on vertical wells
and are used routinely to shut off unwanted produced water
throughout the field. Depending on various factors related to
geological complexity, rock properties and the shortness of the
remaining oil columns, the treated well can last from a few
months to 18 months on production before it ceases to flow6, 7.

In the case of horizontal wells, more sophisticated methods
using CT are used to shut off water production. The CT is
used to deploy mechanical tools and chemical treatment fluids.
These chemical and mechanical treatments on horizontal wells
have been used with limited success8, 9. 

For example, Well-A is completed as a cased hole horizontal
producer at the top of the reservoir in a mature area. The well
began to exhibit high water cut and ceased to flow with a wa-
ter cut above 60%. A water shut-off job, using a through-tub-
ing inflatable plug, was performed to shut off the watered out
perforations. The inflatable plug was deployed and set across
the 4½” liner using a CT. Figure 1 shows the water cut per-
formance before and after the water shut-off. Afterward, the
well achieved its target oil rate of 1.5 thousand barrels per day
(MBD) with a water cut of less than 20%. This performance
has been sustained for about 12 months.

Horizontal Recompletions

The second option is to sidetrack a watered out well and drill
horizontally in the top 10 ft of the pay zone to maintain maxi-
mum distance from the water zone. This option is viable for

Fig. 1. Water cut performance for Well-A.

Fig. 2. Water cut performance for Well-B.
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cut performance before and after the sidetrack for Well-B. Af-
ter the sidetrack, the well produced 3 MBD of oil at less than
20% water cut. The well has a sustained flow at its target rate
with a water cut of less than 20% for more than two years.

Figure 3 compares the number of historical rigless water
shut-offs with that of horizontal sidetracks for area-I. During
the seven-year review period, the engineering tendency was to
select the sidetrack option more frequently than the rigless
shut-offs; there were 68 horizontal sidetracks drilled as com-
pared to 18 rigless water shut-offs for the period. The prefer-
ence for horizontal sidetracks is to a large extent related to the
area’s geological complexity, rock properties and a thin re-
maining oil column. The horizontal recompletions have been
found to considerably prolong well oil production with limited
water production. The performance of water cuts for Well-A
and Well-B demonstrates this fact.

Area-I Field Performance

Figure 4 shows the positive impact of stringent compliance
with well target rates and of implementation of water manage-
ment practices in area-I. The oil production rate was main-
tained at the desired target while keeping the water cut below
20% for the seven years of review. 

WELL CONFORMANCE IN A SMART MRC FIELD: 
AREA-III

Area-III posed a variety of challenges that ruled out a conven-
tional field development. Geological complexity, characterized
by reservoir heterogeneity in rock properties and the presence
of fault and fracture systems, governs the fluid mechanism in
this part of the field. The degraded reservoir quality of area-III
limits the productivity of wells. Therefore, the area was devel-
oped mainly with MRC wells and equipped with smart com-
pletions having intelligent field capabilities. The driving force

for this type of field development has been intensively investi-
gated in other literature. The bottom-line objective is to sus-
tain oil production on a long-term basis while avoiding
premature water breakthrough1-3.  

Description of Smart MRC Well Completion

A typical MRC well is a trilateral or quadrilateral well. Figure
5 shows a schematic of a typical smart trilateral well. The well
is drilled as an 8½” mainbore and cased with a 7” liner, set
horizontally into the top of the producing interval. A 6⅛” hor-
izontal open hole is then drilled as a mainbore extension — the
motherbore, L0. Then two 6⅛” open hole horizontal side-
tracks, L1 and L2, are drilled by opening windows in the 7”
liner across the motherbore. After drilling, a smart completion
is installed with smart completion assemblies, including a
zonal isolation packer and flow control valve across each lateral.
Control lines are extended from each assembly to a surface
control panel to operate the flow control valve. Each valve has
11 choke positions, ranging from fully closed to the equivalent
of the tubing flow area. The lateral flow can be restricted to
different degrees using the remaining choke positions; the goal

Fig. 3. Historical rigless water shut-offs and horizontal sidetracks in area-I.

Fig. 4. Water cut trend showing the positive impact of well conformance practices
in area-1.

Fig. 5. Schematic of a typical MRC smart trilateral well.
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is to produce the lateral at an optimum oil production rate and
limit water production. Generally, laterals are produced all to-
gether, honoring the commingled production target specified
for that well. 

Utilization of Smart Completion in Water Management

The production performance for a smart MRC well is moni-
tored very closely. Once premature water production is ob-
served, comprehensive rate tests are performed while
manipulating the downhole choke valve for each lateral to de-
termine the source of the unwanted water that risks oil pro-
duction. In addition, rate tests of production from all laterals
commingled are carried out to decide on the final choke setting
for each lateral’s valve. 

For example, Well-C was observed cutting water, and the
water cut increased gradually to 51% while L0, L1 and L2
produced at downhole choke positions of 5, 6 and 7, respectively.
Accordingly, intensive rate tests were carried out for every lateral
by manipulating each one’s downhole flow control valve. Fig-
ure 6 shows the inflow control valve (ICV) choke performance
and rate results for the mainbore. It is clear that the mainbore
is cutting water at the low choke position of 3; the water cuts
increase from 6.8% at the first choke position to 38.6% at the
third choke position. L1 showed a similar performance to that of
L0. Unlike the other laterals, the ICV choke performance of L2
was very promising, Fig. 7; the water cut trend remains almost
flat below 19%, indicating no sensitivity to the choke position.

In addition to the individual testing of each lateral to deter-
mine its rate performance, tests were performed on the pro-
duction of all laterals commingled together to assess the well
performance. Rate tests are performed for three or more choke
position scenarios. Table 3 shows the results of the commin-
gling rate tests for a typical smart MRC well, Well-C. The first
scenario, showing the optimum oil production of about 10
MBD with the least water cut of 3.4%, was subsequently 
selected as the production rate target for that well.   

Area-III Field Performance

Area-III was the first Saudi Aramco development project to be
developed exclusively using MRC wells with ICVs for flow
control. The value gained from using smart MRC wells is de-
picted in Fig. 8. The required oil production rate was sustained
while keeping the water cut below 10% for the first seven

Fig. 6. ICV choke performance for the Well-C mainbore.

Fig. 7. ICV choke performance for L2 in Well-C.

         

        

        

        

Downhole Choke 
Position

Production Data

Scenarios L-0 L-1 L-2
Oil Rate 
(MBD)

Water 
Cut (%)

1st 1 1 10 10.7 3.4

2nd 3 1 10 10.2 11.3

3rd 3 3 10 9.2 18.9

T                        Table 3. Rate results of tests run for three choke position scenarios with all
laterals commingled in Well-C, a typical smart MRC well

Fig. 8. Water cut trend in area-III showing the value of smart MRC wells.
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years of production. The smart completion, employed while
drilling conformance technology, proved to be necessary to en-
sure production sustainability in the face of premature water
encroachment despite the geological complexity of the field. 

CONCLUSIONS

Crude oil production sustainability, as demonstrated by this ar-
ticle, is a direct result of strategies that ensure adherence to
pragmatic practices to facilitate conformance in response to
various factors related to fluid movements in structurally com-
plex reservoirs. The success of well conformance is attributed
to the selection of techniques that fit in the right circum-
stances. This selection accuracy would not materialize without
well surveillance and data acquisition programs to sustain the
flow of data to practicing engineers — the decision makers
who, through continuous observation and learning, respond
agilely to changes to comply with strategic objectives. Below
are the main lessons learned:

• The key to successful well conformance is the field
development strategy, extending from the initial stage to
the final stages of the project. A long-term perspective
offers opportunity for technology exploitation.

• The advent of horizontal drilling technology and
geosteering capability in near real time has shifted the
reliance on conventional water shut-offs to horizontal
recompletions.

• Following the evolution of smart technologies, MRC
smart completions became necessary to ensure
production sustainability in the face of premature water
encroachment in highly complex geological regions of
faults and fracture systems. 

• Whether it is a conventional or smart field, collab-
oration among stakeholders is vital to manifest such
successful accomplishments.  
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