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1. Artificial Lift

1.1 BP ALASKA/NOWCAM (SPOOLABLE GAS LIFT)

BP Exploration and Nowcam installed the first spoolable coiled-tubing gas-lift completion at Prudhoe
Bay in November 1992 (Walker et al., 1993). Significant cost savings were achieved despite several
aspects of the job that can be improved in future efforts. The system consisted of special gas-lift valves
attached inside a string of coiled tubing. The recompletion was capable of being run in under pressure
without stopping to install valves.

Previously, standard side-pocket slim-hole eccentric or concentric mandrels have been run on coiled-
tubing strings. These mandrels have had a larger diameter than the coiled tubing, requiring that the coiled
tubing be cut during installation at each gas-lift station. An access window below the injector (Figure 1-1)
is used for installing the mandrels.
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Figure 1-1. Access Window for Installing Side-Pocket Gas-Lift Mandrels
on Coiled Tubing (Moore et al., 1993)
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BP Alaska and Nowcan developed a system that eliminated the external upsets from the mandrels to
allow spooling and rapid deployment. The first well so equipped (Well R-12) had declined and become
unable to sustain stable flow. The well was completed with a 7 x 5%-in. tapered production string
(Figure 1-2) with existing side-pocket gas-lift mandrels.
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Figure 1-2. Well R-12 Wellbore Schematic (Walker et al., 1993)
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For this first job, a 1-in. diameter gas-lift valve was fitted inside 2%-in. coiled tubing. These were
chosen to provide an optimum balance between flow restrictions within the coiled tubing and gas-lift valve
performance. The completion was designed so that the receptacle of the valve could remain rigid during
spooling. The rest of the mandrel was flexible encugh to assume the radius of curvature (Figure 1-3).
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Figure 1-3. Spoolable Gas-Lift Valve Design (Moore et al., 1993)
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Nowcam's design testing showed that spoolable gas-lift valves are feasible in 1%-in. and larger coiled

tubing. Due to flow restrictions, best performance is obtained within 2-in. and larger coiled tubing.
Specifications for the initial system are shown in Figure 1-4.
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QVERALL LENGTH

(GAS LIFT VALVE) 15,230 N,
COILED TUBING SIZE 2-3/8" 0.0. X 1567 WALL
WORKING PRESSURE (MANDREL) 5,000 FSI

Figure 1-4. Spoolable Gas-Lift Valve Specifications (Moore et al., 1993)

Full-scale spooling tests were conducted with the prototype. Ten spooling cycles were performed.

Valve opening pressure did not deviate as a result of spooling. Likewise, tensile strength of the mandrel
was unaffected by spooling.



For recompleting well R-12, four spoolable valves were installed in a 10,076-ft string of 2% x 0.156-
in. coiled tubing. Before the coiled tubing was deployed, wireline was used to set a 10-ft polished bore
with a flapper valve in the existing landing nipple (Figure 1-5).
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Figure 1-5. Polished Bore with Flapper Valve (Moore et al., 1993)

A 10-ft seal assembly and 10-ft production tube were attached to the coiled-tubing string. This
assembly was stabbed into the polished bore, holding the flapper valve open. The coiled tubing had to be
cut in the field for installation of the SSSV. A spoolable SSSV was not available in time for this job.

Major problems during this first job included:
¢ Fine threads on the coiled-tubing connectors cost too much time while installing the

SSSV. Later designs will remedy this problem.

® Jce build-up on the gripper blocks threatened job safety by causing the coiled tubing to
slide. This can be avoided in future jobs by running a check valve on the bottom that
will allow circulation of warm fluid during run-in.

® After unloading the well, the lowest gas-lift valve was apparently plugged. In the
future, production tubing should be pickled to ensure clean tubing.
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After the recompletion, well R-12 stabilized at 750 BFPD at a 65% water cut with a lift gas rate
of 1.5 MMscfd. Total running time in the field was 18 hours. Six hours were needed to install the SSSV;
4 hours was downtime due to gripper-block icing.

Costs for this job were 32% of conventional costs (Walker et al., 1993). BP Alaska planned to
continue using this system and improve the design by adding a spoolable SSSV system, thus making the

entire system “slick”.

1.2 MOBIL E&P (ESP ON COILED TUBING)

The first electric submersible pump (ESP) deployed on coiled tubing was installed by Mobil E&P
(Lidisky et al., 1993). Other team members included Nowcam Services, Reda and Quality Tubing. The
viability of this method was demonstrated for installing and servicing ESPs in areas where conventional

rigs are not an economic option for servicing these wells.

The ESP system consists of a pump, power cable, and surface electrical controls (Figure 1-6). This
method has the broadest range of capacities for artificial lift. Flow rates can range from 100 to 95,000
BPD at depths up to 15,000 ft and at temperatures up to 450°F (Lidisky et al., 1993).
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Figure 1-6. ESP Application (Lidisky et al., 1993)
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The primary variation for this method as compared to typical coiled-tubing operations is the use
of a work window (Figure 1-7). This is used provide room below the injector and above the wellhead to
pick up the pump assembly and to band the power cable to the coiled tubing during run-in.

The pump was designed to
lift 1400 BFPD through 13% x
0.109-in. coiled tubing. The
increase in friction due to using a
smaller tubular than a typical 2% ﬁ:l’:» j—ﬂ
or 2%-in. string was calculated as T0P PLATE ——

ASSEMBLY

153 psi (353 ft of hydrostatic
head) based on Hagedorn and
Brown correlations (Figure 1-8). t

To account for this extra pressure

INJECTOR HEAD

ESP POWER
CABLE SPOOL

COILED
TUBING
-~ CONNECTOR
(TOP sua)

IRAT—— co1LED
TUBING

resulting in an increase in cost of ~= — TeoTson SuB)
$1596. Power for the additional
hp was estimated to cost over \

$1800/yr.

drop, the pump was designed with ’
18 additional stages. The motor Eggggtﬁm\
size was increased by 13 hp,

COILED TUBING WORK WINDOW

Figure 1-7. Work Window for Deployment
(Lidisky et al., 1993}

FRICTION LOSS IN NOMINAL TUBING AND CT SIZES

3.8 Tt 2.378° 2T

1000 yd Z A
Z - Z
7 ~ 1 3aser
L L
S 7 17

N

N

RN
LN N

N

N

AP A4

/" PE 1727¢t

v V/ V/

100

N

FRICTION LOSS, FT/1000 FT OF TUBING

/I /I — ,/
Z i A yd
717

yd y // |

| ANy 21 4 ]‘

/ i |

ol /1 A

100 1000 10000

FLOW RATE, BPD

FIGURE

Figure 1-8. Friction Loss in Coiled Tubing (Lidisky et al., 1993)
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A structural analysis was performed to determine the capacity of the coiled tubing for the ESP
operations. The tubing was not constrained downhole so that it could move up and down. The structural
cases were modeled: 1) base case—buoyed weight of the tubing, power cable and ESP, 2) flowing load
case—discharge pressure of 1140 psi results in added tension load of 2100 1b, 3) shut-in load case—with
pump still running, a maximum head of 3355 psi is developed. Results of running these three cases (Table
1-1) show that all loads are within required working limits and safety factors.

TABLE 1-1. Coiled-Tubing L.oad Capacity Calculations (Lidisky et al., 1993)

Loads and Load Capacity Design Factore
1-3i inch O.0., 0.108 Inch wali thicknezs Coiled Tubing

Base Case: As Landed, Tubing Hanging Open Ended

Pressure Axial forces API Load Capacity Design Faclors VME Stress

Node Depth Temp External Internai | Difference Above Below Axiai Tension Force Pressure Intensity Design Factor
¥ MD=TVD (K) {F) psi psi psi (Ibs) {lbs) Above Below Above Below Above Below
1 ol &0 3] 8] Q 58 56
1a 1500 4 0 o] 0 26800 2600 142 149 143 143
1b 1970 =< ] 215 215 [} 1400 1400 20 200 =8 %8
2 07 100 254 264 9] 1100 1100 37.2 316 e
28 2078 100 %5 265 4] S00 500 866 634 8.4
3 2080 100 %5 %5 0 100 >100.0 >100.0

Load Case 2: ESP Pumping - Flowline Open

Pressure Axial forces API Load Capacity Design Faclors VME Stress

Node Depth Temp External Internal Ditference Above Below Axial Tension Force Pressure Intensity Design Factor
¥ MD=TVD (f) (F) psi psi psl {Ibs) {Ibs) Above Below Above Below Above Below
1 [ 85 o &© 60 8000 44 =100 4.3
1a 1500 95 0 8% [-<] 4800 4300 82 8.2 29 g9 80 8.0
10 1870 =2} 0 1083 1083 3B00 3_0 113 1.3 77 17 79 78
2 201 100 Q 1138 1080 00 1100 123 76 80
22 2079 100 0 1% 1089 500 2600 15.2 76 82
3 2060 100 0 1140 1090 2000 1688 78 83

Buckling coes not occur Length change at boftom = 3 inches (down)

Load Case 3: ESP Pumping - Well Shut-in

Pressure Axial forces API Load Capacity Design Factors VME Stress

Node Depth Temp External intemal | Difference Above Below Axial Tension Force Pressure Intensity Design Factor
# MO=TVD (tt} ) psi psl pei {ibs) (Ibs) Above Bejow Above Below Above Below
1 Q 80 0 231 2301 1 30 a5 29
1a 1200 o4 ¢} 3086 3086 8a0d 8600 4.4 44 27 2.7 28 28
10 1970 =} 0 k<o) 304 7800 76800 5.2 g2 25 25 27 27
2 207m 100 L.z %64 05 TX0 1100 5.4 25 27
2a 078 10 50 065 06 S00 670 50 25 2.7
3 2080 o] 0 A365 005 6100 65 25 27

Buckling does not occur Length change at botiom = 4 inches (down)
Nodes.

1 0.0 feet coiled tubing at the weilhaad

12) 1500.0 feet depth at siatic Auid level with the ESP shut off
16) 19700 feat depth at producing fuid level ESP pumping
2) 2078.0feet depth at the pump

2a) 2079.0 feet depth below the pump

3) 20800 feet depth below entire ESP sssembly

Fatigue life was considered as it impacted the ESP service life. A running feet limit of 200,000
to 300,000 ft was established based on recommendations of service companies. For this particular case,
the string could be run 96 to 144 times before the fatigue limit was exceeded. Thus, with a safety factor
of 4, this string would last about 24 yr in this application. More likely failure mechanisms are mechanical

damage to the string or localized corrosion.
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Torque requirements were also checked. The capacity of the coiled tubing was more than

sufficient. However, the coiled-tubing connector was modified to increase its torque capacity.

The final downhole assembly is shown in Figure 1-9.

! ) e
i AN i)
. . N 5?:?".[“‘
Figure 1-9. ESP Downhole Assembly (Lidisky et al., 1993)
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The ESP was run to a depth of 2080 feet. Total installation time was 11 hours (Table 1-2). Mobil
stated that this installation took longer than normally required due to necessary rework on the work window.
Without this element, the overall time spent installing the ESP could be reduced by 2 hours.

TABLE 1-2. Coiled-Tubing-Deployed ESP Installation (Lidisky et al., 1993)

Installation Task Hours
1. Initial spotting of equipment and rig-up 1.9
2. Reda eguipment make-up 1.0
3. Final rig-up 31
4. Install connector and pull test 1.7
5. Run tubing and band cables together 1.6
8. Make up tubing hanger and pull test 1.3
7. Land tubing hanger 0.2
8. Rig down work window 0.2

TOTAL

11.0

The use of coiled tubing to deploy this ESP was considered a success.

The single problem

observed after installation was the inability to shoot fluid height down the annulus. Since there are no

tubing collars, it is impossible to read the fluid depth.

Conclusions reached by participants in this effort include the following:

® The design of the work window was effective, allowing safe and efficient installation

* Modeling/calculation of the loads and forces is required to properly size the coiled

tubing

® Due to the differences in standard coiled-tubing operations and ESP installation, a crew

experienced in both fields is recommended

e ESPs deployed on coiled tubing offer an economic alternative in many marginal

prospects

1.3 MARATHON OIL (JET PUMP)

Marathon Qil designed a concentric coiled-tubing jet pump for well Ezzaouia #8 in eastern Tunisia

(Nirider, 1994). After original completion, the well was never able to sustain steady production.

Completion design (Figure 1-10) included 9%-in. casing plugged back with 3%-in. tubing and a production

packer.
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Figure 1-10. Ezzaouia #8 Wellbore Schematic (Nirider, 1994)

Modeling analyses indicated that the well could flow with smaller tubing or artificial lift. Lack of
availability of workover rigs prevented the most obvious remediation: tubing change-out and installation
of rod-pumping equipment. Instead, Marathon chose an innovative artificial lift system consisting of a jet
pump run on coiled tubing. Their design is shown in Figure 1-11.
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Figure 1-11. Wellbore with Coiled-Tubing Jet Pump (Nirider, 1994)
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To install the slim-hole jet pump, 375 ft of 1'4-in. coiled tubing tail pipe will be run and set with
a hydraulic packer above the holes in the 3'4-in. tubing. After the packer is set, a disconnect releases the
setting tool and leaves a polished bore receptacle looking up. The stinger seal assembly, jet-pump housing
and landing nipple are stung into the polished bore receptacle and packed off and hung at the surface.

Normal operating parameters for the jet pump (Figure 1-12) are 3500 psi and 300 BPD of power
fluid. Throat and nozzle combinations can be changed by reversing flow and pumping the assembly into

the catcher.

POWER FLUID PORTS

TOP SUB

COLEMAN
NOZZLE PUMP

SUCTION PORTS

f—— PUMP SEAT AND DIFFUSER

el PUMP HOUSING

F—— DISCHARGE PORT

OFFSET SUB

Figure 1-12. Slim-Hole Jet Pump (Nirider, 1994)

Primary obstacles in the design included locating a small jet pump with high flow capacity. Only
one potential product was found, and it has been used primarily to de-water coalbed methane wells. Other

difficulties were in selecting a packer that would allow predicted tubing movement. Unbalanced forces
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were expected to create a significant downward force during operation. A hydraulic single-grip packer

with a polished bore receptacle and seal assembly was chosen for this application.

1.4
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2. Buckling
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2. Buckling

2.1 THEORY
2.1.1 Maurer Engineering/Texas A&M

Maurer Engineering and Texas A&M (Wu and Juvkam-Wold, 1993) analyzed coiled-tubing
buckling and drag with special consideration for drilling and completion operations. They derived
modified equations for helical buckling forces, bit weights attainable, and maximum horizontal length that
can be drilled with coiled tubing. Full details of their mathematical models are presented in their paper.

A sample of results obtained with their buckling models is presented in Table 2-1 for vertical
and horizontal wells. Loads shown for vertical wells include F_, ,, = critical (sinusoidal) buckling load at
bottom of tubing; Fy, , = helical buckling load at bottom of tubing; and Fy , = buckling load at top of

helically buckled tubing section. For horizontal wellbores, critical (sinusoidal) and helical buckling loads
are shown.

TABLE 2-1. Buckling Loads for Coiled Tubing in 374-in. Well (Wu and Juvkam-Wold, 1993)

ColledTubtng : Vortical Wellbore © |- Horizontal Wellbore
-0D. ID. | Welght Fep Frap | Frar - Fy < Fhel
(In) | () | (o) | @by [ - @n [ {@bh |- (b - - _(bh) -
2.375 2.063 3.7 288 628 16 5369 9817
2 1.688 3.07 212 461 12 3317 6066
1.75 1.438 2.66 167 363 9 2334 4268
1.5 1.376 2.24 125 273 7 1572 2874ﬁ_j

The data in Table 2-1 show that, once coiled tubing is in compression in a vertical well, little

added load is required to initiate buckling. Loads to initiate buckling in horizontal wells are significantly
higher than in vertical wells.

Wu and Juvkam-Wold found that curved sections have increased buckling limits. Figure 2-1
compares critical buckling loads for 2-in. coiled tubing in the build section of a 3%-in. well for various
build rates. In typical coiled-tubing operations, compressive loads will usually not exceed these critical
values; consequently, coiled tubing in the build section does not usually buckle.
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Sinusoidal Buckling Load in Build Section
(2" coiled-tubing in 3.875" buiidup wellbore, 8.6 ppg mud)
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Inclination angle, degrees

L

Figure 2-1. Critical Buckling Load in Build Section (Wu and Juvkam-Wold, 1993)

While drilling a vertical well with coiled tubing, all of the string weight will not be available
at the bit. A portion of the weight is offset by friction losses due to buckling. The maximum load
transmitted to the BHA is shown in Figure 2-2 for a 4.052-in. vertical well with several sizes of coiled
tubing. Load at the bottom approaches a limiting value for each wellbore/tubing combination for a zero
hook load.

—
‘ Maximum Transmitted Load by "Slacking-off* o Zero Hook Load
‘» (4.052" wellbore, B.6 ppg mud, p = 0.3)
g 10000
£
-3 8000 ¢
I ©
8
£35S 6000 |
==
c T
E3 4000l
E
3
E 20001 S/
X 7 ———z35CT - —e—- TET  sevee-es 115 CT
= 0L . — -
‘ o 2000 4000 6000 8000 10000

| Vertical wellbore depth, ft

Figure 2-2. Maximum Transmitted Load in Vertical Well (Wu and Juvkam-Wold, 1993)

“Lock-up” of coiled tubing in a horizontal well occurs when no additional load is transferred
to the bottom even though the pushing load increases. The tubing will yield before the pushing load
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approaches infinity. The maximum compressive load that will yield 70-ksi coiled tubing is plotied in
Figure 2-3. These data show that coiled tubing will yield at relatively low loads after buckling helically
in large wellbores.

Helical Yield Load for Coiled Tubing {yield strength 70,000 psi)
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Figure 2-3. Yield Loads for Buckled Coiled Tubing (Wu and Juvkam-Wold, 1993)

Lock-up is evident when the hook load goes to zero (ignoring any snubbing loads). Figure 2-4
shows an example hook-load plot for drilling a horizontal well. For the case where a 2000-1b WOB is
required, the maximum depth attained is 7660 ft when the hook load goes to zero.

Maximum Horizontal Section Length
(4.025 vertical wellbore, 8.6 ppg mud, p = 0.3)
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0 : — |
0 2000 4000 6000 8000 10000
Vertical wellbore depth, fi

Figure 2-4. Hook Loads for Drilling a Horizontal Well with Coiled Tubing
(Wu and Juvkam-Wold, 1993)
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The length of horizontal section that can be drilled before coiled tubing yields (Figure 2-5) is
limited due to buckling forces in both the vertical and horizontal sections. These data assume a 4.052-in.
wellbore, 1000-I1b WOB, 15°/100 ft build rate, and friction coefficient of 0.3. Snubbing forces from the
injector were not considered.

Hook Load Graph
2" coiled tubing
14000 - 25 deg/400ft build rate
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S < 8000
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c g
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]8: 2000 bit weight weig

0 S -

0 2000 4000 6000 8000 10000 12000
Measured depth of bit, ft

L |

Figure 2-5. Maximum Length of Horizontal Section Drilled with Coiled Tubing
{(Wu and Juvkam-Wold, 1993)

Wu and Juvkam-Wold presented several conclusions regarding their analyses of coiled-tubing
drilling limits:

» In wells from 0-70° inclination, buckling is initiated near the bit and progresses upward.
In 70-90° wells, buckling starts where critical loads are first exceeded, often at the heel
of the well, and then progresses toward the bit.

¢ Coiled tubing rarely buckles in curve sections of horizontal wells due to effect of
curvature.

¢ Wall contact force and frictional drag increase substantially after tubing helically buckles.
* Coiled tubing may yield before lock-up occurs.

¢ Buckling, yielding and lock-up are less with smaller holes or larger tubing.

2.1.2 Rogaland ear

Rogaland Research (He and Kyllingstad, 1993) derived an improved formula for predicting
critical buckling loads for coiled tubing. Their analysis takes into account wellbore curvature. Their
mathematical model compared favorably with laboratory test results using a small scale model. They also
compared model predictions with results from a horizontal well in the North Sea.
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The experiences of many in the coiled-tubing service industry showed that coiled tubing can
be used successfully at forces exceeding the Dawson and Chen et al. formulas for critical buckling and

helical buckling, respectively. The use of the critical buckling load as an operational limit is deemed as
too conservative.

He and Kyllingstad state that two problems exist with the use of these accepted formulas:
1) these formulas do not account for the effect of wellbore curvature and 2) it is assumed that operations
are not feasible if the critical buckling force is exceeded. They developed a new formula that included
inclination and azimuth build rates in the buckling calculation. Their mathematics are described and

presented in detail in their paper. Trends predicted by their models are shown below.

He and Kyllingstad considered normalized inclination and azimuth build rates and their impact
on the normalized critical buckling force. In Figure 2-6, critical buckling force is plotted as a function of
inclination build rate for three values of normalized azimuth build rate (a;). The solid curve (a; = 0) is
for the case of no azimuth change.
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Figure 2-6. Curvature and Critical Buckling Load (He and Kyllingstad, 1993)
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Their analysis suggested that

g

buckling limits are very sensitive to wellbore

:

curvature rates. An example horizontal well
profile (Figure 2-7) was used to compare

buckling forces with and without considering

VERTICAL DEPTH [M]
B3
=

2400} curvature (Figure 2-8). In the build section,
buckling forces are up to 40% higher when
2600} . .
the curvature is considered.
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3006 —— - -
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Figure 2-7. Example Horizontal Well Profile
(He and Kyllingstad, 1993)
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Figure 2-8. Critical Buckling Forces in Example Horizontal Well (He and Kyllingstad, 1993)

He and Kyllingstad's formula predicts a longer reach before coiled tubing buckles than do standard
formulas. Slack-off forces in the example horizontal well (Figure 2-9) show that the tubing can be pushed an
additional 290 meters if curvature is taken into account. Coiled tubing used in the example is 1% x 0.134 in.
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Figure 2-9. Slack-Off Forces in Exampte Horizontal Well (He and Kyllingstad, 1993)

Simulated axial force transmitted through a string of coiled tubing in a horizontal well is plotted

in Figure 2-10. The steep, straight sections of the curves represent force transmission before buckling
occurs, The critical buckling load is 5.5 kN (1.2 kip) for this 1'4 x 0.125-in. tubing in a 5-in. wellbore.
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Figure 2-10.
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50

ingstad, 1993)

He and Kyllingstad concluded that wellbore curvature has a significant effect on critical

buckling loads for coiled tubing and should be considered in the analysis. They found that a positive
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inclination build rate generally increases the critical buckling load; moderate negative inclination build rates

decrease critical buckling load. Azimuth build rates also increase critical buckling load.

2.1.3 Schlumberger Dowell (Limits for nded-Reach ration

Schiumberger Dowell (van Adrichem and Spruill, 1993) conducted a study to investigate the
feasibility of running coiled tubing to a measured depth of 30,000 ft. Justification for considering such a
large displacement comes from operators planning ultralong-reach wells. If a well with a 30,000-ft
displacement were drilled, could it be entered to TD with coiled tubing? Cost savings push the drive to
achieve greater displacements from the surface location, especially in the offshore environment, where
fewer platforms might be required to develop a field.

Impressive depth records have been set in coiled-tubing workover operations, including 1-in.
strings to about 25,000 ft and 2-in. strings to 10,000 ft. For a well with a 30,000-ft displacement to be

economic, it must be able to be worked over with standard equipment.

Schlumberger Dowell ran numerous simulations with their coiled-tubing models to calculate
drag and buckling limits for an example well. The profile used in the analyses is shown in Figure 2-11.
The well is vertical down to 1800 ft, then turned to 72° inclination at a rate of 15°/100 ft. Production tubing
(3'2 in.) is set from surface to 25,000 ft. The final 5000 ft is 7-in. casing.

3000 I~

TN

6000 N

9000

True Vertical Depth [ft]

12000 . - —— —
10000 20000 30000

Radial Displacement [fi}
Figure 2-11. Well Profile Used in Simulations (van Adrichem and Spruill, 1993)

Maximum hanging depth for coiled tubing to not exceed 80% of material yield strength
in a vertical well is about 16,000 ft (70-ksi tubing). Longer lengths can be run in inclined wells. Figure
2-12 shows the percentage of yield achieved for a 16,000-ft string as a function of wellbore inclination.
A crossover from tension to compression occurs at the critical angle of about 72°. Wellbores at this angle

allow the greatest lateral reach.
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Figure 2-12. Yield Stress in a 16,000-Ft String (van Adrichem and Spruill, 1993)

The expected loads for running in and out of a 72° wellbore (Figure 2-13) show that during
run-in (dashed line) the increasing weight of the tubing is offset by frictional drag.
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Figure 2-13. Weight Indicator Loads for 72° Well (van Adrichem and Spruill, 1993)

Modeling runs showed that a siring of coiled tubing could be run to bottom in the 30,000-ft
example weil. However, stress levels would reach 82% of yield, exceeding the standard 80% safety limit.
A tapered string was designed to prevent stress levels from exceeding the 80% maximum. String design
consisted of 12,000 ft of 0.095-in. wall; 8000 ft of 0.102-in. wall; 4000 ft of 0.109-in. wall; 2000 ft of
0.125-in. wall; 2000 ft of 0.134-in. wall; and 2000 ft of ¢.156-in. wall.



This optimized tapered design causes the maximuim stress to be decreased to 62% of yield
(Figure 2-14). The use of 100,000-psi yield material in a tapered string would allow the maximum stress

to be reduced to 42% yield in the example well.
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Figure 2-14. Tensile Stress for Uniform and Tapered Coiled-Tubing Strings
(van Adrichem and Spruill, 1993)

As noted, the maximum penetration is achieved in a wellbore inclination of 72°. At higher
angles (Figure 2-15), maximum penetration decreases to about 8000 ft in a horizontal (90°) wellbore.
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Figure 2-15. Maximum Penetration Versus Inclination Angle (van Adrichem and Spruill, 1593)

Build rate in the curve section also impacts maximum penetration. Schlumberger Dowell ran
simulations with build rates from 1°/100 ft up to 100°/100 ft (Figure 2-16). The maximum loss of
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penetration due to shorter radius build rates was 2200 ft at an inclination of 81°. It is interesting to note

- that build rate has almost no effect on achievable penetration for wellbores with inclinations near 72° or 90°.
30000 |
s
. f 20000
g
-
weoo V| s
| |
0 T T 1 T
72 75 78 81 84 87 90 93
Deviation [Degrees|
D ——
Figure 2-16. Maximum Penetration Versus Curve Section Build Rate
(van Adrichem and Spruill, [993)

The effect of larger casing below the production tubing was analyzed. Simulation runs showed
no difference for either 5- or 9%-in. casing. Apparently, this relatively short 5000-ft interval of casing
does not impact buckling to a significant degree.

AA
| The effect of changing production-tubing diameter is more significant (Figure 2-17). Deeper
penetration is achieved with smaller production tubing, especially in the range of 75-87° inclination. The
maximum difference is at an angle of 79° (6600 ft less with 3%-in. than with 2%s-in.).
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Figure 2-17. Maximum Penetration Versus Production Tubing Size (van Adrichem and Spruill, 1993)
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A final geometric variable considered was depth of the kick-off point (Figure 2-18). At
inclinations of 83° and greater, every 1000-ft increase in kick-off depth resulted in a 1000-ft increase in

penetration.
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g h\- »
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10000 —
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Figure 2-18. Maximum Penetration Versus Kick-Off Point Depth (van Adrichem and Spruill, 1993)

Beyond wellbore design considerations, other concerns must be addressed to determine the

practicality of coiled-tubing operations in a 30,000-ft well. Spool weights are compared for various sizes

and metallurgies in Table 2-2.

TABLE 2-2. Spool Weights for 30,000-Ft String (van Adrichem and Spruill, 1993)

Tubing(0D) .|  70KQbs) - "- 70K Taper(ibs) | ~ 100K(bs) ~ | = Titanium(ibs) W
1% in. 35,160 39,230 32,430 18,780
1% in. 42,750 47,700 39,390 24,750
1% in. 57,360 63,830 57,300 33,180
Empty reel package weight: 16,000 |b

Pump rates that could be achieved were also considered. Pressure drops for fresh water and
brine (11.6 ppg) were calculated (Figure 2-19). Maximum allowable tubing pressure is 5000 psi. The
lower bound in the figure for each size of coiled tubing corresponds to fresh water. The maximum pump
rate for 1%-in. tubing would be about 0.6 BPM with fresh water at 5000 psi.
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Figure 2-19. Pressure Drop and Pump Rate Through 30,000-Ft String
(van Adrichem and Spruill, 1993)

The final parameter considered in the feasibility analyses was whether any useful capacity was

available to perform work after reaching 30,000 ft. Both WOB tensile and pulling capacity are summarized
in Table 2-3.

TABLE 2-3. WOB and Pulling Force at 30,000 Ft (van Adrichem and Spruill, 1993)

WOB PULL
1% In. 625 1bs 7500 lbs
1'4 In. 1200 1bs 7500 lbs
1% In. 2350 1bs 7500 lbs

Schlumberger Dowell concluded that it is feasible to run coiled tubing to 30,000 ft under
certain conditions. These include a wellbore inclination of 72-74° and a tapered work string.

2.1.4 Schiumberger Dowell (Residual-Bending Model)
Schlumberger Dowell (Bhalla, 1994) developed a coiled-tubing buckling model that accounts
for the effects of residual bends in the tubing string. Comparison of results with the model to field
measurements and Schlumberger Dowell's previous buckling model showed good agreement.

After coiled tubing is plastically deformed across the reel and gooseneck, it cannot be
completely straightened. Coiled tubing hangs in the well with a helical curvature after passing through the
injector. This residual curvature results in the generation of lateral loads against the wellbore, which
increase friction and resist forward movement of the tubing.
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The effects of residual bends in coiled tubing have been ignored in most buckling models.
Residual bending results in premature buckling while running in hole. The method most often used to
account for this generally observed tendency is to use different friction coefficients for running in and
pulling out of hole. Schlumberger Dowell has commonly used a friction coefficient of 0.30 for slack off
and 0.18 for pick up, assuming steel-on-steel in an oil-wet environment.

A nondimensional curvature variable versus applied bending moment is plotted for the general
run-in case in Figure 2-20. The elastic unloading as the tubing leaves the reel is represented as path BC
in the figure. After the tubing is plastically bent across the gooseneck, it is again unloaded, this time along
path DE. The final residual curvature is shown by OE (along the x-axis).

L=
v
Nl
A=
L

Figure 2-20. Moment/Curvature Plot for Bending Coiled Tubing (Bhalla, 1994)

Results with the residual-bending model are compared to output from Schlumberger Dowell’s
standard buckling medel (CoilCADE) in Figure 2-21. The friction coefficient is set at 0.18 for both pick-
up and slack-off with the residual-bending model. For CoilCADE, 0.30 is used for slack-off and 0.18 for
pick-up. These two approaches compare favorably for this horizontal well.
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Figure 2-21. Predicted Weight Indicator With and Without Residual Bend (Bhalla, 1994)
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Bending radius has an important impact on the magnitude of residual bending. Bhalla modeled
the effect of varying reel and gooseneck radii on coiled-tubing buckling. For small radii (e.g., 30-in. reel
radius; 72-in. gooseneck radius), lock-up of the coiled tubing occurs much earlier than for larger radii
(Figure 2-22). For large radii (e.g., 200-in. ree] radius; 100-in. gooseneck radius), slack-off loads
asymptotically approach the CoilCADE prediction for friction factor of 0.18 (dot-dash curve).
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Figure 2-22, Effect of Reel and Gooseneck Radii (Bhalla, 1994)

Schlumberger Dowell investigated the impact of tubing yield strength on residual bending.
Less plastic deformation occurs at a given bending radius as yield strength is increased; thus, higher yield
strengths should decrease residual bending and increase penetration. Results are shown in Figure 2-23 for
70-ksi, 87.5-ksi and 105-ksi tubing. The three predicted weight indicator curves are similar. Yield
strength does not appear to strongly affect residual bending and tubing penetration.
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Figure 2-23. Effect of Tubing Yield Strength (Bhalla, 1994)
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The residual-bending model was compared to
results from a field operation. The subject well had a
diameter of 4.89 in. to a T.D. of 25,000 ft (Figure 2-24). A
four-section tapered coiled-tubing string was used to enter
the well. Tubing O.D. was 1% in., reel diameter was

120 in., and gooseneck radius was 72 inches.

Measurements and predictions, with both
residual-bending model and CoilCADE, compare favorably
for operations in this well (Figure 2-25). As was true for
other cases, a friction factor of 0.18 was used for both slack-
off and pick-up calculations with the residual-bending model.
For CoilCADE, 0.30 was used for slack-off and 0.18 for
pick-up.

Figure 2-24. Profile of Example Well
(Bhalla, 1994)
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Figure 12-25. Modeled and Measured Results for Example Well (Bhalla, 1994)

Schlumberger Dowell's developments and analyses showed that the new residual-bending
model for use in predicting coiled-tubing buckling is in good agreement with their older model (which uses
empirical fixes to match field observations), as well as data measured in the field. The use of the new
residual-bending model allows the use of the same friction factor for both run-in and pull-out operations.
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2.2 FIELD STUDIES/APPLICATIONS
2.2.1 BP Exploration Operating (Wytch Farm Operations)

BP Exploration Operating Co. Ltd. (Summers et al., 1994) discussed the use of coiled tubing
to service extended-reach wells in the Wytch Farm field on the southern coast of England. Three extended-
reach wells have been drilled with departures as great as 5001 m (16,400 ft) (Table 2-4). Well profile
designs were modified as the development progressed to optimize both drilling conditions and coiled-tubing

penetration during completion and servicing.
TABLE 2-4. Wytch Farm Extended-Reach Wells (Summers et al., 1994)

Well Departure TVD Measured Depth Tangent Angle
(my (1) {m) {ty (m) (f (degrees)
F18 3,857 12,655 1,670 5479 4,450 14,600 72
5,757 18,889 a2

5,001 16,408 1,675 5,496
80

F19

5300 17,389

F20 4,486 14,719 1,667 5469

Development at Wytch Farm began in the late 1970s with the onshore areas of the field.
Currently, about 80 wells produce over 85,000 BOPD. Development of reserves located offshore was

planned beginning in 1990. An artificial island was first considered to be the most practical approach. In
late 1991 as a result of technological developments within the industry, the development plan was changed

to extended reach wells drilled onshore. Cost savings with this approach were about 50%.

These extended-reach wells are each equipped with an ESP. The completion includes 5%-in.

production tubing. Access to the liner with coiled tubing is by means of a 2%-in. logging bypass (Figure 2-26)
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Figure 2-26. Extended-Reach Well Completion (Summers et al., 1994)
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The first extended-reach well (F18) was drilled with a tangent angle of 72° (Figure 2-27),
which was considered the optimum angle for minimizing torque and drag while drilling. The second well
(F19) was designed with a catenary profile and tangent angle of 82°. This design successfully decreased
drilling torque and drag. However, coiled-tubing access was limited. The third well (F20) was designed
for an optimum compromise between low torque and drag while drilling and extended coiled-tubing

penetration.
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Figure 2-27. Wytch Farm Extended-Reach Well Profiles (Summers et al., 1994)

BP Exploration Operating carefully planned the design and implementation of coiled-tubing
operations in these wells. Schlumberger Dowell's standard model was used to predict buckling and
penetration limits. Typical values for friction factor were assumed in initial runs: 0.30 for slack-off and
0.18 for pick-up. These values were later modified based on ongoing measurements.

In the first well (F18), post-job analysis of the cement-bond logging run showed the slack-off
friction factor to be equivalent to about 0.21 (Figure 2-28). Residual bending was surmised to have less
effect than expected; thus, the friction factor while running in was closer to the ideal value of 0.18. Later
runs of coiled tubing inside production tubing exhibited a slack-off friction factor of about 0.26. Residual
bending had a greater impact on drag inside the smaller diameter production tubing,

2-18



19000 T T
Y
o —— ACTUAL RESULTS
1 - - - SLACKOFF MODEL |
g 140004 —-- PICKUP MODEL 0.18
o
-~ —_—
o
(=]
:_ 900C———
[
0
=z
—  4000— i W
T —
5 | fF——
wd
3*x

-1000— | ' l

| ] |

Q 5000 10000 15000 20000

MEASURED DEPTH OF TOOL STRING - ft

Figure 2-28. Weight Indicator from CBL in Well F18 (Sumnmers et al., 1994)

The second well (F19) was modeled based on results with the first well. Lock-up was
predicted at 4966 m (16,293 ft), that is, 791 m (2595 ft) short of TD. During initial run-in, the string
locked up about 3% deeper than predicted. A friction reducer was used to increase penetration. After
400+ bbl of friction-reducer fluid was pumped, friction decreased about 15% and TD was reached
successfully.

Post-job analysis showed friction factors to have been reduced to 0.18 for slack-off and 0.15
for pick-up (Figure 2-29).
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Figure 2-29. Weight Indicator from CBL in Well F19 (Summers et al., 1994)
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Friction-factor predictions for the third well (F20) were accurate, and TD was reached

without difficulty.

BP Exploration Operating plans to drill a fourth extended-reach well out to a departure of
5700 m (18,700 ft). Modeling predictions suggest that friction reducer will be required to reach TD along
with displacing the coiled tubing to nitrogen to increase buoyancy. BP's experience has convinced them
that wellbore tangent angles must be optimized both for drilling and coiled-tubing penetration. They
believe the industry needs to develop alternative methods to increase penetration, such as pump-down
systems and tractors. They also cite the need for improved coiled-tubing buckling models, especially for

wells flowing at high rates.
2.2.2 Mobil Er -Erdil n-Hole L

Based on the results of two series of field trials in open-hole shallow horizontal wells, Mobil
Erdgas-Erddl GmbH (Van den Bosch, 1994) found that coiled-tubing logging operations did not offer
advantages as compared to drill-pipe-conveyed metheds due primarily to coiled-tubing lock-up. They
found that buckling simulation programs were unreliable for calculating penetration limits for coiled tubing

in the open hole.

Mobil completed and logged eight shallow medium- to short-radius horizontal wells., More
details are presented on these projects in the Chapter Logging. Mobil used both coiled-tubing-conveyed
and drill-pipe-conveyed logging for these programs.

TABLE 2-5. Mobil Horizontal Well Logging Program (Van den Bosch, 1994)

© " | Horizontal | TrueVertieal | BwldUp | S
‘Well = | - Lengthm | . Depthym : | = Radius,m- Application
R-302 128 638 28 Gas Storage
R-303 298 905 30 58 Chalk Gas Storage
R-304 390 890 29 60 Chalk Gas Storage
R-305 432 958 34 52 Chalk Gas Storage
R-306 426 693 28 62 Chalk Gas Storage
Well A 414 660 146 12 Sandstone Oil Well
Well B | 715 1,172 194 9 Sandstone 01l Well
Well C 1 161 948 125 14 Sandstone Qil Well
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Figure 2-30. Mobil Horizontal Well Profiles (Van den Bosch, 1994)

In R-306, larger coiled tubing (1% in.) was used in an attempt to increase penetration.
However, lock-up occurred after 290 m (950 ft) of the 426-m open-hole section. Forces measured at the
surface and downhole are compared in Figure 2-31. Since the compression force at the tool is not
increasing at lock-up (1068 m MD), wellbore friction was determined to be causing buckling. As before,
drill-pipe-conveyed tools were later run to TD without problems.

In the first oil well (Well A), neither logging run on coiled tubing reached TD. On Well B,
buckling lock-up was predicted due to the long horizontal section, so coiled tubing was not run.
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Figure 2-31. Well R-306 Downhole and Surface Loads (Van den Bosch, 1994)

Success of the coiled-tubing and drill-pipe runs is summarized in Figure 2-32. Coiled-tubing
conveyance was successful to an average of 62%; drill-pipe conveyance was 100% successful.
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Figure 2-32. Success of Coiled-Tubing Versus Drill-Pipe Logging (Van den Bosch, 1994)

Mobil Erdgas-Erdol GmbH reached several conclusions after this field trial comparing coiled-
tubing- to drill-pipe-conveyed logging. Problems with coiled-tubing operations included:

¢ Buckling and lock-up was a significant problem in the open-hole environment.
Maximum penetration was about 290 m (950 ft) with 13-in. tubing.

* Successful runs 1o TD with a dummy logging tool do not guarantee success with actual
logging tools.

* Buckling prediction software was inadequate for these projects.

The author does note that Mobil believes that these problems will be overcome, buckling
prediction will be improved, and that coiled-tubing logging in open hole will in the future be more efficient
than using drill pipe.

2.2.3 PEA-13 Joint-Industry Project (Full-Scale Buckling Tests)

Six operating companies and six service companies joined efforts in a joint-industry project
(PEA-13) to investigate coiled-tubing buckling behavior in full-scale tests (Tailby et al., 1993). They
considered the effects of residual bends in tubing, tip loads on the string, and well profile. Data recorded
during several series of tests showed that classic buckling theory derived for straight drill pipe is too
conservative for coiled tubing.

Primary objectives of PEA-13 included to observe full-scale behavior of coiled tubing under
buckling conditions and compare these to theory; to identify penetration limits for use of coiled tubing in
horizontal wells; and measure force transmission (F;,/F,) for a range of conditions. Many of the tests
were conducted in a 4-in. through-flow-line test loop. The vertical undulations of the test section
(Figure 2-33) represent conditions in a horizontal well with poor depth control.

223



Helgt variation, meter

0o 200 400 600
Length of test loop, meter

Figure 2-33. PEA-13 Test Loop Overhead View and Profile (Tailby et al., 1993)

Through flow-line locomotives were used to provide compression forces in many of the tests.
Forces were calculated by measuring pressures above/below the locomotive and in a static load cell at the
tip of the coiled tubing (Figure 2-34). In later tests, a coiled-tubing injector and a double-acting cylinder
were used to apply compressive force to the tubing.

Data
aoqusiion

Figure 2-34. PEA-13 Test Loop Schematic (Tailby et al., 1993)

Typical results from tests with the through flow-line locomotive are shown in Figure 2-35.
Casing ID was 4 in.; coiled tubing was 1'% x (.134 in. Length of coiled-tubing string is shown in the
figure.
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Figure 2-35. Compressive Force and Output Force for 1%4-in. Tubing (Tailby et al., 1993)

Coiled tubing clearly continued to transmit force for a range above the helical buckling limit.
Concerns about the design of the testing apparatus led to the use of a double-acting cylinder as the
locomotive. Typical results with this test set-up are shown in Figure 2-36 for 13 x 0.125-in. tubing.
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Figure 2-36. Compressive Force and Qutput Force for 1%-in. Tubing (Tailby et al., 1993)
The effect of coiled-tubing length on force output is summarized in Figure 2-37 for a range

of input compression forces. For longer lengths of tubing, large changes in the input force have only a
small impact on the tip load.
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Figure 2-37. Coiled Tubing Length and Output Force for 1%-in. Tubing (Tailby et al., 1993)

Residual bending effects were observed to cause friction force to build with each insertion
of a particular section of coiled tubing into the test casing. An example of changing friction force is shown
in Figure 2-38 for 1% x 0.125-in. coiled tubing with the double-acting cylinder locomotive.

én

..............................................

Friction force, F in, kN
°

0 200 400 600

Length of CT, L_ct, m

Figure 2-38. Change in Static Friction Force for 1%-in. Tubing (Tailby et al., 1993)

PEA-13 experiments with friction forces indicated that a friction coefficient of 0.18 is
appropriate for an oil environment and 0.2-0.3 for a water environment.
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Conclusions from this investigation of coiled-tubing buckling and force transmission include:
* Transmitted force is affected by residual bends in coiled tubing.
® No anomaly was observed at the helical buckling limit.

¢ Tip loads can lead to premature lock-up of coiled tubing. This is of special concern for
entering inverted wells.

2.2.4 Schi erger Dow ifvi icti

Schiumberger Dowell (van Adrichem and Newman, 1993) presented a comparison of drag
and buckling model predictions with results from several jobs performed in the field. Their observations
from both laboratory and field work highlighted several characteristics of helically buckled tubing:

» Helical buckling sets up only in the section(s) of the pipe where the helical buckling load
is exceeded

¢ Helical buckling does not damage the tubing

* The tubing helix reverses direction every few periods

¢ Helical buckling increases wall contact forces, leading to increased friction

* Once initiated, helical buckling does not necessarily halt tubing penetration. Lock-up
occurs when input forces cannot overcome friction forces

* Tubing is not usually damaged by helical lock-up

A summary of results from several coiled-tubing field operations is presented in Table 2-6.
Predicted and actual lock-up depths are generally in good agreement. Errors also tend to be conservative
(the tubing went deeper into the well than predicted).

TABLE 2-6. Predicted and Actual Lock-up Depths (van Adrichem and Newman, 1993)

Completion ] - o 1 R R
Size {In.} TD | Horizontal  |-Predicted Lockup | ActnalLockupMD | - Actmal vs.
JobType | (OpenHole) | (Ft) | Section(Ft) [~ MD(ft) S () o . i Predicted (%)
cL | 8% | 4180 1558 3,963 3,940 | 0.8
o 8% | 839 3379 6,593 5240 57 |
- | . |
Acid+N, 6% . 10,256 3,356 10,100 10,256 15
Acid +N, 6 10,971 3971 9,819 10,387 5.5
Acid+N, 6% 11,306 | 356 9900 | 11,300 12.4
[ acid ‘ 6% | 8962 2,064 8,962 ) 8,825 18
Acid+N, | 8% 13402 3802 12,990 12,720 2.1
Coaid 10801 | 4200 g8 | 8,970 14
‘ﬁAcid 8% 11,481 480 11200 j 11,000 18
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_Schlumberger Dowell's model does not account for residual bend in coiled tubing, but is
based on straight-pipe theory with an empirical correction. Development has continued to incorporate the
effects of residual bends on tubing buckling behavior.

A generic tubing hook-load plot for running coiled tubing in a horizontal well is shown in
Figure 2-39. At point 1, weight at surface is negative since the injector has to push against well pressure,
stripper friction, etc. The weight begins to decrease at point 3 (the start of the curved section) as friction
forces increase. The pipe locks up due to helical buckling at point 5, and the weight indicator goes to zero.
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Figure 2-39. Generic Weight Indicator Readout for Job in Horizontal Well
(van Adrichem and Newman, 1993)

Among the most difficult parameters to estimate are hole size and friction coefficient in open-
hole conditions. Values must be estimated based on previous jobs in the same formation. Improved
estimates are calculated after the job is performed.

Field results from a coiled-tubing logging job are compared with model predictions in Figure
2-40. The well was vertical down to 1600 ft, then kicked off to 72° all the way to TD. Surface weight
became positive at about 1800 ft, rose to about 500 Ib and remained nearly constant out to TD.
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Figure 2-40. Coiled-Tubing Logging Run in Horizontal Well (van Adrichem and Newman, 1993)

Results from an acid wash in a horizontal well (Figure 2-41) illustrate a successful attempt
to increase penetration beyond initial lock-up. Mode! calculations predicted lock-up 50 ft short of TD.
While running in, nitrogen was circulated, resulting in increased drag after wellbore fluids were displaced.
The string locked up at 9600 ft. Water was then pumped into the well and the coiled tubing reciprocated.
Final lock-up occurred 120 ft short of predicted depth. Actual pick-up loads are higher than predictions
because calculations were performed assuming nitrogen inside the tubing. After acid was circulated,
nitrogen was pumped through the string, and the weight returned to near predictions.
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Figure 2-41. Coiled-Tubing Acid-Wash Job in Horizontal Well (van Adrichem and Newman, 1993)
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2.2.5 Statoeil (Pump-Assistance Conveyance)

Statoil (Tailby, 1993) described the design and development of pump-assistance conveyance
for extending the reach of coiled tubing in extended-reach wells. Horizontal wells are being drilled or
planned that are beyond the capability of conventional coiled-tubing systems. The pump-assist concept is
designed to extend these limits.

Coiled-tubing-assisted pumpdown was first conceived by Statoil. This approach involves the
use of leading and trailing locomotives attached to a length of coiled tubing that is pumped down to the
production zone. The leading locomotive stops at a no-go nipple just above the production packer.
“Scoping” of the coiled tubing may occur (Figure 2-42) after the seals on the locomotive enter the nipple
bore. Since the leading locomotive is free to slide along the coiled tubing, the tubing will advance deeper

into the well after being pressurized.

Figure 2-42. Scoping with Coiled-Tubing-Assisted Pumpdown (Tailby, 1993)

Statoil modified the coiled-tubing-assisted pumpdown approach into a less radical design that
takes advantage of scoping. The second concept is termed pumpdown-assisted coiled tubing. It involves
running conventional coiled tubing to a no-go nipple located close to the top of perforations. A seal
adaptor (Figure 2-43) is run behind the BHA.
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Figure 243. Pumpdown-Assisted Coiled-Tubing Seal Adaptor (Tailby, 1993)

After the BHA end of the coiled tubing is isolated from the rest of the string, slacking off
weight at surface (or snubbing) will cause coiled tubing to move through the seal adaptor and deeper into
the well (Figure 2-44), providing the annular pressure is greater than bottom-hole pressure.

Fi¢ fFo

>

-

Figure 2-44. Pumpdown Assist Used to Increase Coiled Tubing Reach (Tailby, 1993)

An example was provided by Tailby (1993) to illustrate the potential benefit of pumpdown-
assisted coiled tubing. At a depth of 4595 m (15,075 ft), one meter of string movement causes substantial
loss of surface weight (Figure 2-45).

Force in Coiled Tubing - STA-10
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Figure 2-45. Coiled Tubing Lock-Up in Example Extended-Reach Well (Tailby, 1993)
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If a no-go nipple were installed above the perforations, the section of coiled tubing that was
under the largest compressive forces could be unbuckled by pumpdown assist. In Statoil's simulation, a

no-go nipple was placed at 3900 m and the annulus pressurized to 500 psi. Compressive forces were -
greatly reduced and coiled-tubing reach extended (Figure 2-46).

Force in Coiled Tubing - STA-10
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Figure 2-46. Benefit of Pumpdown Assist in Example Extended-Reach Well (Tailby, 1993)

Statoil pointed out that the principle of pumpdown assist may have already been applied

(unintentionally) in production logging of wells with ESPs. For these wells, a bypass is used to direct
coiled-tubing tools past the ESP (Figure 2-47).

PACKOFF

NIPPLE

Figure 2-47. Pumpdown Assist Concept: Production Logging with ESP (Tailby, 1993)

A sliding seal in a no-go nipple is used to pack off the bypass during production logging
operations. This pack-off ensures that fluids pumped by the ESP do not circulate back down the bypass.
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2.2.6 Statoil (Ultralong-Reach Well)

Statoil (Ostvang et al., 1994) described the feasibility determination, planning, and execution
of coiled-tubing operattons in an ultralong-reach well. The well had a catenary build-up profile (well A
in Figure 2-48) and a sail angle of 82-85°, which was maintained for 4000 m (13,000 ft). A catenary
profile is advantageous during drilling operations in that it minimizes torque by reducing wall contact. A

conventional extended-reach well is also shown in Figure 2-48 (ERD well).

Horizontal Offset (m)

Depth
(m)

Equivalent ERD Well

Figure 2-48. Profile of Catenary Well (Ostvang et al., 1994)

Very large displacements have been achieved in the offshore environment through the use
of extended-reach technologies. The longest is about 7200 m (23,600 ft), and reaches of 10,000 m
(32,800 ft) are being planned. Workovers on the wells are dependent on coiled tubing for efficient cost-
effective servicing. The primary problems with the use of coiled tubing are buckling and the logistics of
transporting and using long, heavy spools.

Statoil compared their in-house model (modified to incorporate findings from PEA-13) to
services companies' models to determine whether coiled-tubing operations could be carried out in the
catenary well. Service company models originally predicted lock-up far before reaching TD. Statoil's
model! suggested that, under ideal conditions, TD could be reached.

Statoil's model considers the effect of residual bending on buckling limits. They found that
1'4-in. coiled tubing has a residual bend of about an 8-m (26-ft) radius after passing through an injector,
and would lie in a circle if unconstrained (Figure 2-49).

2-33



Figure 2-49. Residual Bending in 1%4-in. Coiled Tubing (Ostvang et al., 1594)

According to full-scale test measurements (Figure 2-50), tubing injected into a horizontal

casing becomes stable after 20-25 m (66-82 ft). Thus, the transition to helical buckling is a function of

tubing length, not compressional force.

50

Force (Ibf)
500
375 i - -
PR ATl
250 ;s PR
"., u’”‘,\vj LY

125 ;iff' N

.\-:'\'\\'/4 R ﬂ"—“"—"ﬂ
0l o w p e == - -"}"-"ﬁ\-‘;""-'-’- . ¢ }A’Sg_
=

-125

Length (m)

Figure 2-50. Injection Load While Running Coiled Tubing into Horizontal Casing
(Ostvang et al., 1994)

Statoil's calculations showed that there was a critical depth for the BHA (between 200 and

250 m) where compression forces would be maximum (Figure 2-51). Once past this zone, maximum

compression decreases (note curve at BHA at 900 m).
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Figure 2-51. Compression Along the Coiled Tubing for BHA at Various Depths (Ostvang et al., 1994)

The sensitivity to several parameters was investigated to increase the probability of a
successful run and job execution. Fluids in the well and coiled tubing were determined to be of relatively
minor significance. Tool weight was also shown to have only a small impact for a realistic range of values.
The most important variable was friction factor (Figure 2-52), with only a very small increase (from 0.18

up to 0.186) leading to premature lockup.
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Figure 2-52. Effect of Friction Factor on Coiled-Tubing Lock-up (Ostvang et al., 1994)
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A string of 1'%%-in. coiled tubing was the only string available for the job. The operation was
planned based on the addition of friction reducer to the brine. Brine weight was designed to permit
underbalanced perforating.

During field operations, the first trip into the well went to operational depth without incident.
However, after stopping the string, it was not possible to go deeper. Next, after tripping out of the well
for adjustments to the BHA, three passes were made without incident. Several additional runs were also
completed.

During the final runs to the formation, the string began to lock up above TD. In a final
attempt, a lighter BHA was substituted and the coiled tubing was filled with diesel. Lock-up prevented
success. A snubbing unit had to be brought in to complete the operation.

Although not an economic success, this job provided significant beneficial experience for the
players involved. Post-job analyses showed that friction factor in the final unsuccessful runs may have
been as high as 0.1975. Both Statoil's and the service company's models indicated that sand in the
wellbore was the cause of lock-up in the final runs.

A final analysis shows the difference in tubing forces between Statoil's catenary well and an
equivalent extended-reach well (see Figure 2-48). For the extended-reach (ERD) well, the coiled tubing
will never be in compression (Figure 2-53), and would be expected to run to TD without problems.

Force (Ibf)
L= 0.8 0 R T T A T T T S
8000 '\_\' """"""""""""""""""" —— Well A
I S
7000 LY wewe w ERD Well

Measuted Depth (m)

Figure 2-53. Compressive Forces on Coiled Tubing in Catenary and Extended-Reach Wells
(Ostvang et al., 1994)

2-36



2.2,7 Transocean Well Services (Extended-Reach Operations)

Transocean Well Services (Dickson and Smith, 1994) detailed the requirements and
considerations for coiled-tubing operations in extended-reach applications. As is particularly true for the
North Sea area, drilling designs have become more innovative, greater inclinations have been used, greater
displacements from platforms are being achieved, and casing and liner strings have become slimmer. It
has been clearly demonstrated that design innovations to decrease drilling costs do not necessarily lead to

an efficient workover environment. Only recently have workover options been considered in well design.

Coiled tubing's buckling characteristics are determined by the well path, completion design,
conditions within the wellbore, tubing metallurgy, design of the coiled-tubing string (diameter, thickness,
taper, etc.), and BHA weight. Higher strength tubing (80 ksi up to 100 ksi) has increased the potential for
coiled tubing in extended-reach operations.

Equipment requirements usually include an injector with at least 60-ksi overpull capacity.
Long running times require a dual stripper assembly with a side-door design for rapid change-out of
elements. High capacity tubing reels can exceed practical size and weight limits. A spool with 26,000 ft
of 1%-in. coiled tubing weighs about 30 tonnes (66 kips), far in excess of crane capacity on many
platforms. One solution developed for this weight problem is a reel that splits into three parts: crash frame,
drum, and base frame. This allows a reduction in spool weight of 10 tonnes (22 kips).

Coiled-tubing string design is impacted by several parameters. For buckling prevention,
thicker walls are needed in areas with maximum compression. Wall thickness must have sufficient capacity
for string weight and overpull. Transocean Well Services described a straightforward process to design
a tapered string to meet these requirements with the lightest overall weight possible.

The buckling model is run assuming the use of a string of the thinnest wall tubing available
(Figure 2-54). This run shows up to what depth from TD the thin wall pipe is sufficient.
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Figure 2-54. Buckling Simulation with Thinnest (0.095-in.) Coiled Tubing (Dickson and Smith, 1994)

Another run of the buckling model is made with thicker-walled coiled tubing (0.102 in. for
this case) to determine the minimum required length of the second section of the taper (Figure 2-55).

CT String Compression vs Depth
Design

Compressional Load
""""""" Simulaied Compresion in0.102 Tapas
Critical Load for Helical Buckling

Figure 2-55. Buckling Simulation with 0.102-in. Coiled Tubing (Dickson and Smith, 1994)

This iterative process is repeated (Figure 2-56) until the tubing is capable of running all the
way to surface without buckling.
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Figure 2-56. Buckling Simulation with 0.109-in. Coiled Tubing (Dickson and Smith, 1994)

A final check is required for the complete tapered string after design. The uppermost section
of the tapered string (the thickest wall) must be able to support the string weight component and overpull.
Note that the tubing does not need to be able to support the entire vertical hanging weight of the string,
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only the expected surface load during the job.

Procedures to optimize the reach of the coiled-tubing string include running in with nitrogen
inside the tubing and circulating a friction reducer prior to run-in. Systems to increase the working forces
available at the BHA include rollers in the BHA, hydraulic hammers for opening sliding sleeves, pistons
and anchoring mechanisms for downhole force generation, downhole tractors, and control lines inside the

string to activate/power tools.

After job completion, a comparison of actual versus predicted hook loads (Figure 2-57) can
provide additional important information about the operation. Friction-reducing agent dispersal can be
charted. The quality of the clean-up operations can be gauged. Actual bottom-hole pressures can be

compared to predictions.
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Figure 2-57. Post-Job Weight Indicator Load Simulation (Dickson and Smith, 1994)
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3. Cementing

3.1 ARCO ALASKA (CEMENTING AT PRUDHOE BAY)

Many significant advances in squeeze cementing with coiled tubing have been implemented by
operators at Prudhoe Bay. The technology was first implemented there in 1983. Since then, over 1000
coiled-tubing cementing operations have been performed on the 1200 wells in the field.

Gantt and Smith (1994) summarized the variety and success of coiled-tubing squeeze cementing
operations at Prudhoe Bay. Through-tubing well remediation technology was recognized as having
tremendous potential in the field. Through-tubing techniques have been found to have several advantages
over conventional, including allowing problem diagnosis based on production performance rather than on
logs alone; allowing more thorough planning, design and performance of a remedial operation without the
cost of the rig waiting on site; placing the well on production prior to remedial cementing allows improved
cleanup of channels and perforations; and coiled tubing allows more controlled placement of the cement

with less dilution and contamination.

Liquid latex cement blends (Table 3-1, LARC = Latex Acid-Resistant Cement) were developed to
combat dissolution of cement during acid jobs. These provide improved acid resistance as compared to
class “G”' blends. Additionally, latex makes the cement more resilient and less susceptible to thermal-
shock damage.

TABLE 3-1. Typical Cement Slurry Properties (Gantt and Smith, 1994)

. Density: | Fluid-Loss . | Fllter Cake’ S o © | Thickening
Slurry (bigal) | (cc/30min)- fn) PV{cp) | YP(ID/I00R) | Time(Hrs)
LARC 15.6 50-90 J75-1.0 20-50 5-20 6-11
Fine-Grain 12 10-20 *.05-0.1 5-10 *1-5 6-11
Fine-Grain 12-14 40-90 04-75 5-20 “1-10 6-11
L *Film *No Settling

Fine-grained cement has been applied successfully in narrow geometries including channels behind
pipe, fractures, faults, and voids prepacked with sand or proppant. Particle-size distributions for fine-
grained and class “G” are shown in Figure 3-1.
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Figure 3-1. Fine and Class “G” Cement Grind Size (Gantt and Smith, 1994)

Fiber-reinforced cement has been used for additional resistance to fragmentation. This is most
beneficial when cement sheath remains in the well as part of the repair. Rectangular polypropylene fibers
(12 x 0.7 x 0.025mm) are added at a concentration of 1% by weight.

For certain situations, such as damaged casing, severe corrosion/erosion, thief zones or voids, coiled-
tubing-conveyed scab liners have been effective. A threaded flush-joint pipe is used as the liner. Running
the liner is faster if the well is loaded with kill-weight fluids (3 min/joint versus 10-20 min/joint for live
well). Installation procedures are summarized in Figure 3-2.

Initta] Condition Sandback Wellbore Install Scab Liner Cement Scab Liner Drill Out Cement
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Figure 3-2. Scab Liner Installation with Coiled Tubing (Gantt and Smith, 1994)




Failed packers have been repaired via coiled tubing without killing the well. For this procedure
(Figure 3-3), returns are taken behind the production tubing to place cement around the tailpipe.

Initial Condition Sandback Wellbore Spot Cement Drill Cut Cement
L b
L L
L L
b
L )
== = r
ol . s .
E -]
B ]
p W .

Figure 3-3. Repairing Failed Packer with Coiled Tubing (Gantt and Smith, 1994)

Sand pack injection squeezes, consisting of injecting resin-coated proppant behind pipe, have allowed
successful squeezes in cases of void space, faults, or coarse-grained rock. The injected proppant serves
as a matrix for the cement slurry to bridge against.

Previously unsuccessful squeeze attempts have been treated with polymer gel squeezes. These gels
form a rigid cross-linked structure after injection into the formation. Typical treatments are sized to
saturate the formation to about 10 ft from the wellbore. This treatment is considered to be a permanent
abandonment of the particular problem zone.

Higher squeeze pressures have been adopted to allow fracing the well after the squeeze job. Results
from high-pressure squeeze jobs performed in 1991 show an 89% success rate (Krause and Reemn, 1993).
Squeeze life also appears to be increased with high-pressure squeezes. Several mechanisms have been
proposed as contributing to the high success rates with these operations:

» Cement may be forced into perforations that would not take cement otherwise
* High pressure may form harder, drier nodes that withstand higher stress

» Resiliency due to latex additive may allow the cement to withstand higher differential
pressures
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A basic procedure for high-pressure cement squeezes was given by Krause and Reem (1993):

1. After the well is fiuid-packed with heated seawater, cement is spotted across the
perforations.

2. A low pressure differential of about 1500 psi (less than the fracture gradient) is placed
across the formation for about 15 minutes.

3. Pressure is incrementally increased (500-psi steps, 10 minutes each) to a 3500-psi
differential, which is then held for an hour.

4. If pressure breaks back, step 3 is repeated to rebuild cement nodes.

5. Pressure is reduced to a 500-psi differential. Slurry contaminant is pumped and
wellbore cement washed out. A cement accelerator is then left in the wellbore across
the perforations.

6. The cement is allowed to set for a minimum of 2 days before the well is reperforated.

Cementing challenges that remain were described by Gantt and Smith (1994). Leaking perforations
that were previously squeezed are a problem, especially in wells that have had multiple intervals squeezed
on separate occasions. Treating leaks remains an ongoing process. Soon after treating one zone, new leaks
often develop elsewhere in the well. Severely eroded or corroded liners are becoming more commeon.
These are not easily patched with squeeze techniques, in that filter cake does not build adequately across
large voids. Channeling behind casing is a significant problem, comprising 25% of squeeze jobs. Squeeze
pressure cannot be attained in some wells, probably due to voids or coarse-grained rock behind the pipe.
Another challenge is technology to shut off all or part of a propped hydraulic fracture for modifying the
production profile.

3.2 HALLIBURTON ENERGY SERVICES/CONOCO (MIXING ENERGY)

A study was performed by Halliburton Energy Services (Heathman et al., 1993) to investigate the
effects of mixing energy on cement. Three separate aspects of coiled-tubing cementing operations were
addressed: 1) the effects of mixing energy over time on various cement slurries, 2) the impact of a cement
particle's wetting efficiency on final cement performance, and 3) the effects of pumping cement slurry
through a string of coiled tubing.

These tests were designed to reflect actual field operations as closely as possible. Cementing
materials, mixing equipment, and operators were acquired from the field. A new 10,000-ft spool of coiled
tubing was used for the tests. Batch-mixing procedures were used, since this approach represents a
majority of coiled-tubing cementing operations. A primary question considered was the impact of cement
residence time after mixing during quality control procedures or while being pumped.

Pressure, temperature, density, and flow rate were measured at several peints in the test equipment
(Figure 3-4).
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Figure 3-4. Cement Slurry Test Equipment (Heathman et al., 1993)

Cement slurries that were tested (Table 3-2) included three fluid-loss systems: a synthetic fluid-loss
additive slurry, a latex slurry, and a hydroxyethyl cellulose slurry (HEC). Fluid loss was specified in the
range of 50-125 cc. A minimum dynamic thickening time of 4 hours was used.

TABLE 3-2. Cement Slurries (Heathman et al., 1993)

Density {Ib/gal}

Slurry Series  and Yield {ft%/sk} Class H Cement with add-mixtures

N, T, & NX 16.4 0.5 gal/sk proprietary synthetic fluid loss additive, 0.15 gal/sk aqueous
1.07 solution of calcium lignosulfonate, and 0.08 gal/sk defoamer

L, TL, & LX 16.4 1,25 gal/sk latex, 0.2 gal/sk stabilizer, 0.12 gal/sk aqueous solution of
1.06 calcium lignosulfonate, and 0.08 gal/sk defoamer

A 16.0 0.15 gal/sk non-aqueous dispersion of HEC, 0.17 gal/sk aqueous

1.12 solution of calcium lignosulfonate, and 0.05 gal/sk defocamer

Tank residence time was simulated by holding each slurry in the batch mixer under normal
agitation for a minimum of one hour before commencing pumping through the coiled tubing. Tests were
then conducted at 1-hour intervals (Table 3-3).

TABLE 3-3. Cement Slurry Sampling Sequence (Heathman et al,, 1993)

Sample Pt. Description

Pilot Laboratory pilot tests with isolated materials.

Blend Laboratory mixed slurry using mixing fluid prepared in batch mixing equipment.
A 10 minutes after reaching density.
B 50 minutes after "A"; taken when 3 bbls had entered the coil.
BB Mate to sample B, slurry exiting coiled tubing; taken after 3 bbls had exited coil.
Cc 60 minutes after sample B (where applicable} taken when 3 bbls had entered the coil.
CcC Mate to sample C, slurry exiting coiled tubing; taken after 3 bbls had exited coil.
D 60 minutes after sample C {where applicable) taken when 3 bbls had entered the coil.
DD Mate to sample D, slurry exiting coiled tubing; taken after 3 bbis had exited coil.
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An example plot of output data is shown in Figure 3-5 for slurry N (see Table 3-2). Dynamic
thickening times to 70 Bearden Units of Consistency are shown in the table below Figure 3-5.

40 r 30
wmulative miaing L
ar Bach 1 : e latr
Curpulali i wmulalee roxu
\ ;::ael:l::‘“;m ancr Baich 3 ‘ r25
30 N——
§ Deasity \
o (mixer) Density +20
{coil exit) ©
5 \ ke
. s fe}
§ 20 b i AT / 15 X
: | z
8 Dansity P b4
g (cdil enlrance) 8
= | 10
2 10 Jitl
L,j s
0 A rl (7] ‘~ [ (23 ] 0 -] 0
0] 50 100 150 200 250 300
Time, min
Samola Aseoend PV icpl | YP RGO AT | PV iep) | YPUDADO N | TO Be LR MINI | Fad Loss icc's]
Pounr Tama.I"F} tArvall (Arreval) 150°F 150°F 1107 @ 4 37w L SO°F
Blend " ne (] 14 12 s on 42
A " 183 1 0 18 719 28
s 2 120 " " 0 687 0
(1] 98 1 n 91 10 (5] 18
4 11 47 12 a8 " 8:36 20
ce 28 17 13 [ 1 648 i
[’ 98 " " 7 13 9.1% 1
5 9 123 12 L] 9 817 18
Test 2N {21 bol}

Figure 3-5. Mixing Power and Density for Slurry Test 2N (Heathman et al., 1993)

The mean thickening time and variance for each test series (Figure 3-3) showed little variation with
respect to each measurement point. Heathman et al. concluded that cement slurry performance is not
significantly affected by batch size or mixing pumps, or by being pumped through a string of coiled tubing.
Additionally, they point out that a lack of adequate cement particle wetting efficiency when dry cement is
first wetted can lead to erratic slurry performance.
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33 MOBIL NORTH SEA LTD/NOWSCO WELL SERVICES (BERYL BRAVO)

Mobil North Sea Ltd performed a cement squeeze in well B24 on the Beryl Bravo platform in the
northern sector of the North Sea (Oliver et al., 1994). In Unit I Eastern Sector, the single producing well
(B21) was supported by water injection from B24. A significant reduction in production from B21 due to
scaling and water breakthrough led Mobil to design a squeeze treatment for the injector B24 to shut off
water to a high-permeability zone. As a consequence, it was hoped that water Vi'IOllld be forced to sweep
a low-permeability zone and increase oil production (Figure 3-7). Large cement channels behind 7-in.
casing also needed to be addressed in the design of the recompletion.
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Figure 3-7. Beryl Formation Cross Section (Oliver et al., 1994)

Three approaches were considered for treating B24: a polymer squeeze, a conventional workover,
and a through-tubing recompletion with coiled tubing. A polymer squeeze was rejected due to the
possibility of polymer migration into the low-permeability zone. An economic risk analysis showed that
the coiled-tubing squeeze would cost about £450,000 versus £1,000,000 for a conventional operation.

However, the coiled-tubing operation included more risk.

Due 10 the impact of temperature on cement thickening time, a temperature survey was run across
the zone to be cemented. Surveys were recorded under shut-in conditions and after circulation similar to
that expected during the squeeze job.

Yard tests were also conducted to verify cement properties under simulated field conditions.
Thickening time, fluid Joss and filter cake were compared before and after pumping slurry through the 1%-
in. reel of coiled tubing. Fiuid compatibility was checked between the cement slurry and the fluid that
would be used to support the slurry. An estimate of batch mixing time was also developed by rehearsing
the process in the yard.
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Slurry properties were designed as follows:

Thickening Time 6-8 hr
Fluid Loss 65-75 cc/30 min
Filter Cake 0.5-0.75 in.
Compressive Strength 500 psi min

The slurry consisted of Class “G” cement with 0.75% T-10 dispersant and 0.8 % D-42 fluid-loss

additive. Final slurry density was 15.9 ppg.

A 16.5 ppg gel pill was spotted below the perforations. The well was then circulated and cooled

to the temperature observed in the previous survey. After the 30 bbl of slurry were pumped, a squeeze

pressure of 1500 psi was attained and held for 1 hr. Biozan contaminant was then circulated at 500 psi.

Squeeze pressure was then returned to 1500 psi.

The cleanout BHA (Figure 3-8) was run in
hole with the underreamer blades spot-soldered to
prevent blade engagement below a certain pressure.
The well was cleaned out successfully, though was
much more time-consuming than anticipated.

The cement squeeze operation required a total
of 10.5 days to complete (Table 3-4). Trouble time
was primarily during the cleanout operation; 48 hours
were lost trying to enter the well with the BHA shown
in Figure 3-8. The blades were switched to a banana-
blade design, resulting in a further loss of 24 hours.

3-8

15CT

2.375" 0.D. Qutline End
Connector

2.125" 0.D. Doubie Flapper
Check Valve

S R =

2.125"0.D. BOSS

Crossover

2.125" Q.D. Circulation Sub
Ball 0.75"

Crossover

2.875" O.D. Slimline PDM

Crossover

Z X Bottom Cut Underreamer

\__/ 3.7" Mill Bit

Figure 3-8. Underreaming BHA
(Oliver et al., 1994)



TABLE 3-4. Planned and Actual Times (Oliver et al., 1994)

Operation ]7 Duration

Planned Actual Yariance

(hours) (hours) {hours)
1. | Rig up Coiled Tubing 10.00 14.50 4.50
2. | RIH and Spot Gel Pill 8.00 9.75 1.75
3. | Cool Well 6.00 2.50 -3.50
4. | Mix and Pump Slurry 9.00 3.25 -5.75
5. | Squeeze Cement 5.00 2.00 -3.00
6. | Clean Qut Cement 10.00 6.75 -3.25
7. | WOC. POOH. Change BHA. RIH 19.00 24.75 5.75
8. | Clean Out Tubing 12.00 111.00 99.00
9. | POOH. Rig Down Coiled Tubing 8.00 7.50 -0.50
10. | Pressure Test Tubing 2.00 2.00 0.00
11. | Slickline Drift Run 4.00 4.00 0.00
12. | R/U Adas. Reperf. well (3 runs) R/D 24.00 24.50 0.50
13. | R/U CT. RIH backflow well 22.00 18.50 -3.50
14. | POOH. R/D Coiled Tubing 12.00 6.00 -6.00

TOTAL 151.00 237.00 86.00

Mobil successfully completed the operation at a cost of £460,000. The final wellbore status is

shown in Figure 3-9.
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Figure 3-9. Completed Squeeze
(Oliver et al., 1994)
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3.4 SCHLUMBERGER/ARCO ALASKA (SLURRY PROPERTIES)

Squeeze cementing research and development has been an important aspect of coiled-tubing
operations at Prudhoe Bay. Recent developments and improvements were incorporated after aggressive
fracturing was implemented in 1990. High differential pressures were used in the fracture program,
resulting in failures of previously squeezed perforations. Final cement squeeze pressures were increased
from 1500 to 3500 psi (Vorkinn and Sanders, 1993).

Adequate slurry stability was found to alleviate several potential problems, including plugging of
nozzles and pipe, inconsistent filter cake, variation in fluid loss, reduction in available working time, and
problems during cement cleanout. A slurry stability test has been devised for Alaskan operations.

Filter cake performance is measured by its firmness and height (Figure 3-10). Desired
performance for a filter cake test includes liquid shlurry in the fluid-loss cell (facilitates clean-out
operations), firm filter cake, and reproducibility of properties (+0.1 in. cake height; +5 ml/30 min fluid

loss).
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Figure 3-10. Cement Filter-Cake Test Fixture (Vorkinn and Sanders, 1993)

A thickening time schedule used for cement squeezes at Prudhoe Bay is shown in Table 3-5.
Success is highly dependent on final squeeze pressure and the length of time it is maintained. To make

cleanout possible, slurries are designed with thickening times of 7-10 hours.

TABLE 3-5. Cement Squeeze Thickening Schedule (Vorkinn and Sanders, 1993)

ACTIVITY . TIME TEMP PRESSURE
Imin} 1° F} tpsil

Batch mix time 0120 90 atmosphers
Start slurry placement @120 a0 0-4,000
Slurry placemant 120-150 90-BHST 4,000
Squeezing 160-166 BHSY 4,000-7,500
Holding squeesze pressurs 165-210 BHST 7,500
Reducing pressurs 210-225 BHST 7,600-5,000
Clesning out 226-end BHST %,000
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Investigations of fluid loss and mixing energy showed that slurry consistencies are sensitive to shear
energy. Laboratory test results are shown for a latex cement system in Figure 3-11 and a copolymer
system in Figure 3-12. Cake thickness and fluid loss are relatively constant for mixing times above about
120 seconds. Based on these observations, the standard shear time at 12,000 rpm was set at 180 seconds.
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Figure 3-11. Filter Cake and Fluid Loss for Latex Slurry (Vorkinn and Sanders, 1993)

80 1
® o ® Cake
80 + —Jl}—F.Loss
Fluid
Loss 70 -
[ml] r . 0080. . 0.30- . 0-79-
60 +
50 $ + } + -4
0 60 120 180 240 300
Mixing Time at 12,000 rpm [s]

Figure 3-12. Filter Cake and Fluid Loss for Copolymer Slurry (Vorkinn and Sanders, 1993)

At Prudhoe Bay, the latex system is commonly used in squeeze operations. The copolymer system

is often used for well abandonment.
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Earlier R & D efforts had indicated that mixing energy imparted to the slurry was a critical
parameter. As a result, field procedures were developed that ensured an adequate energy input level.
Vorkinn and Sanders' data confirm earlier studies that concluded that thickening time is reduced as total
shear is increased. Mixing energy and thickening time are compared for the latex system in Figure 3-13.
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Figure 3-13. Mixing Energy and Thickening Time for Latex Slurry (Vorkinn and Sanders, 1993)

These data show that, at the early stages, increased shear can result in significantly reduced
thickening time. Above 120 seconds, however, thickening time remains relatively stable.

Vorkinn and Sanders did not directly measure the effect of pumping slurry through coiled tubing.
They did note that several jobs in the field have extended into the last hour of the slurry working time, and
early thickening has not been observed. These experiences indicate that additional mixing energy from
pumping through 13%-in. coiled tubing does not alter thickening time to a significant degree.

The laboratory and field data led them to conclude that slurry properties are affected by mixing
energy, but tend to stabilize above a certain level.

3.5 SHELL WESTERN E&P/HALLIBURTON (THERMAL WELL ABANDONMENT)

Shell Western E&P sought ways to decrease the cost of plugging and abandoning shallow thermal
wells in the South Belridge Field (Fram and Eberhard, 1993). Shell found that the use of coiled tubing as
part of a more efficient use of equipment and personnel increases efficiency and reduces costs. Coiled
tubing was used to spot cement plugs for half the jobs performed in 1992. Job costs were reduced by
$2000/well with this method.
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Well abandonment is a routine operation in a thermal project such as South Belridge. Large
numbers of up-dip wells become desaturated and uneconomical. Typical producer and injector completions
are shown in Figure 3-14. Two hundred wells were abandoned in 1992. Savings by use of coiled tubing
were due to more efficient use of equipment and personnel.

Figure 3-14. Typical South Belridge Completions (Fram and Eberhard, 1993)

Equipment used for well abandonments using coiled tubing is shown in Figure 3-15. Before the
coiled-tubing unit is used, wells are cleaned out and their production tubing and packers removed by a
workover rig. After the coiled-tubing unit is rigged up, the well is quenched while running the tubing into
the well. The bottom cement plug is spotted next. The unit is then rigged down and moved to the next
well. Five or six bottom plugs can be set in an 8-hour day.
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Figure 3-15. Equipment for Coiled-Tubing Abandonment (Fram and Eberhard, 1993)

A small wireline perforating unit next tags the top of cement and perforates the casing across from
the caprock overlying the reservoir. Later, the coiled-tubing equipment is again rigged up and used to fill
the remaining wellbore with cement.

Savings are seen with the coiled-tubing procedure by more efficient use of equipment, a reduction
in the number of tags at the wrong depth, and far fewer instances of unintentionally fracturing the wellbore
while pumping cement, as compared to conventional procedures with a workover rig.

The project team also sought ways to decrease the cost of cement material, one of the major
expenses. A Premium cement slurry was used previously (Figure 3-16, Slurry 2). The addition of
pozzolan reduced costs by 40%, while still providing acceptable properties. Pozzolan blend has an
increased set-up time; however, since the equipment is moved off the well after the cement is spotted,
longer WOC times are not a problem. The pozzolan blend (Figure 3-16, Slurry 3) is also less viscous and
can be pumped at a rate of 1'4 bpm versus about 1 bpm for Premium. As a consequence, pumping times
are reduced.
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Slurry 1 Sturry 2 Slurry 3
Yield 235 1.65 1.9 dvsk
Weight 16.7 15.4 13.0 lbga!
Water 7.9 6.6 9.7 galsk
Relative Cost Factor .9 1.0 & $kh
Al test are ot a BHCT of 100 °F
Free Water - % 0.0 0.5 1.0
Fluid Loss - co30min 800 750 1060
Rheoigy
600 rpm 130 150 132
300 rpm 105 100 110
200 rpm 96 a1 101
100 rpm 83 &0 N
Thickening Time — Hr:Min 3:00+ 1:30 5:21
Compreasive Stre -psi 100 200 300 100 200 300 100 200 200°F
24 hr noth - pel 900 2000 2000 2500 3600
48 hr 2700 3500 5000
72 hr 1700 4000 250 BOO 2550
5 day 3000 3500 5400 450 1500 3000
7 doy 2100 4500 4000 4800 6000 600 1750 3200
Slurry 1 - 1:1 SandPremium cement with 35% silica flour, 2% gel
Slurry 2 - Premivm cement with 35% silwa flour, 3% coicium  chioride
Siurry 3 - 50:50 Paxxolonfremium cement with 35% silica Aour BWOC), 5% gel

Figure 3-16. Cement Slurry Properties (Fram and Eberhard, 1993)

Shell Western concluded that this type of review and revision of routine tasks as new technology
becomes available, can result in significantly decreased costs.
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4. Coiled Tubing

4.1 COILED-TUBING PROPERTIES AND PERFORMANCE

During the first 25 years of its existence, coiled tubing was typically manufactured in strings of 1-
or 1%-in. diameter. Work strings of up to 15,000 ft were transportable on a single compact rig. Pump
rates were generally limited to about 1 BPM. Larger tubing of 1%4- and 13%-in. were introduced in the

mid-1980s to allow higher pump rates for various operations.

Coiled tubing has since been made available (Figure 4-1) in several additional diameters: 2, 2%,
27, and 314 in. Wall thicknesses range from 0.109 in. for light-wall 2-in. tubing to 0.204 in. for 3%-in.
tubing (Smith, 1993).

1.1/4"

11/2*

1 3/4*

2 g/8"

27me

31/2

1870 1975 1980 1985 1980

Figure 4-1. Introduction of Coiled Tubing Sizes

Ratios of outer diameter to wall thickness have ranged from 8:1 up to 20:1, based on the intended
service. Work strings that will be cycled repeatedly under pressure perform best in the range of 12:1 to
14:1. Strings that will not be cycled (flow lines, etc.) have used thickness ratios in the range of 16:1 to
19:1.

Coiling diameter is the ratio of spool hub diameter to tubing diameter. Industry's experience has
shown that coiling diameter for strings that will be cycled repeatedly can range from a minimum of 40:1
to a more optimum 48:1 (Smith, 1993). Again, more leeway is available for strings that will not be cycled.
For these strings, a coiling diameter as low as 36:1 has been found to be acceptable.
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Shipping constraints become an important consideration for larger sizes of coiled tubing (Table 4-1).
Typical maximum spool dimensions to avoid special permits for over-road shipment are: 70 in. flange
width, 150 in. height, and 45,000 Ib total weight. Note in Table 4-1 that these 2%- and 3'%4-in. spools are
constrained by height rather than weight.

TABLE 4-1. Typical Tubing Shipping Limits (Smith, 1993)

Tublng . | Weléht UpreiOD f\ éapiclfy Welght?ir r
(in.} __(vity) fn) | () (1)
2x0.109 22 | 80 17,000 | 41,000
2% x 0.156 3.7 85 11,000 44,000
276x0.175 5.1 10 5,300 30,000
3% x0.190 6.7 __130 2,400 J 20,000

Larger diameter coiled tubing (2 in. and greater) has found considerable application as production

tubing and flowline. Industry's experiences in these areas are discussed in the chapters Pipelines and
Production Strings.

Sizes, dimensions, and ratings of 80-ksi tubing are summarized in Tables 4-2 (English units) and 4-3
(metric units). These data are for QT-800® tubing, Quality Tubing's 80-ksi bias-welded material. This
product represents the majority of strings currently in service.
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The range of tubing wall thicknesses currently available varies for each size of tubing. For 1 in.,
wall thickness ranges from 0.080-0.109 (Quality Tubing); 0.075-0.109 (Precision Tube); and 0.087
(Southwestern Pipe). For 3%-in. tubing, wall thickness ranges from 0.134-0.203 (Quality Tubing); and
0.175-0.190 (Precision Tube).

Wall thickness has increased along with tubing size due to the need to maintain a practical level of
burst resistance with larger pipe. The average wall thickness available from Quality Tubing is shown for
each coiled-tubing diameter in Figure 4-2.

0.2

o
—
w

©
-t

AVERAGE WALL (IN)

0.05 ....................................................................

COILED TUBING OD {in)
Figure 4-2. Coiled-Tubing Wall Thickness (Quality Tubing, 1993)

Due to the strong dependence on the tube diameter, burst strength does generally decrease for larger
tubing, despite increased thickness (Figure 4-3). Average burst strength of 1-in. tubing is almost double
that of 3'4 in.: 16,100 psi versus 8400 psi. Note that the bump in the curves for burst strength for 2-in.
tubing is due to the fact that the increase in average wall thickness offered by Quality Tubing outpaces the

increase in tube diameter from 1% to 2 inches.

=70 ksi
~+ 80 ksi

-
@

-—
wn

-
]

BURST ({ksi)
©

COILED TUBING OD (in)
Figure 4-3. Coiled-Tubing Burst Strength (Quality Tubing, 1993)
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Torque capacity increases as the square of tubing diameter. Average maximum torque data (Figure

4-4) illustrate why tubing less than 2 in. is poorly suited for drilling operations.

12

- 70 ksi
10| + 80 ksi

TORQUE (kft-Ibs)

0r— T —

COILED TUBING OD (in)

Figure 4-4. Coiled-Tubing Torque Capacity (Quality Tubing, 1993)

Tensile loads at pipe yield are compared in Figure 4-5. Average maximum load capacity is about
19,000 Ib for 1 in., 49,000 Ib for 1% in., and 125,000 Ib for 3% in. This increased capacity with larger
sizes is offset to a degree by the increased weight of the tubing string at any given depth.

160

=70 ksi

—~ 140
o1 +-80 ksi

120

100 .....................................

80 .......................................

60 .............................................................. -

40 ........... FE

TENSILE YEILD LOAD (ki

20 ............................................. e e e e e e e e e e

0 T T T
0 1 2 3 4

COILED TUBING 0D (in)
Figure 4-5. Coiled-Tubing Tensile Load Capacity (Quality Tubing, 1993)

Internal flow area also varies significantly (Figure 4-6). There is over 15 times more flow area in
a 3%-in. string as in a 1-in. string. It is also interesting to note that 1'%4- and 1%-in. tubing have about
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50% and 100% more area, respectively, than 1%-in. This explains why the introduction of these medium

sizes satisfied most of the needs of traditional hydraulic service operations.

INTERNAL AREA (in?)

COILED TUBING OD (in)

Figure 4-6. Coiled Tubing Internal Capacity (Quality Tubing, 1993)

The weight of coiled tubing is shown in Figure 4-7. Weight increases almost linearly for the range
of tubings available. The cost of coiled tubing is on the order of $1/Ib/ft, especially for the smaller sizes.
Larger O.D. typically costs more than $1/Ib/ft.

[}

[5,]

ES

WEIGHT (Ib/it)
[#]

N

®ib/it

—

=]

COILED TUBING OD (In)

Figure 4-7. Coiled-Tubing Weight (Quality Tubing, 1993)

Traditional diameters (i.e., less than 2 in.) continue to represent a solid majority of coiled tubing
production. Figure 4-8 presents an overview of recently manufactured tubing diameter.
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Figure 4-8. Recent Coiled-Tubing Production (Quality Tubing, 1993)

4.2 CORROSION OF COILED TUBING

4.2.1 Halliburton
Halliburton (Walker and Lancaster, 1993) reported the results of various tests of the
susceptibility of coiled tubing to corrosion by inhibited acid. Early in the history of coiled-tubing field
operations, excessive corrosion was observed after acid jobs. Operators began to use higher concentrations
of inhibitors, special inhibitors, as well as pump slugs of inhibitor ahead of the acid. Although somewhat

successful, these types of fixes increased the potential to damage the formation.

The primary differences in the metallurgy of coiled tubing and N-80 jointed tubulars are
reduced carbon and sulfur in coiled tubing (Table 4-4). From a metallurgical analysis, these differences

in recipe should make coiled tubing less susceptible to corrosion than N-80.
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TABLE 4-4. Metallurgy of Coiled Tubing, N-80, and L-80 (Walker and Lancaster, 1993)

Elements Coiled Tubing N-80 Steel* L-80
Carbon 0.10-0.14 - 0.43 Max
Manganese 0.70 - 0.90 - 1.90 Max
Phosphorus 0.0025 Max 0.040 Max 0.040 Max
Sulfur 0.005 Max 0.060 Max 0.060 Max
Silicon 0.30-0.5 Lo 0.45 Max
Chromium 0.50-0.70 - -
Copper 0.25 Max - 0.35 Max
Nickel 0.20 Max - 0.25 Max
Iron Balance Balance Balance

*NOTE: Specification SA: Casing, tubing, and drill pipe from API show only maximum content
allowed of phosphorus at 0.040% and sulfur at 0.060% required for composition of material to
make tubulars of grades H40 to N-80. For L-80 grade tubing, see above composition.

Halliburton conducted tests where tubing was placed in inhibited 15% HCI for 6 hr at
temperatures ranging from 200 to 300°F. These results showed no significant differences between coiled
tubing or N-80 wbing (Figure 4-9).

1Corrosion Loss in 1b/ft’

0.1 T ST R
Max Loss = 0.050 Ib/it

o.o1| - — — —

0.001
200 225§ 250 275§ 300

Temperature 'F

icT [_ _IN-80

Figure 4-9. Inhibited Acid Immersion Tests (Walker and Lancaster, 1993)
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Corrosion was further evaluated under cycling conditions designed to simulate field usage of
coiled tubing. Tubing was exposed to inhibited acid for 8 hr and then to either moist air or moist nitrogen
for 16 hours. This cycle was repeated 60 times. Results showed that corrosion was significantly greater
on the aerobic tests (Figure 4-10). A control sample was kept immersed in acid throughout the 60-day test
period (“immersion” data in Figure 4-10).

Corrosion Loss in 1b/ft’

01| - o o 3 i
Max Loss = 0.060 Ib/ft

0.01

0.001 :
Aerobic Anaerobic Immersion

Temperature - Ambient

[ IN-80

Figure 4-10. Aerobic and Anaerobic Cycle Tests (Walker and Lancaster, 1993)

These results indicate that the formation of iron oxides (rust) between acid baths led to
exposure of new metal after dissolution of each cycle’s rust by the acid. Corrosion by exposure to oxygen
cannot be easily avoided during typical coiled-tubing field usage. Rust is best prevented by programs of
rinsing, cleaning, and atmospheric corrosion inhibitors.

Another series of tests was conducted in which the inhibited acid was pumped through the
tubulars during the tests. These tests were designed to investigate whether flow regimes or velocity profiles
increased the rate of corrosion. Acid was pumped at 0.5 BPM through 1% x 0.090 x 10 ft coiled tubing
for 8 hours at 150°F and 500 psi. Sonic wall thickness measurements (Table 4-5) showed that no unusual

wall loss occurred.
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TABLE 4-5. Wall Thickness After Acid Flow Tests (Walker and Lancaster, 1993)

Before Test After Test
Acid System Thin (in.) Thick (in.) Thin {in.} Thick (in.))
1 0.089 0.092 0.087 0.090
2 0.091 0.093 0.087 0.089
3 0.089 0.092 0.085 0.090

Coiled tubing samples 10 ft. x 1.25 in. x 0.090 in. coiled tubing exposed to (1) 15% HCI
+ 0.3% inhibitor; (2) 7.5-1.5 HCI-HF + 0.3% inhibitor and (3) 15% HCI + 0.3% inhibitor for
8 hours followed by 7.5-1.5 HCI-HF + 0.3% inhibitor for 8 hours. Tests were conducted at
150°F for 8 hours.

Halliburton planned additional tests to include the impacts of cold working and pressure cycling

on corrosion.

4.3 HIGH-STRENGTH COILED TUBING
4.3.1 CYMAX/Halliburton
A discussion of the theoretical benefits and early field experiences with 100-ksi quenched and
tempered coiled tubing was provided by Thompson et al. (1994). Several strings of CYMAX 100-ksi
coiled tubing have been delivered to the field and a database of operational experience is forming.

There are several theoretical performance improvements that would result from increased
material strength. Among the most important is fatigue life. Materials with higher yield strength will be
stressed to a lower percentage of hoop stress under the same operating conditions. Thus, for the same
bending radius, high-strength materials will have a longer life (Figure 4-11).
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Figure 4-11. Coiled-Tubing Cycle Life and Strength (Thompson et al., 1994)

Few failures of high-strength coiled tubing have occurred as a result of fatigue failure. Several
strings have been run over 1 million running feet. Service company experiences indicate that field life of
these high-strength strings exceed that predicted in laboratory tests. It is surmised that the constraining
effect of the gripper blocks and gooseneck slow the ballooning of the tubing and contribute to a fatigue life

greater than predicted.

Increased overpull capacity is an important benefit of higher strength. Four string designs are
compared in Table 4-6: 1) 70-ksi tubing with standard wall thickness, 2) 70-ksi tubing with thicker wall,
3) 70-ksi tubing tapered across four sections, and 4) 100-ksi tubing with standard wall thickness.
Increased overpull can be derived from each of the three alternative designs; however, high-strength tubing

provides the greatest overpull at the least string weight.



TABLE 4-6. Overpull of 1% x 15,000 ft Coiled Tubing (Thompson et al., 1994)

I - i
Tubing Material Wall{in.) Length {H) “Weight (Ib) Overpall (Ib) .
Standard 70 ksi 0.087 15,000 16,210 1590
Thicker-wall 70 ksi 0.109 15,000 19,920 1960
Tapered 70 ksi 0.108 2500 17,710 4170
0.102 2500
0.095 5000
0.087 5000
Standard 100 ksi 0.087 15,000 16,210 9220

Burst and collapse pressure should increase with yield strength. Test results compared to

calculated results are shown for burst in Table 4-7. Calculated collapse predictions are shown in Table 4-8.

TABLE 4-7. Burst Tests of High-Strength Coiled Tubing (Thompson et al., 1994)

Quenched & Tempered

Description Actual Tensile (PSl)| Calculated Burst (PSl)}| Tested Burst {(PSI)
1% X .087"(.089) X 70 KSI 81,500 12,400 12,800
As Rolled
1%" X .087"(.088) X 100 KSI 109,600 16,500 17,900

TABLE 4-8. Collapse Predictions for High-Strength Coiled Tubing (Thompson et al., 1994)

70 KS! As Rolled 100 KSI Q&T
Weight (Lbs) 21,250 21,250
Yield Load (L.bs) 27,350 39,070
% of Yield 78% 54%
Collapse (PSI) of Round Tube 4,500 10,300
Collapse (PSI) of 1% out of Round 2,900 6,700

Field experience also indicates that high-strength tubing is not ovalled as rapidly as 70-ksi

tubing under the same bending conditions.

The question of the detrimental effects of field welds has been asked by many in industry.
CYMAX performed a series of tests comparing cycle life of a tube to that of a field repair weld (Table
4-9). These results show that field welds fail much more rapidly than tube body.
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TABLE 4-9. Effect of Field Welds on High-Strength Coiled Tubing (Scott, 1994)

SAMPLE No. of CYCLES BREAK POINT
70 Tube 150 Tube
70 Weld 75 HAZ
B0 Tube 210 Tube
B0 Weld 135 HAZ

100 Tube 310 Tube
100 Weld 165 HAZ

Field repair welds were made using an orbital TIG welder
with no post heat treatment.

Another important consideration with field welds is the reduced tensile capacity due to the
inability to duplicate quench and temper processes in the field. CYMAXs tests (Scott, 1994) suggest that
100-ksi quenched and tempered coiled tubing should be downrated to 90 ksi following field welds. Neither
70-ksi or 80-ksi strings need to be down rated.

4.3.2 Halliburton/Amoceo
High-strength coiled tubing was successfully used to clean out scale from three high-pressure
gas wells in the Gulf of Mexico (Coats and Tatarski, 1993). Zinc sulfide had plugged off the wells and
was removed using jetting and impact drilling operations run on coiled tubing. Significant cost savings
were enjoyed by the operator (Amoco) for these workovers.

Due to the high shut-in pressures { > 7000 psi), high-strength coiled tubing was required for
these jobs. Prior to the field work, jetting parameters were modeled, which indicated that injection
pressure would be in the range of 7500 psi and require 100-ksi coiled tubing.

Surface equipment for these three jobs included some modiftcations to the basic set-up due
to the high surface pressures. A guide tube (Figure 4-12) was added below the injector to provide support
for the tubing between the bottom of the chains and the stuffing box.
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Figure 4-12. Tubing Guide for High-Pressure Workover (Coats and Tatarski, 1993)

A combination of jetting, acid soaking, and impact drilling was used to successfully clean
out three wells. Production rates and coiled-tubing workover costs are summarized in Table 4-10. Cost

estimates for conventional workovers for wells 5 and C-6 totaled almost $6 million. Coiled-tubing

operations were performed at a cost of 5-6% of conventional.

TABLE 4-10. Production Rates and Costs for Three Wells (Coats and Tatarski, 1993)

- ' . Original . Production Before - ?:Prqductlon‘At‘tér B HEEEE T R
' Well Numher ‘Production ~ Repalr ~ Repalr - -Cost:of Repair :
C-1 13 MMscfd 0 25.7 MMscfd $ 80,000
5 20 MMscfd .3 MMsctd 23.4 MMsctd $152,000
C-6 11 MMsctd 3 MMscid 19.5 MMsctd $125,000
Cumulative Totals 44 MMscfd 3.3 MMscfd 68.6 MMscfd $357,000

Additional discussion of these high-pressure scale removal operations is presented in the

chapter Workovers.
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4.4 TITANIUM COILED TUBING

4.4.1 Titanium Tube Technology
Titanium coiled tubing has recently been made available to the oil industry. RMI Titanium
Co. and Precision Tube Technology have formed a joint-venture company called Titanium Tube
Technology to offer this product. The first string was shipped in early 1993. CYMAX has also begun
offering titanium tubing (see next section).

Several basic properties of all titanium alloys make them suited for specific oil-field
applications. These include a high strength/weight ratio of about 2:1, excellent corrosion resistance in H,S
environments, low modulus of elasticity (about half that of steel: 16 MMpsi), and excellent fatigue
properties. Elastic bend radius is inversely proportional to modulus of elasticity; thus, a lower modulus
as with titanium will result in less plastic bending strain at a given spool or gooseneck radius. This will
result in increased cycle life as compared to steel.

Two alloys are of current interest for use as coiled tubing (Table 4-11).

TABLE 4-11. Properties of Titanium Alloys (Klink, 1993)

" PROPERTY - . | . GRADE12 = |  GRADES
Minimum Yield 70 ksi (483 MPa) 90 ksi (621 MPa)
Minimum Tensile B0 ksi {552 MPa) 100 ksi {690 MPa]
Elastic Modulus 4' 16,000 ksi {110 GFa) 16,000 ksi {110 GPa)

Grade 12 is composed of 99% titanium with 0.7% nickel and 0.3% molybdenum. The
higher strength of Grade 9 is a result of a higher alloy content: 3% aluminum and 2.5% vanadium.
Properties and capacities for Grade 12 coiled tubing are presented in Table 4-12, and for Grade 9 coiled
tubing in Table 4-13.
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TABLE 4-12. Properties of Grade 12 Titanium Coiled Tubing (Klink, 1993)
DIMENSIONS WEIGHT LOAD BURST COLLAPSE INTERNAL CAPACITY EXT_ERNAL DISPLACEMENT
{(INCHES) LBS/FT CAPACITY RATING RATING PER 1000FT PER 1000FT
oD WALL ID

NOM NOM NOM NOM LBS PSI PS| GALLONS BBLS GALLONS 8BLS
.00 0087 0826 0491 17468 13703 14288 2783 0.66 408 0.97
100 0085 081 0532 21358 14863 15476 26.77 0.64 408 0.87
1.25 0.087 1.076 0.626 22251 10962 11815 47.23 1.12 63.75 1.52
125 0085 106 0678 24130 11970 12640 45.84 109 63.75 152
125 0109 1032 0769 27350 13734 14327 43.45 1.03 63.75 152
150 0095 131 0825 29353 9975 10102 70.01 1.67 §1.79 2.19
1.50 0.108 1.282 0937 33343 11445 12130 67.05 16 91.79 2.19
1.50 0.125 1.25 1.0683 37797 13125 13750 8375 1.52 91.79 2.19
175 0.108 1.532 1106 38335 8810 2816 85.75 2.28 124.94 2.97
2.00 0.08 182 1506 37803 5513 3592 135.14 322 163.19 389
200 0109 1782 1274 58279 8584 7887 12955 3.08 16319 388
2375 0.109 2.157 1518 54317 5622 3782 185.81 452 230.12 5.48
2375 0125 2125 1739 79522 8289 777 184.22 439 230.12 5.48
2.375 0144 2.107 1.857 66038 6912 6020 181.12 4.3 230,12 5.48
2.375 0.156 2.063 214 76126 BO45 7689 17363 413 230.12 5.48

Properties based on 70,000 psi min. yieid and nominal dimensions

TABLE 4-13. Properties of Grade 9 Titanium Coiled Tubing (Klink, 1993)

DIMENSIONS WEIGHT  LOAD  BURST COLLAPSE INTERNAL GCAPACITY EXTERNAL  DISPLAGEMENT
(INCHES) LBS/FT CAPAGITY RATING RATING  PER 1000€T PER 1000FT
0D WALL 10

NOM  NOM  NOM  NOM LBS PSI PSI  GALLONS  BBLS GALLONS BELS
1.00 0.087 0.826 0.431 22459 13703 14208 27.83 0.66 408 0.97
100 0095 081 0532 24308 14963 15476 26.77 0.64 408 0.97
1.25 0.087 1.076 0.626 28808 10962 11815 47.23 1.12 63.75 152
1.25 0.095 1.08 0.678 31024 11970 12640 4584 1.09 63.75 152
125 0109 1032 0769 35165 13734 14327 4345 1.03 63.75 1.52
1.25 0.125 1 0869 39761 15750 16200 408 097 63.75 152
1.50 0.095 1.3 0.825 37739 8975 10102 70.01 1.67 91.79 218
1.50 0.109 1.282 0937 42869 11445 12130 67.05 1.6 891.79 2.19
1.50 0125 1.25 1063 48597 13125 13750 63.75 152 91.78 219
1.75 0.109 1.532 1106 50574 8810 9918 95.75 2.28 124,94 2.97
175 0125 1.5 1.256 57432 11250 12315 91.79 2.19 12454 287
2.C0 0.108 1.782 1.274 58279 8584 7887 129.55 308 163.19 389
200 0125 175 1449 66288 9844 8374 12494 297 163.19 389
2375 0.125 2125 1.738 79522 8289 7177 184.22 4.39 230.12 548
2875 0125 2625 2125 97183 6848 4675 281.12 6.69 337.21 8.03

Properties based on 90,000 psi and nominal dimensions
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Applications for titanium coiled tubing include workovers, velocity strings, injection strings,
production tubulars, and flow lines.

Titanium's high strength/weight ratio allows greater depth capacity than steel tubing and
lighter overall string weight. Maximum string length (string will break under its own weight) for titanium
is considerably longer than for nontapered steel strings (Figure 4-13).
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Figure 4-13. Maximum Hanging Length (Klink, 1993)

Another measure of the difference in load capacity for various tubing materials is shown in
Figure 4-14. The available overpull for a 22,000-ft string of each material ranges from 9850 1b for 100
ksi steel to 18,200 1b for Grade 9 titanjum.
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Figure 4-14. Maximum Overpull for 22,000-ft String (Klink, 1993)
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Titanium offers advantages for velocity and injection string applications including greater
depth capacity, and corrosion resistance in hostile, sour, and CO, environments. As production tubing,
titanium offers corrosion resistance, the elimination of threaded connections, and reduced installation time.

Titanium also presents an effective alternative to clad flow lines, especially steel flow lines
clad internally with a high nickel alloy for corrosion resistance. For subsea installations, extended fatigue
life with titanium may be another distinct advantage.

The principal disadvantage of titanium is cost: about 6 to 7 times the cost of steel for 70 ksi
strings. Other disadvantages include titanium's weakness to HCI acid, HF acid, and anhydrous methanol.
Inhibitors are available for HC1. Effects of anhydrous methanol are reduced with 2% water addition.

Various other titanium alloys are under consideration for coiled tubing. Significantly
increased yield strengths are possible. Titanium Tubing Technology is developing a high-strength alloy
called Bc. Its yield strength of 140 ksi will increase the tubing's working range for all types of
applications.

4.5.2 CYMAX/TIMET

CYMAX (Zernick, 1994) has been considering the use of several titanium alloys (Figure
4-15) displaying a variety of yield strengths.
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Figure 4-15. Titanium Alloy Yield Strengths (Zernick, 1994)
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CYMAX reported the results of a series of fatigue life tests comparing titanium to steel.
Their data show that ballooning (diametral growth) is much less for titanium at similar load stresses (Figure

4-16).
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Figure 4-16. Ballooning of Titanium and Steel (Zernick, 1994)

Fatigue life of high-strength titanium is greater than both 70-ksi and 100-ksi steel for a range
of wall thicknesses (Figure 4-17). Note that, for CYMAX’s fatigue test fixture, each bending/unbending
cycle is counted as one cycle. To compare with cycle life on a rig, these data should be divided by three
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Figure 4-17. Titanium Fatigue Life (Zernick, 1994)

4.5 COMPOSITE COILED TUBING
4.5.1 Conoco

Various materials have been suggested as alternatives to HSLA (high-strength low-alloy) steel
to improve the product’s performance in field operations. Quench and tempered processes have been used
to increase strength. New steel alloys with higher yield strengths are being developed.

Composite coiled tubing has been investigated and shown to offer the potential for
performance exceeding that of metal tubing (Sas-Jaworsky and Williams, 1993). Fibrous composite
construction can be customized anisotropically to address specific requirements for tensile, compressive,
collapse and burst loads. Important benefits for these materials include resistance to most chemicals used
in the oil-field and operational ranges from 225° to 350°F.
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Representative stress-strain curves for unidirectional laminates in epoxy matrices are shown

in Figure 4-18.
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Figure 4-18. Stress-Strain Curves for Unidirectional Composites
(Sas-Jaworsky and Williams, 1993)

Conoco began examining composites for use in high-pressure tubulars for onshore water
injection lines in 1988. The following year, an effort was directed toward the fabrication and testing of
composite coiled tubing. The strains imposed on coiled tubing during routine field usage presented
significant design challenges for composite construction. For example, the strain imposed by spooling 1%-

in. tubing on a 6-ft spool is about 4 times greater than that on commercial aircraft wings.

These high strains will exceed the ultimate stress of most composites arranged in a
unidirectional laminate along the tubing axis. However, studies by NASA and others have shown that
cross-plied laminates with fiber from about 35° to 55° relative to the high strain load can withstand much

higher strains without failure (Figure 4-19).
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Figure 4-19. Properties of Cross-Ply Laminate Composite (Sas-Jaworsky and Williams, 1993)
Mechanical properties for 45° laminates are compared in Table 4-14. Conoco fabricated
l,— several tubing prototypes from these composites using three manufacturing processes: pultrusion, filament

winding and braiding.

TABLE 4-14. Properties of 45° Laminate Composites (Sas-Jaworsky and Williams, 1993)

E-Glass | $-2 Glass| Carbon | KEVLARP 49

fEpoxy | /Epoxy | /Epoxy /Epoxy
Axial Modulus, Msi 2.38 2.77 3.12 1.09
Transverse Modulus, Msi | 2.38 2.77 3.12 1.09
Shear Modulus, Msi 1.88 2.35 544 2.84
Poisson Ratio, 0.49 0.54 0.73 0.82
(Axial-Transverse)
Axial Coef. Thermal 6.95 7.37 0.92 0.77
Expansion, Microstrair/"F

Mechanical Properties for [ +-45/- +45] Cross-Ply
Laminates in an Epoxy Matrix.
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Conoco chose to do more extensive testing with Kevlar® composite tubing fabricated by the
braiding process (Figure 4-20).
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Figure 4-20. Braider for Composite Coiled Tubing (Sas-Jaworsky and Williams, 1993)

Design parameters for the 45° Kevlar® tube are shown in Table 4-15.

TABLE 4-15. Design Specifications for Prototype Composite Tubing
(Sas-Jaworsky and Williams, 1993)

CCT SPECIFICATIONS

1.0-inch 1.D.
1.5-inch O.D.
5000-psig Operating Pressure
2000-1b Axial Compression
Tension: 1.5 x Air Weight/Unit Length x Length
1500-psig Collapse Resistance
180° F Maximum Operating Temperature
7-ft. Minimum Diameter Spool
Minimum of 2500 Bending Cycles
. Smooth, Tough, Abrasion Resistant Interior and Exterior
Surfaces
. Simultaneous Loads: 3+4, 345, 3+8
Damage Tolerant
. Producible in 10,000-ft. Lengths

b e AR o ol bl

(=

—_
[

—
W

Preliminary Design Specifications for Initial CCT
Prototype Specimens.
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A simple bending fixture (Figure 4-21) was fabricated to test the fatigue life of composite
coiled tubing. The radius of curvature for these tests was 29 in. After being subjected to 50,000 bending
cycles with no internal pressure, the sample was pressurized until it burst at 19.5 ksi.

P e S S, R
T o, B P o 20 I Bl 5 IR S

Figure 4-21. Bending Test Fixture for Composite Coiled Tubing
(Sas-Jaworsky and Williams, 1993)

Bending tests with internal pressure were conducted with several samples. Results of three
tests are shown in Figure 4-22. Square symbols in the figure indicate that the tubing did not fail during
the test; star symbols indicate failures (loss of pressure). A multistage test is represented with arrows. In
one test, the sample was cycled 80,000 times at 5000 psi then tested again at 7500 psi, finally failing after
an additional 20,000 cycles. One high-pressure test was performed at 10,000 psi; failure occurred near
80,000 cycles.
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Figure 4-22. Bending Test Results (Sas-Jaworsky and Williams, 1993)
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Tension and compression test results (Figure 4-23) show that tension strains are nonlinear
above about 0.8 % for the 45° laminate. A sample was constructed with two sets of additional fibers placed
along the direction of the tubing axis, which significantly increased tension and compression capacity. This
sample is indicated as [ +45/0] in the figure.
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Figure 4-23. Tension/Compression Test Results (Sas-Jaworsky and Williams, 1993)

Tests were conducted under simulated field conditions with a guide arch and injector on a
test well. A 20-ft section of composite tubing was cycled across the arch and through the injector and
stripper. A total of 1500 trips was performed at 2500 psi internal tubing pressure. The tubing did not fail
during these tests.

Advantages of composite coiled tubing as determined by Conoco's tests include:

¢ Composite tubing has a significantly increased cycle life as compared to steel
(about two orders of magnitude greater)

¢ Burst and collapse can be tailored through fiber orientation without increasing
tubing weight

* Inhibitors are not needed for pumping acid

¢ Jaminate construction allows tailored surfaces, such as wear-resistant exterior
layers

¢ Conductors can be incorporated into the matrix to provide wireline capability
without an internal cable

s  Weight of tubing is 60-75% less than steel, providing extended reach capabilities

Areas that need to be investigated in the future include the effects of tubing damage by wear,
impacts, and high gripper-block loads.
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5. Drilling

5.1 BENEFITS OF COILED-TUBING DRILLING
5.1.1 History of Drilling with Continuous Strings

Drilling with coiled tubing has received considerable interest from the industry in recent years,
probably more than any other area of coiled-tubing technological development. With the ability to be
rapidly tripped under pressure, coiled tubing holds promise to provide a cost-saving alternative to
conventional rotary drilling when applied under appropriate conditions.

Drilling with a continuous string had been considered prior to the current boom. A drilling
system based on a continuous drill string was developed by Roy H. Cullen Research in 1964 (Gronseth,

1993). The flexible drill string was constructed of multiple-wire tension members and had an O.D. of 2%
inches. The drill string was advanced and retracted by a hydraulic injector with gripper blocks. The
system was used to drill a 4%-in. test well through 1000 fi of granite near Marble Falls, Texas.

Penetration rates of 5-10 ft/hr were reported.

Another system was developed by the Institut Frangais du Pétrole (IFP), which used 5-in.
0.D., 2%- to 3-in. 1.D. flexible drill strings containing several electrical conductors. Downhole electric
motors or turbines were used to rotate the bit. Their injector was operated either electrically or
hydraulically, and could be run in an “auto-driller” mode controlled by feedback from bit power
consumption.

- TUBING
INJECTOR
TUBING PCWER
SUPPLY

2* COIL TUBING DOWNHOLE
WITH WIRELINE : ASSEMBLY

WHIPSTOCK

Figure 5-1. Open-Hole Drilling with Coiled Tubing (Ramos et al., 1992)



The IFP system could be used to drill holes from 63 to 12% in. to depths of 3300 ft
(1000 m). By 1965, more than 20,000 ft (6000 m) of hole had been drilled with the system.

FlexTube Service Ltd. developed another system in the mid-1970s that used 2%s-in.
continuous tubing. They drilled shallow gas wells with the system in Alberta, Canada. Initial tubing
strings were fabricated from butt-welded X-42 line pipe. They later developed the first aluminum coiled
tubing in conjunction with Alcan Canada.

FlexTube's system used 4% -in. drill collars, a positive-displacement motor, and conventional

6 -in. bits. Penetration rates were comparable to those with conventional rigs.

Bottom-hole assemblies designed for drilling operations have also been run on conventional
steel coiled tubing for some time. Most coiled-tubing drilling operations have been performed as part of
workover applications, such as cement and scale removal, milling, and underreaming. More recently,
coiled tubing has been used to drill vertical and horizontal re-entries and new wells. The industry has been
watching these developments in coiled-tubing drilling with high interest.

Since 1991, almost 200 wells have been drilled with coiled-tubing rigs and positive-
displacement motors (Figure 5-1). Although there has been considerable activity and interest, coiled-tubing
drilling technology is still immature, and the potential cost savings predicted for these operations have not
yet been widely realized.

Halliburton, Cudd Pressure Control, NOWSCQO, and Schlumberger Dowell have each
organized specialty teams devoted to developing systems and techniques for coiled-tubing drilling. Field
activity continues at a healthy pace.

Mud motors and various types of bits have historically been run on coiled tubing, including
drilling open hole, drilling cement and scale, milling, and underreaming. Drilling with coiled tubing is
obviously not a new concept; however, recent advances in both coiled-tubing and drilling technology have
significantly increased the depth limitations and directional-control capabilities of these systems.

The driving force behind the development of coiled-tubing drilling is, not surprisingly, the
need to reduce drilling costs. The economic advantages of slim-hole operations are shared by coiled-tubing
drilling. Smaller rigs and surface locations result in less environmental impact and lower civil engineering
costs. Lower mobilization costs and faster rig-up are also expected. Smaller scale operations lead to
savings in mud, casing, and other consumables.

Fewer personnel and equipment should decrease day-rate costs. Unfortunately, the potential
savings in equipment costs have generally not been realized as of yet. An important factor shifting the
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economic equation is that coiled-tubing rigs normally must compete against fully depreciated workover and
drilling rigs, as well as steep discounts in slow conventional markets.

Coiled tubing has been used for several years to drill out scale and cement in cased wellbores.
Recent applications have included both vertical and horizontal open-hole sections. The industry's attention
has been focused on the cost-saving potential of drilling grassroots and re-entry wells with coiled tubing.

5.1.2 Advantages/Disadvantages of Coiled-Tubing Drilling
Several authors have listed and discussed a variety of advantages and disadvantages of drilling
with coiled tubing in numerous journal and magazine articles, as well as conference presentations. In the
following paragraphs, the principal advantages and disadvantages of coiled-tubing drilling are summarized.
More detailed discussion appears in the sections that follow.

Advantages

Costs are reduced with coiled-tubing operations. Many of the cost savings attainable with
coiled-tubing drilling arise from the small size of the rig, the inherent automation of coiled-tubing rigs, and
other savings enjoyed in slim-hole opetations. Costs other than drilling time, such as mobilization, site size
and preparation, and expendables, often account for more than 50% of conventional costs.

Coiled-tubing drilling operations have smaller surface lease requirements than most
conventional rigs due to a smaller footprint (usually less than 50% conventional) for the coiled-tubing
system (Figure 5-2). Costs in several categories can be significantly reduced with coiled-tubing slim-hole
systems.
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Figure 5-2. Coiled-Tubing Drilling Land Rig Layout (Schlumberger Dowell)

Drill-string trip time is reduced. Continuous tubing eliminates the need for drill-string
connections, thus reducing trip times and increasing safety. Many rig-floor accidents and stuck-pipe
incidents occur when drilling is stopped to make a connection.

Underbalanced drilling is practical with coiled tubing. The design of coiled-tubing pressure-
control equipment and systems allows the tubing to be run safely in and out of live wells. Drilling can be
performed in underbalanced conditions, which minimizes formation damage, increases rate of penetration,
and eliminates differential sticking. Reducing formation damage can lead to increased well productivity
and eliminate the need for stimulation or damage removal treatments during completion operations.

Coiled tubing allows continuous circulation. A fluid swivel joint installed on the axle of the
tubing reel allows circulation through coiled tubing while tripping. This design simplifies well-control
techniques and helps maintain good hole conditions. Continuous circulation also allows continuous drilling,
facilitating the use of foam as a low-weight drilling fluid when appropriate.
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Coiled tubing has no joints to make and break. There are several benefits to eliminating tool
joints in the drill string. Among them are no mud spillage while making joints, elimination of noise from
pipe-handling equipment, and increased safety on the rig floor.

Coiled tubing is readily adapted for wireline telemetry. Wireline is routinely installed inside
coiled tubing. High-speed continuous telemetry is practical with coiled tubing for MWD (measurement-
while-drilling) and FEMWD (formation evaluation MWD). The same wireline can also be used for
steering-tool data and orientation-tool control.

Disadvantages

Coiled-tubing drilling, of course, is not a panacea for the oil industry. There are currently
several disadvantages for using coiled tubing as a drill string in open hole. Some of the disadvantages are
being successfully addressed by new developments and tools. Others will remain as limits that define the
ultimate range of economic application of the technology.

Coiled tubing cannot be rotated. Downhole motors, an expensive component, are required
when drilling with coiled tubing. Consequently, slide drilling is the only mode of operation, which results
in increased friction losses and reduced WOB. Separate BHAs must be run for straight hole sections and
for angle building sections. Basic BHAs are shown in Figure 5-3.

] ]

a—— Coiled tubing «—— Coiled tubing

Coiled tubing adapter Coiled tubing adapter

¥ .. Disconnect mechanism Disconnect mechanism

Orienting tool

Drill collars Drill coltars

Muleshoe sub

Positive displacement
motor (PDM)

Positive displacement
(PDM) motor

i «— Adjustable bent housing

Extended gauge length
fixed cutter bit n '

| B S

Figure 5-3. Coiled-Tubing BHAs for Holding Angle (Left) and Building Angle (Right)

{Gronseth, 1993)




Downhole orientation tools are required to direct the bit along the designed well path.
Orientation tools for use on coiled tubing are expensive, and the technology is not yet mature.

Coiled-tubing drilling is limited to small hole sizes. Coiled-tubing O.D. and torque capacity
place limits on the size of hole that can be drilled. The largest hole that can be drilled with coiled tubing
is about 6 % inches. Most jobs have been performed with 1%- or 2-in. coiled tubing. Larger tubing is
available. However, lack of rigs with capability to run larger ODs hinders their use, as well as logistical
difficulties of working with large reels.

Coiled-tubing drilling is limited to relatively shallow holes. Depth limitations for the
technology are governed by the size and weight restrictions of the tubing reel and the reel! trailer rather than
by the mechanical strength of the tubing itself. The larger the coiled-tubing OD, the shorter the length of
the string that can be legally transported. Work is underway in the development of reliable tubing
connectors that can by used to join two or more reels of tubing on location, without sacrificing mechanical
strength or life.

Coiled-tubing drilling is a new technique. The learning curve for coiled-tubing drilling has
begun to fall; however, there is considerable development and industry experience required before the
technology can be considered routine. As was the case for horizontal drilling, it can be expected that
coiled-tubing drilling costs will decrease when operating companies and drilling contractors become more
familiar with the technology.

Coiled-tubing drilling rigs and equipment are expensive. Coiled-tubing rigs must compete
against fully depreciated workover and drilling rigs. In areas with low utilization rates for conventional
systems, daily rates of coiled-tubing systems are often not competitive. This new technology has also
required the development of new tools and assemblies, further increasing costs.

Coiled-tubing rigs cannot run or pull casing or completions. Conventional rig assistance is
normally required for well preparation, unsetting production packers, pulling production tubing, and
running completions. An exception to this restriction is coiled production tubing or liners. The inability
to run jointed tubulars continues to limit the application of coiled-tubing drilling techniques. Although
hybrid rigs have been developed and deployed, they are not yet widely available.

It should be noted that the use of more than one rig for drilling operations is not unique to
coiled-tubing drilling. Drilling rigs and service rigs are commonly used to drill and complete conventional
wells, Re-entry operations commonly use a service rig to prepare the well for drilling, a drilling rig to drill
new hole, and a service rig for recompletion operations and to bring the well on production.

Coiled-tubing life in drilling operations is not well defined. Open-hole drilling can subject
coiled tubing to loading conditions not typically encountered in cased-hole operations. The earliest drilling
field applications in the Austin Chalk had problems with pin-hole leaks in the tubing. The tubing is
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subjected to high forces when buckling occurs that can damage the tubing wall by forcing it into
irregularities or washouts downhole.

Techniques to maximize the life of a coiled-tubing drilling string include avoiding pumping
corrosive fluids through the tubing, minimizing solids in the mud, using techniques that minimize the
number of plastic deformations for any given section of tubing, and avoiding stacking the weight of the
coiled-tubing string on the bit.

5.1.3 Halliburton I'vi icati f Coiled-Tubi illi

Halliburton Energy Services (Rutland and Fowler, 1994) discussed the most economic
applications for coiled-tubing drilling in the current market. They surmised that the technology is of
economic advantage when some or all of certain factors are true:

* Surface conditions favor a small rig footprint

¢ Price of a conventional drilling rig is high

¢ Expected production gains (i.e., re-entry applications) do not justify shipping in
a conventional rig

* Underbalanced drilling operations {(Figure 5-4) are preferred

"}
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-

Figure 5-4. Surface Equipment for Coiled-Tubing Drilling with Nitrified Fluid
(Rutland and Fowler, 1994)

Clearly, in the current market, there is no single answer for all drilling environments, and
operators should compare costs for all systems. Costs vary widely. For example, a North Slope operator
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may reduce drilling costs by 50% by using coiled tubing. A Mid-Continent operator, however, would
probably spend more money with a coiled-tubing rig than by using a fully-depreciated conventional rig.

Hole size, currently restricted to a maximum of about 6% in., is among the most important
limitations. Horizontal penetration in horizontal applications may also be a limiting factor. Penetration

limits are affected by casing and hole size, coiled-tubing size (Table 5-1), build radius, and fluids.

TABLE 5-1. Penetration Limits for Coiled-Tubing Drilling in Horizontal Holes
(Rutland and Fowler, 1994)

- Maximum Horizontal Length(F) WW
" Castng x Hole (in) 2n. Tublng 2%in.Tubing |
4% x 3% 2,700 4,600
5% x 4% 1,000 2,600
7x 4% | 200 1,600
5.1.4 Nederlandse Aardolie M f Coiled-Tubi

A long-lived dream of the drilling industry, the use of continuous tubing for drilling
operations, is now feasible due to recent advances and developments in coiled-tubing technology. The
earliest coiled-tubing drilling projects are summarized in Table 5-2. Almost all of these wells were drilled
onshore where competing rig costs were low. Economics should be even more favorable offshore where

reduced mobilization/demobilization costs are significant.

TABLE 5-2. Early Coiled-Tubing Drilling Projects (Simmeons and Adam, 1993)

_Date. | Location | : Operator | Wellbore | Deviation | CTSize;In. | Hols Size,In; |
June 1891 Paris-: Eif Reentry | Vertical 150 | 3875 |
June 1991 Texas Oryx Re-entry Horizontal 2.00 3.875 J
August 1991 Texas Oryx | Reentry | Horizontal 2.00 3.875 T
December 1991 Texas Chevron Re-entry Horizontal | 2.00 3.875
May 1992 | Canada Lasmo New Vertical 2.00 4.750
July 1992 [ Texas | Chevron Re-entry Horizontal 2.38 ! 3.875 J
July 1992 | Canata | Guf Reentry | Horizonta 200 | 413
MZ Canada | Imperial New Vertical 2.00 r 4,750
July 1992 | Texas Arco Reentry | Horizontal 175 | 3750
}%ember 1992 J Canada Pan Canadian | Re-entry Vertical 2.00 4.750
Octoher 1992 j Canada | Can. Hunter ‘ Re-entry Vertical | 1.75 3.879
Dcteber 1992 Pais |  BF | New | Vetical | 175 | 3875 |

5-8



" Date | ‘Location | Operator | Wellhore | Deviaton | CTSize,In. | HoleSize,In.
November 1992 | Canada Gulf Re-entry Vertical 2.00 4,750
November 1952 Austria RAG i Re-entry Vertical 2.00 6.125
December 1992 Alaska Arco Re-entry '  Deviated 2.00 3.780
January 1993 Canada Petro Canada Re-entry | Vertical 2.00 3.875
February 1993 Holland Shell-NAM Re-entry Horizontal 2.00 4125
February 1993 North Sea Phillips Re-entry Deviated 1.75 3.750
February 1993 . Canada Petro Canada | Re-entry Horizontal 2.00 4.750
March 1993 Alaska BP . Re-entry Deviated 2.00 3.760*
April 1993 California Berry New Vertical 2.00 6.250
April 1993 California Berry New Vertical 2.00 6.250
May 1993 Alaska | Arco Re-entry Deviated 2.00 3.750
June 1993 Naska | Arco Reentry | Deviated 2.00 3.750"
*Underreamed

The first practical attempts at drilling with coiled tubing were made in the mid-1970s in
Canada. No further attempts with the technology were recorded between 1976 and 1991. This lack of use
of the technology underscores technical and economic hurdles encountered with early systems.

NAM (Simmons and Adam, 1993) listed important advantages and disadvantages of coiled-
tubing drilling (Figure 5-5). They emphasized that operators analyzing coiled-tubing drilling technology
must consider the long-term benefits of this approach. Underbalanced drilling, a key benefit of coiled-
tubing operations, impacts the economics of the well far into its production lifetime. The long-term
economic benefits of underbalanced drilling have potential to outweigh most near-term technical
disadvantages of coiled-tubing drilling.
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4 ADVANTAGES DISADVANTAGES
U Drill String Cannot Be Rotated

nderbalanced Drilling and Improved Well Cantrol

= Full pressure control possible throughout drilling eperations + Downhole motors required, even for vertical wells.
« Underbalanced tripping, driling, and completion reduces |  An erienting tool is required for steering.
formation damage and permits faster penetration with reduced | « Higher friction with the borehole wall.
risk of differential sticking.

Continuous Drill String Limited to Slim-Hole Applications

« Allows continuous circulation while tripping. + Largest hole to date is 6% in., larger holes technically are
« Eliminates joint-related probiems and allows faster tripping. feasible.

+ No pipe handling, which improves safety and reduces naise. « Small hole size limits the number of casing strings and liners that
» Reduced environmental impact. No spillage at joints. can be run.

+ Simplified automation, reduced manpower.

Compact Unit and Equipment Configuration Wireline Inside the CT Drill String

» Reduced drill site size and associated costs. » Fatigued or damaged sections of CT cannot be removed from the
* Reduced mobilization and demobilization costs. drill string.

Wireline Inside the CT Drill String New Technique

» Allows high-speed telemetry for measurement and logging-while- | « Currently in the learning curve.
drilling (MWD, LWD}

s CT protects wireline and simpiifies operations through
simultaneous spooling of tubing and wireline.

s Electrically operated directional control is passible.

Figure 5-5. Coiled-Tubing Drilling Advantages/Disadvantages (Simmons and Adam, 1993)

Hybrid rigs designed to run both coiled and jointed tubing will speed the applications of
coiled-tubing drilling. The added ability to run and cement casing after drilling operations is beneficial.
In addition, having the option to pull existing production strings, work the well, and then recomplete with
coiled or jointed tubing should result in cost savings.

The use of large-diameter coiled tubing for completions (Figure 5-6) has shown potential for

decreasing overall future costs.
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Figure 5-6. Running Large Coiled Completions (Simmons and Adam, 1993)

5.1.5 I W imi iled-

Schlumberger Dowell (Leising and Newman, 1993) described the applications of coiled-
tubing drilling, and analyzed its potential and limits. Limits were considered with respect to basic
parameters including tubing weight and size, achievable down-hole force and life, and hydraulic limits.

Leising and Newman highlighted four major categories of applications for drilling with coiled
tubing (Table 5-3). Wells have been drilled in each of these four categories. The least used applilcation
has been new deviated wells.

TABLE 15-3. Apphcatlons for Coiled-Tubing Drlllmg (Lensmg and Newman, 1993)

CVERTICAL: . - | . DEVIATED
Re-Entry Drilling « Deepening of existing wells « lateral drainholes
New Well Drilling « Disposable exploration wells « Steam injection
« (Observation & delineation wells « Environmental observation
« Slim-hole prod.finjection wells

In many conventional applications, the fact that coiled-tubing drilling can be safely performed
underbalanced is beneficial. Coiled-tubing systems can be used in conjunction with a conventional rig in
several applications including:

¢ Drilling in or below lost-circulation zones
e (Coring pay zones
e Underbalanced drilling through pay zones



For these multirig applications, a conventional rig would be used to drill most of the hole.
A coiled-tubing rig would be used to drill critical zones only.

The first coiled-tubing services were developed for workover operations. Consequently, re-
entry drilling was the first application with coiled tubing. Operations in existing wells do not require
setting surface casing, which cannot be performed with existing coiled-tubing units.

Vertical well deepening with a pendulum BHA is the most straight-forward drilling application
for coiled tubing. In most cases a long BHA with a few drill collars provides the WOB. Buckling is
minimized because the neutral point is in the BHA and the tubing string is kept in tension.

Deviated or horizontal drilling is performed with coiled tubing after a window is cut in casing.
A downhole survey system is required for directional drilling applications with coiled tubing. Steering
tools or MWD systems can be utilized. These tools provide the operator with updated data describing the
inclination and azimuth of the wellbore. A muleshoe sub is normally placed above the mud motor and used

to align the survey tool with the tool face at the bit.

Photographic survey tools, either single or multishot, are usually impractical except for widely
spaced survey stations because the BHA must be tripped for each survey.

During planning of a deviated or horizontal well drilling program, computer modeling of drag
should be performed to determine whether the coiled tubing and BHA will achieve the intended

penetration,

There are currently limitations for coiled-tubing drilling based on rig capabilities, tubing
mechanical limits, tubing weight and transportation limits, tubing life limits, and hydraulic flow-rate limits,
among others. Together these parameters define the boundaries of the application of this “new” technology.

Leising and Newman {1993} performed an engineering analysis of the factors that limit what
can and cannot be done with coiled-tubing drilling. Their analyses were based on available equipment,
basic engineering calculations, and computer models from various drilling applications.

Example coiled-tubing weights and capacities are given in Table 54. Greater wall thicknesses
and higher capacities are available than those given, especially for larger tubing sizes.
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TABLE 5-4. Coiled-Tubing Weights and Capacities (Leising and Newman, 1993)

Maximum Maximum
Allowable Allowable Reel
Wall Maximum Working Working Core
Diameter Thickness Weight Tension Torque Pressure Diameter
(in.) (in.) {Ilbm/tt) (Ibf) (Ibf-it) {psi) {in.)
1.500 0.156 2.24 32,000 1,044 7,700 76
1.750 0.156 2.66 37,900 1,484 6,700 76
2.000 0.156 3.07 43,900 2,002 5,900 84
2.375 0.156 3.70 78,100 2,926 5,300 84
2.875 0.156 4.53 95,000 4,431 4,400 96
Note: 70,000-psi yield stress material for all CT sizes.

Dimensions and mechanical properties of API jointed drill strings are compared to those of
coiled tubing in Table 5-5. The jointed drill-pipe data are for the lightest weight pipe of the same O.D.
as coiled tubing. Coiled-tubing wall thickness was chosen for these examples to be as close as possible to

the drill pipe.

TABLE 5-5. Comparison of Properties of Coiled Tubing and API Drill Pipe (Gronseth, 1993)

~ | cr | DrinPipe*| ©T | DriliPipe*] ©T | Deill Pipe*

Nominal 0.0., In. 2.375 2.375 2875 2.875 3.50 3.50
Taol Joint 0.D. In. None 3.37 None 4128 None 4.75
Nominal .0, In. 1.969 1.995 2485 2411 312 2.992
Wall Thickness, In. 0.203 0.192 0.19 0.217 0.19 0.254
Weight, ppf 471 485 5.46 6.85 6.73 9.50
Yield Strength, kips 96.9 97.7 106.7 136.0 131.4 ; 194.0
*Grade E Drill pipe

The maximum length of a string of coiled tubing based on various allowable spool weiglits
(Figure 5-7) shows that spool size limitations dominate for large-diameter tubing. A typical coiled-tubing
trailer and reel can carry about 40,000 Ib of tubing and still be legal for U.S. roads. Length limitations
can be overcome by connecting or welding multiple spools of coiled tubing at the job-site. However, the
cost of this type of solution, which requires the fabrication of larger-than-legal reels on site, often cannot

be justified.
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Figure 5-7. Maximum Coiled-Tubing String Length (Leising and Newman, 1993)

Maximum hanging length for a coiled-tubing drilling string is dependent on material strength,
wellbore fluid density, and whether or not the string is tapered. For a non-tapered string, the hanging
length at 80% yield stress is given by:

g
- y

 4.245 - 0.065W

where: D = hanging length at 80% yield (ft)
o, = tubing yield stress (psi)
W, = wellbore fluid weight (Ib/gal)

For example, 70,000 psi tubing in 8.6 Ib/gal mud will reach 80% yield at just less than
19,000 ft. It is interesting to note that this calculation is independent of tubing diameter or wall thickness.
As more steel is added to the tube either by increasing the diameter or using thicker walls, the weight of
the string increases in direct proportion, canceling the benefit of the additional steel.

The use of tapered tubing strings with thicker walls high up in the hole is the most common
technique to increase hanging length. Using this approach, conventional coiled-tubing service operations
have been performed at depths greater than 23,000 ft.

BHAs for drilling deviated wells with coiled tubing are designed based on the set-down
weight available in the vertical section to provide WOB. In vertical hole sections, maximum set-down
weight is reached after the tubing buckles into a helix.



r— Set-down weight for various coiled-tubing sizes was calculated with Schlumberger Dowell's
Tubing Forces Model (Figure 5-8). The results show that greater set-down weights can be achieved with

larger coiled tubing and in smaller casing. The model predicts that maximum set-down weight does not
vary significantly with depth.

2

All CY 0.156 in. Wall

15,000

:

Max. Setdown Weight - ibf
P=3

15 2.0 25 3.0
Coiled Tubing Diameter - in.

Figure 5-8. Maximum Coiled-Tubing Set-Down Weight in Vertical Sections
(Leising and Newman, 1993)

ﬂ
Friction forces generated in build sections or doglegs also work to reduce the effective WOB.
Friction losses for three example BHAS are plotted in Figure 5-9. All BHAs are 60 ft in length. It is seen
that the build section friction of a deviated hole can prevent any weight from reaching the bit and limit
additional horizontal penetration.
5,000 AllBHAs225in.1D v
3 ag, d
5 4000} : ‘/
]
]
O 3000
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T 1,000
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Build Rate - deg/100 ft
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Figure 5-9. Friction Force on 60-ft BHAs in Build Sections (Leising and Newman, 1993)
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Friction force can be decreased by using flex joints or articulated BHAs. The frictional loss

of 2-in. coiled tubing in a 3%/s-in. borehole is shown as the lowest trace in Figure 5-9.

Five example horizontal re-entry scenarios (Figure 5-10) were devised to demonstrate basic
trends and penetration limits with coiled-tubing drilling. Casing size, bit diameter, BHA size, and
downhole weight on bit (DWOB) for the five cases are summarized in Table 5-6. Cases 1, 2, and 3 drill

out of 4%2-, 5%4-, and 7-in. casing, respectively, with the largest bit possible. Cases 4 and 5 use smaller

bits in 5%2- and 7-in. casing.

Mud flow
l¢— Casing 1D

Kick off point

Hole size gHA QD

Build up radius

l T lﬂ'— 60 ft ::l
Drainhole length

Figure 5-10. Horizontal Re-Entry Model (Leising and Newman, 1993)

TABLE 5-6. Example Horizontal Re-entries Drilled With Coiled Tubing
(Leising and Newman, 1993)

Case
1 2 3 4 5
Casing
Diameter, in. 4.5 55 7 5.5 7
Weight, Ibm/ft 10.5 15,5 29 15.5 29
1D, in. 4,052 4.950 6.184 4950 6.184
Hole size, in. 3.875 4.750 6.000 3.875 4.750
BHA OD, in. 3.060 3.750 4.750 3.060 3.750
DWOB, Ibf 2,000 2,500 3,100 2,000 2,500

Assumptions used in the computer calculations include 15°/100 ft build rates, 8.6 1b/gal brine
drilling fluid, and that drilling continues until DWOB requirements cannot be maintained. Calculations
were made for each re-entry case (Figure 5-11) with the coiled tubings listed in Table 54.
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Figure 5-11. Maximum Horizontal Length for Example Coiled-Tubing Re-entries
{Leising and Newman, 1993)

The circled points in Figure 5-11 are cases where the tubing would lock up in the vertical
section before any horizontal hole was drilled.

Coiled-tubing fatigue life is another serious concern in drilling operations. Larger tubing
diameters and high pressures resulting from high flow-rate requirements lead to a decrease in coiled-tubing
life. Calculations with Schlumberger Dowell’s CoilLife Model (Figure 5-12) show the effects of flow rate
and high pressure in 8000-ft wells.

1.0 8,000 ft measured depth
used for pumping pressure
o 08 ebpm
- ) 3'8?5 ,
= 06F n
() 9@ Ola
e <
= 04r ios o
@ IN allg,, "9 at
@« ¥ W WOrking % May
0.2+ & fasg,
3
0.0 . -
1.5 2.0 25 3.0

Coiled Tubing Diameter - in.

Figure 5-12. Effect of High Flow Rates on Tubing Life (Leising and Newman, 1993)
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The data at 65% maximum allowable working pressure show that larger diameter coiled

tubing had significantly less life than 1Y2- and 13 -in. under these conditions.

Limits in hydraulics must be considered for coiled-tubing drilling. Circulation rates must
provide sufficient velocity to carry cuttings from the hole. However, there are other factors that may limit
maximum fluid pump rates. Pressure drops through the coiled-tubing string and in the annulus increase
significantly at high circulation rates. Another factor is that the maximum flow rate for the downhole

motor may fix circulation rate.

Maximum and minimum (critical) flow rates for vertical hole drilling with coiled tubing are
shown in the upper two plots of Figure 5-13 for 3%/s-, 4% -, and 6-in. wellbores. Fluid density of 8.6
lb/gal and annulus velocity of 100 ft/min are assumed. Results for a 5000-ft vertical well are shown in the
upper left plot and for an 8000-ft vertical well in the upper right plot.
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Figure 5-13. Hydraulic Limits for Wells Drilled With Coiled Tubing (Leising and Newman, 1993)
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Flow rates for wells with a horizontal section are shown in the lower two plots in Figure 5-13.
Critical flow rates, shown as minimum rates in the figure, are much higher than for similar vertical-well
data. For example, a 4% -in. horizontal drilled with 2-in. coiled tubing requires a minimum flow of 3.2

bpm, which corresponds to 180 ft/min. The same vertical well requires about 1.8 bpm (100 ft/min).

The lines in Figure 5-13 marked “Max. Motor Flow” represent typical maximum allowable

flow rates of 3.06-, 3% -, and 4 % -in. motors.

Reactive torque is another concern in directional drilling because torsional winding of the
tubing affects the tool-face orientation. The maximum wind-up due to torsion is easy to calculate.
However, friction along the wellbore can significantly reduce the number of turns. This has been shown
to be true in field applications. For example, Oryx reported a reactive twist of 280° on their first well,
and did not observe the multiple twists predicted by theoretical calculations.

5.1.6 Schl rger Dowell 1l rol k Pj n i

Schlumberger Dowell (Rike, 1993) discussed several planning aspects of coiled-tubing
drilling operations. Benefits addressed included increased safety, smaller environmental impact, improved
well control, lower incidence of stuck pipe, and the ease of incorporating underbalanced drilling.

The components of a typical coiled-tubing drilling unit include a coiled-tubing rig with tubing
spool and operator's cabin, a trailer-mounted mud handling unit with high-pressure pump, a crane, required
fluid tanks, and storage space for drilling assembly components.

The maintenance of well control is more efficient in coiled-tubing drilling operations. Over
half of well-control situations in conventtonal systems occur during tripping operations. The circulation
path is broken during tripping and repeated surging and swabbing of the formation occurs. With coiled
tubing, the circulation path remains intact during trips. Circulation is normally continued at a reduced rate
during trips.

A flow meter on the flow line can be used to measure returns. This information can be
compared to flow being pumped into the well, making an accurate delta flow measurement possible. With
this approach, kicks and lost circulation zones can be detected quickly.

The circulation pressure drop remains almost the same throughout the operation regardless
of depth. Circulated fluid must travel through the entire string of coiled tubing at all depths. Normally,
only relatively minor increases in circulating pressure are noted due to pressure losses in the annulus as
the operating depth increases.

Most operators assume that the chances of a nonrotating pipe becoming stuck are greater than
for a rotating drill string. According to Rike (1993), this is not usually the case. Since coiled tubing is
continuously attached to the surface equipment, the operator can more readily determine whether the string
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continuously attached to the surface equipment, the operator can more readily determine whether the string
is tending to stick or remain free. Stuck-pipe conditions can be recognized more easily and remedial action
taken prior to problems. Continuous circulation through coiled tubing also helps prevent cuttings build-up.

Filter cakes for coiled-tubing drilling procedures should be thin and tough and not create high
sliding friction. For overbalanced drilling conditions, fluid loss values of 5-8 cc are common.

Jars are sometimes run on drilling assemblies if sticking is predicted. Extended jarring is
not practical due to the excessive fatigue wear that results from numerous tubing reversals. Nitrogen can
be pumped to increase tubing buoyancy prior to firing the jars. Schlumberger Dowell has successfully used
this approach to free stuck strings.

Underbalanced drilling is well suited for coiled-
tubing operations. The drilling assembly is deployed through
a lubricator into the pressurized wellbore (Figure 5-14).

Underbalanced conditions can be achieved by
use of several approaches. Aerated fluid can be created by
adding air or nitrogen into the fluid pumped down the tubing
string. In directional drilling, this approach requires the use
of a wireline steering tool, since mud-pulse systems will
suffer from signal loss in the aerated fluid.

Other techniques to maintain underbalanced
conditions allow the use of mud-pulse technology, including
parasitic string injection and gas-lift valves. Since the column
of fluid inside the coiled tubing is not aerated for these
techniques, either MWD or wireline tools can be used.

5.1.7  Shell Research (Environmental Impact)

Figure 5-14. Lubricator Used for
Shell Research (Faure et al., 1994) discussed ~ Underbalanced Drilling (Rike, 1993)

the environmental impact of drilling operations, with special

attention to the potential benefits of coiled-tubing drilling in this and related areas. Many established
technical processes within the oil and gas industry around the globe have reached limits with respect to
environmental impact, economic feasibility, or public acceptance in light of these concerns. Since coiled-
tubing drilling represents a departure from established practice, this technology may be an excellent venue
to rethink the drilling process while incorporating current concerns for health, safety and the environment.

Faure et al. cited the North Sea as an area with increased environment concerns. In that area,
the offshore oil and gas industry is credited with about half of the hydrocarbon pollution each year (Figure 5-15).
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Technology (ECT) is being developed to
of

traditional waste management. A primary

counteract increasing limitations
objective of ECT is to use new approaches
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Figure 5-16. Using Control Technology to

Reduce Environmental Impact (Faure et al.,

1994)

the North Sea (Faure et al., 1994)

underbalanced condition. After circulation, the crude
oil is returned to the production facilities, eliminating
environmental concerns and costs of drilling fluid
disposal.

The ease with which high-rate real-time
data can be relayed to surface in coiled-tubing opera-
tions could lead to greater automation of the drilling
process than may be possible with jointed pipe. During
drilling operations, there is no need for personnel to be
stationed near the wellhead or reel. Exposure of rig
personnel to dangerous conditions is greatly reduced.

Safety and costs are also positively
affected by a reduction in personnel required to operate
the rig. Typical crews consist of a drilling supervisor,
coiled-tubing operator, and two helpers for a coiled-
tubing drilling operation, compared to a driller, assis-
tant driller, derrickman and three floor hands.
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Environmental impact on land is less with a coiled-tubing rig due to a greatly reduced
footprint (Figure 5-17) compared to conventional rigs. A consequent benefit is that locations are more
easily restored. In addition, mud spillage is much less likely with coiled tubing, and no hole is required
for the kelly, both factors reducing the risk of contamination of the surface soil.

Overall dimensions: 25* 18 m

Mud products
storage area
b Fuel tank Tool rack
L
[G]
[ CT unit suB .
°
<
©
©
% Mudtreatment / Pumping unit
L)
|
Water tank BIN|IBIN

Figure 5-17. Footprint of Coiled-Tubing Drilling Operation (Faure et al., 1994)

Another benefit of special concern in many areas is the reduction in noise with coiled-tubing
operations. Noise produced by a coiled-tubing rig and conventional rig is compared in Figure 5-18. Note

that a reduction of 10 dB is reported for a radius of about 400 ft, which corresponds to a2 90% reduction
in acoustic energy.

400

400

55
300 + 300
200- 200
100 4 100 A
0' 0 v
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-300 -4 300
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-400 v T 400 T T T LR LI
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a) Coiled tubing drilling unit b) Conventional rig

Figure 5-18. Noise Levels for Coiled-Tubing Drilling (Faure et al., 1994)

Other benefits for noise generation include a significant reduction in intermittent (and thus
more annoying) noise from pipe bangs during making/breaking operations or squealing breaks. The
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smaller size of a coiled-tubing rig also makes the unit more amenable to noise enclosures or barriers if

further noise reduction is required.

Waste reduction has received considerable attention as a response to the increasing costs
associated with waste remediation and disposal. Coiled-tubing operations can take advantage of significant
reductions in fluid and cuttings volumes through slim-hole design. Fluid volume reductions of about 70%
are achievable (Figure 5-19). Waste transportation and environmental concerns are therefore less.
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Figure 5-19. Cuttings and Mud Volumes with Slim Coiled-Tubing Drilling (Faure et al., 1994)

Another environmental benefit for coiled-tubing drilling is a reduction in fuel consumption

and exhaust gas emission (Table 5-5).
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TABLE 5-5. Rig Fuel Usage and Exhaust Emissions (Faure et al., 1994)

Medium Workover Rig. | Land DrillingRlg | CTDUnit .
Diesel (m’month) 3 | 160 25 -
CO, 3293 15,055 2,122
Gas Cco 3.7 16.8 2.5
emissions NOx 4.6 21 2.1
(kg/day) HC | 39 17.8 2.8
HC (gas) 1.83 8.4 | 1.1
| SO, 4.2 19.4 2.2

Early inefficiencies with coiled-tubing drilling were described by Faure et al. (1994). The
inability for a conventional coiled-tubing rig to run casing has been among the prime deficiencies of these
operations. The industry has begun moving along several avenues to address this need. Hybrid rigs with
casing snubbing capability are currently in the field-testing phase.

Another avenue is the use of continuous composite casing systems that are hardened in place.
Diameters up to 14 in. are possible. These casings are stored folded on a reel. Novel approaches such
as composite casing may solve the problems in running conventional casing with a coiled-tubing rig and
do so in an environmentally beneficial way.

5.2 TECHNIQUES AND EQUIPMENT FOR COILED-TUBING DRILLING

5.2.1 Anadrill (Directional BHAs)

Anadrill and Schiumberger Dowell (Tracy and Rike, 1994) discussed equipment design,
primary advantages and the future of coiled-tubing drilling. They state that the future of coiled-tubing
technology is inexorably tied to horizontal drilling.

Early efforts in coiled-tubing drilling yielded important technical successes, but economic
success was rare. Since about 1993, several wells drilled with coiled tubing have proven to be economic
successes, and more companies are dedicating resources to developing this technology.

Design of drilling BHAs must consider the functioning of the entire assembly. Several
special components have been developed for directional drilling applications (Figure 5-20).

5-25
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Qrienting
tool
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downhole motor

CT disconnect 3" OD Monel with
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Figure 5-20. Assembly for Directional Drilling with Coiled Tubing
(Tracy and Rike, 1994)

Motors are selected to provide the best combination of
rotational speed and torque for the formations to be encountered.
The majority of drilling operations have been performed with motors
smaller than 3% inches (Figure 5-21).
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Directional data are measured with a slim MWD tool
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Figure 5-22. Slim MWD Tool
for Coiled Tubing (Tracy and
Rike, 1994)

5.2.2 Baker Hughes INTEO (Milling Assemblies)

Baker Hughes INTEQ (Burge and Mieting, 1994) summarized recent activity in designing
drilling and milling assemblies for coiled-tubing drilling. Modified technology was demonstrated by the
project team in February 1994 in drilling the first coiled-tubing re-entry performed without any intervention

from a conventional rig.

The current practical limits for coiled-tubing wells are summarized in Table 5-6. These
limits are defined by several factors, especially the required drilling method of slide drilling. For
horizontal drilling, the upper limit of hole size is about 5% inches. Hole cleaning becomes much more

difficult above this range.
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TABLE 5-6. Practical Limits of Coiled-Tubing Drilling (Burge and Mieting, 1994)

Vertical Horizontal

HOLE SIZE

Maximum 6% 5%" Curve

4%" Horizontal

Minimum Kl 3%
Depth 4000 m 3500 m
BUR 60 m radius
Casing Size

Maximum 984" 7"

Minimum 4% A4%"

A basic drilling BHA (Figure 5-23) includes connections and crossovers unique to coiled-

tubing drilling.

QUICK CONNECTOR . Provides mechanica and eleciriosl cannedion 10 onded Iubing

MEASUREMENT WHILE DRILLING - Provides dr sconal information and inana and ssdwnal
pesmNe

ORENTING TOOL - Pyovides toul ace ariri alion d Ihe dowrhale ma o, Bleckic oper aion
Y orn mard ace ooiTpd e

MECHAMICAL PELEASE - Ruoass BHA Ihom maor in vt d duck ppe

SUIM-HOLE NAVI-ORILL - 3 1/ 10 eniry maa provddas high bulld up 1d e wih hagh larque
malor sackon
& And g WRD 94

Figure 5-23. BHA for Coiled-Tubing Drilling (Burge and Mieting, 1994)

Guidance data can be conveyed by wireline or mud-pulse systems. The MWD wireline
system has advantages for coiled-tubing operations (Figure 5-24). Additional sensors (internal/external
pressure) can be added to the wireline system to control underbalanced drilling.
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FEATURE WIRELINE MUD PULSE
Diractional Control Indepandent of WOB interrupts drilling process
Gontinuous ofientation Difficult with aggressive bits
Analog orientation Higher total DLS
Smooth well path
information High data rates Low data rates
Additional sensors Limited potential to add sensors
Two-Way Communication Contro! of DHT Limited control
Drilling Fluid No limit Limited to fluid
Operations Additional weight of coil
Additional pressure drop
Cementing

Figure 5-24. Comparison of Wireline and Mud Pulse (Burge and Mieting, 1994)

Special procedures are used in the event of stuck pipe. A ball cannot be dropped due to the
presence of the wireline. Baker designed an adjustable mechanical release for use with this assembly.
Another solution is an electrically activated release sub.

This system was used to drill a horizontal re-entry without assistance with a conventional rig.
A window was cut with a coiled-tubing-deployed assembly (see Section 5.2.11). Cutting the window took
42 hours. A 5%-in. 600-ft curve was then drilled. Geologic problems required that the curve then be
cemented back and redrilled. Cement was pumped through the wireline-equipped string without problems.
After redrilling, a 950-ft horizontal section was completed, with the final portion drilled at 33 ft/hr. All
operational problems encountered were successfully solved with coiled tubing,

5.2.3 Dresser Industries (Bit Selection)

A discussion of the parameters impacting drill-bit selection for coiled-tubing drilling was
presented by Dresser Industries (King, 1994). It is emphasized that drill system components must be
analyzed together, and that drill-bit design and compressive strength of the formation are both critical
components.

Motor and bit selection are integrally related. The most common motors used on coiled
tubing are high-speed, low-torque motors and medium-speed, medium-torque motors. Greater rotational
speeds usually result in increased ROP. In general, roller-cone bits are run on medium-speed, medium-
torque motors. Rotational capabilities of the bit should be matched to motor performance.

WOB (weight-on-bit) is generally less than optimal in coiled-tubing drilling, both vertical and
directional. The use of drill collars is often limited due to tubing and surface handling constraints. They
usually cannot be used in directional applications; WOB is provided by string weight and snubbing forces.
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A relatively small proportion of system pressure drop occurs across the bit. Annular pressure

drop, frictional pressure drop inside coiled tubing, and pressure drop across the BHA consume most of the
available hydraulic energy.

A summary of coiled-tubing and bit sizes for several drilling jobs is presented in Table 5-7.
The most common bit size has been 3% in., with 2-in. coiled tubing the most common string.

TABLE 5-7. Bit and Coiled-Tubing Sizes* (King, 1994)

BITDIAMETER,IN. © -~ J0BS = - | COILED-TUBING DIAMETER, IN. J0BS -
3.750 B 1.500 B
3.875 15 1.750 4
4.125 2 2.000 25
4.500 1 2375 3
4.750 9 TOTAL 38
6.125 1
6.250 4
TOTAL 38

* Through late 1993

King (1994) designed three typical matched drilling systems for coiled tubing (Table 5-8).
Systems are designed with 3%-, 4%-, and 6%-in. bits. King believes that both 2%-in. coiled tubing and
6%-in. bits will see increased use in the future.

TABLE 5-8. Matched Coiled-Tubing Drilling Systems (King, 1994)

Coited tubing Bit Flow rates, Rotational speed, Torque output, Differential
t-Ib pressure, psi

diameter, in. diameter, in. gpm rpm

1.750 3.875 20-70 225-800 20-160

30-70 60-375 40-280

2.000 4.750 120-180 640-950 30-250

70-120 170-310 30-480

2375 6.250 150-250 325-550 50-440
150-400 175-475 50-1,100

Each of the bit types (Figure 5-25) should receive consideration. Bit type should not be
chosen by default without proper analysis of economics and mechanics.
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Figure 5-25. Bit Types: Roller Cone (upper left), Natural Diamond (upper right),
TSP (lower left), and PDC (lower right) (King, 1994)

Roller-cone bits are available in diameters as small as 3% in. with either sealed or nonsealed
bearings (Table 5-9). Nonsealed bits are used for drilling out cement and for workovers. Sealed bits are
used in drilling applications. Advantages of roller-cone bits in certain situations include almost no
problems with stalling. However, these slim-hole bits lack the strength and capacity for lubrication
available with larger bits.
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TABLE 5-9. Slim-Hole Roller-Cone Bits (King, 1994)

*

JADC 1 2 6 7
code Standard Rolter Sealed Sealed
roller | bearing air | fiction friction
bearing cooled bearing| bearing
gauge
protection
1 tSte(;.-ll 1 A
ool 2 BA
solt 3 A BA
Steel 1 | ]
2 tooth 2| ol
medium | 3
Steel 1 NA
3 tooth 2
hard 3
Insernt 2
4 very 3
soft 4 | ]
Insert |1 [ TN
5 soft 3 [ 7Y
4 | a
Insert 1 A
6 medium |2 [ VY
3 LT
Insert 3
7 hard 4 } A J A
®3.875in. WM4750in. 4 6.250 in. J

The popularity of natural-diamond bits has lessened with the increased availability of TSP and
PDC technology. Relatively low torque is generated with natural diamond bits due to less aggressive
cutting action. Natural-diamond bits may be used to drill an angular tight sand or other applications where

the life of other bits may be too limited.

TSP (thermally-stable polycrystalline) bits are long-lived but generally drill slower than
comparable PDC or roller-cone bits. The torque consistency in TSP bits is helpful for overcoming
difficulties with tool-face orientation and motor stalling. For some operators, TSP bits are the first choice
because of life expectancy and torque consistency. However, if bit selection is based only on these
considerations, potential benefits of higher ROP with other bits may never be enjoyed.

In many cases, PDC (polycrystalline diamond compact) bits are considered as too aggressive
for coiled-tubing drilling, leading to erratic and excessive torque generation. However, recent
developments to minimize axial and lateral vibrations have led to more consistent torque performance with
these bits. With reduced vibrations and relatively consistent torque, improved PDC bits can be ideal for

coiled-tubing applications.

Torque performance with WOB is compared for the four bit types in Figure 5-26.
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Figure 5-26. Torque and WOB for Bit Types (King, 1994)

Torque amplitudes are compared in Figure 5-27. Improved PDC bits have been shown to
perform with significantly less torque cycling than conventional PDC bits.
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Figure 5-27. Torque Amplitude for Bit Types (King, 1994)

A comparison of general performance of bit types with respect to WOB, torque generation,
torque cycling, and potential ROP for coiled-tubing drilling is shown in Table 5-10.
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TABLE 5-10. Ranking of Bits for Coiled-Tubing Drilling (King, 1994)

5

AMOUNT OF WEIGHT REQUIRED TO DRILL (Ranked Highest to Lowest}
. Raller cone
. Natural diamond
. TSP
. New technology POC

Conventional PDC

1.

TORQUE GENERATION WHILE DRILLING (Ranked Most to Least)

Conventional POC

. New technology PDC
. TSP
. Natural diamond
Roller cone

5

HIGH-AMPLITUDE TORQUE VARIANCE WHILE DRILLING {Ranked Most
to Least)

. Conventional

. New technology PDC
. TSP
. Natural diamond
Roller cone

1.

Shannon

Shale/Sand

r» Niabara ﬁ

Shale/Bentonite/Sand

Ft. Hays
Shale/Limestone

Codell
Limestone

—-

Greenhorn
Shale/Bentonite

ROP POTENTIAL AT HIGH ROTATIONAL SPEED WITHIN COILED
TUBING ORILLING SYSTEM CONSTRAINTS (Ranked Highest to Lowest)

New technology PDC

4868

7274

7534

7554

7575

7655

Figure 5-28. Formation Tops
for Well Deepening (Mensa-
Wilmot and Coolidge, 1994)

. Conventional PDC
. Roller cone

. TSP
. Natural diamond

5.2.4 Dresser Industries (Optimizing PDC Bits)

Dresser Industries (Mensa-Wilmot and Coolidge,
1994) described the need to integrate bit design for coiled-tubing
drilling with all other components. Proper bit selection can greatly
impact the success of coiled-tubing drilling. Experience has shown
that small changes in bit design can have considerable effect on bit
performance.

In one specific project, a well in the Spindle Field in
Weld Colorado was to be deepened with a 4%-in. bit. Drilling was
to commence through a cement column starting at 4554 ft down to
the Greenhorn formation at 7655 ft (Figure 5-28).
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Coiled-tubing equipment design for this project included 2% x 0.188-in. tubing and a 3%-in.
motor with a 1/2-lobe configuration (Table 5-11). Drill collars (3'4 x 1% in.) were also used, with a
maximum of nine allowable based on mechanical limits.

TABLE 5-11. Motor Specifications for Coiled-Tubing Drilling
(Mensa-Wilmot and Coolidge, 1994)

Flow Rate - 75-125-175 gpm
Rotation Rate - 320-530-745 rpm
AP oen = - 750 psi
Operational Torque = 455 ft-ib

Stall Tarque - 910 ft-tb

Motor HP - 28-46-65 hp
APy - 200-1000 psi

Examination of rock mechanics data showed that different bits would be required for optimum
ROP in the Shannon and Codell formations. A bit with a tracking ridge was suggested for the Shannon
and Niobrara. For the Codell, a track-set structure was specified (Figure 5-29). This design reduces
vibration, lowers impact loads, and improves the life of the cutting elements.

Target ROPs for coited-tubing drilling with the
tracking-ridge bit were set based on historic roller-cone
performance as 70 fi/hr in the Shannon and 30 ft/hr in the
Niobrara. An assumed 90% of WOB was to be provided by
drill collars so that the tubing string will always be in tension.
Calculations showed that seven drill collars were needed for

these formations.

Figure 5-29. PDC Bit with Track-Set
Design (Mensa-Wilmot and Coolidge,
1994)

Operations with the track-set bit in the Codell were modeled based on the same WOB. An
ROP of 32 ft/hr was established.

Bit performance (tracking-ridge bit) in the Shannon is summarized in Figure 5-30.
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Figure 5-30. Torque, AP and ROP for PDC Tracking-Ridge Bit (Mensa-Wilmot and Coolidge, 1994)
The bit drilled 1706 ft of formation before it was tripped out and replaced with the track-set

bit so that their performance could be compared within the same formation. Average ROP with the
tracking ridge bit was 94 ft/hr (Table 5-12).

TABLE 5-12. Performance of the PDC Tracking-Ridge Bit
(Mensa-Wilmot and Coolidge, 1994)

WOB(hs)  Torque{lb-ft) Pressure Drop (psf) ~ ROP{ft/hr)
Mean 3981 233 354 94.0
Std.Dev. 349 53.6 81 55

The track-set bit was tripped in, and drilled through the bottom of the Shannon at an average
ROP of 50 ft/hr. Within the Codell, the track-set bit drilled at an ROP of 22 ft/hr. However, no historic
data were available to compare to this rate. Track-set bit performance in the Codell is summarized in
Figure 5-31.
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Figure 5-31. Torque, AP and ROP for PDC Track-Set Bit (Mensa-Wilmot and Coolidge, 1994)
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This successful freld trial showed that properly designed and selected PDC bits are effective
for drilling on coiled tubing. Consideration of the mechanisms of formation removal and vibration
tendencies is necessary for proper bit design.

5.2.5 Drexel Oilfield Services (Hybrid Coiled-Tubing/Snubbing Rig)

Industry's experience with early coiled-tubing drilling applications demonstrated that a system
was needed that could run both coiled and jointed pipe. In many cases, existing jointed production tubing
needs to be pulled and run, or casing/liners need to be run after drilling is completed.

Drexel Oilfield Services (Newman and Doremus, 1994) considered several basic designs for
hybrid coiled/jointed pipe operations. The first approach involved adding coiled-tubing subsystems to a
conventional rig, including the control panel, injector, reel and accumulator. Power for coiled-tubing
operations could be taken from the rig power.

Another approach to the design of a hybrid rig is to add a mast to a basic coiled-tubing rig.
The mast would be used for pulling jointed pipe, and, if required, a top drive could be used to rotate
Jjointed pipe.

The third approach is to add snubbing jacks to a basic coiled-tubing rig. If rotation were
required, a rotary table could be added.

These three approaches are compared in Table 5-13.

TABLE 5-13. Coiled/Jointed Pipe Hybrid Systems (Newman and Doremus, 1994)

ADVANTAGES DISADVANTAGES

Fast running/pulling of jointed pipe
Full rig capabilities

Expensive —Cast of full rig + CTU

Large amount of equipment

Large location size

Large crew size needed

Cannot run jointed pipe underbalanced
Transmits load only through substructure

*e

Rig + CTU Subsystems

4 Fast running/pulling of jointed pipe Cannot run jointed pipe underbalanced
Large crew size

Transmits load only through substructure

CTU + Mast

|00 G000

Can run jointed pipe underbalanced
Small crew size

Less equipment

Small location

Transmits load through either the
substructure or the wellhead

Stow running/pulling of jointed pipe

CTU + Snubbing Jacks

L X B N K
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Drexel weighed the advantages/disadvantages of these three approaches and settled on the
third: snubbing capability added to a coiled-tubing rig. The ability to run jointed tubing under pressure
for underbalanced operations was an important factor favoring this design. Another important element was
the ability to transmit axial loads through the wellhead, an important attribute for operations on some

offshore platforms.

Drexel designed and manufactured a hybrid rig capable of running both continuous and
jointed pipe (Figure 5-32). Some of the design features of the system are:

* Includes two snubbing jacks with 11-ft stroke capable of pulling 170,000 1b
¢ A trolley is used to move the injector on/off the well

® The jacks are used to lift the injector off the trolley and hold it while coiled tubing is run in.
This design lessens fatigue life by allowing small pipe movements to be made by raising/lowering
the injector, provided a telescoping lubricator is used.

* Height of the drilling
floor adjusts between
14 to 18 ft above
ground level Support Pole —___ }

e Jointed pipe ranging
from 2% to 7% in.
can be run. A crane
is used to handle pipe
joints

‘ /CT Injector Head

® Operations can be Injector Trolley
switched between con-
tinuous and jointed
pipe rapidly by mov-
ing the injector on or
off the wellhead

T4/
‘,‘

(11]
2

Substructure\ '

BOP~_|

Figure 5-32. Drexel's Hybrid Coiled/Jointed-Pipe System
(Newman and Doremus, 1994)
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The first field use of the hybrid system was to drill a shallow gas well. After a water-well
rig was used to drill the pilot hole and set surface casing, the hybrid rig drilled a 6%4-in. hole to 2290 ft.
Conventional casing (4% in.) was run to complete the well. While lowering the casing, two bridges were
encountered. The first bridge was pushed through by snubbing forces. The second bridge could not be
overcome. A conventional rig was brought in to ream the hole and set the casing. Drexel believes that
the job could have been completed with the hybrid rig if the casing could have been rotated.

5.2.6 Drilex Systems (Motor Selection)

Fothergill (1994) of Drilex Systems discussed the special concerns for running downhole
motors on coiled tubing. Many difficulties that are experienced in the field can be avoided with appropriate
design of the equipment and good operational practices.

Power to rotate cutting elements on coiled tubing is

generated as fluid is pumped through a helical pathway (Figure

5-33) in the motor. Additional torque is generated by an

p \/\\\\\?‘\\\\\\

increased number of stages.

The configuration of the rotor and stator (Figure
5-34) determines operating characteristics including flow rate,
rotational speed, pressure drop and torque. Multilobe designs act
as a gear reducer, providing high torque at reduced rotational
speed.

9/10

Figure 5-34, Rotor/Stator Configurations
(Fothergill, 1994A)

Flow rate dictates motor rotational speed, unless

weight is placed on the bit. Torque demand increases pressure

Figure 5-33. Fluid Path in Down- drop through the motor. A typical torque/speed performance
hole Motor (Fothergill, 1994A) curve is shown in Figure 5-35.
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Figure 5-35. Motor Performance Curves
(Fothergill, 1994A)

A typical bottom-hole assembly run above the motor
is shown in Figure 5-36. Additional concern is warranted in the
design of these components. Operators not familiar with coiled-
tubing motor jobs often underestimate the effects of torque and
vibration. Failures have occurred, most often in the hydraulic

disconnect or tubing connector.

BHA components must be able to withstand the
maximum reactive torque produced at stall. A common safety factor
for tubing yield is that maximum motor stalling torque not exceed
40% of coiled-tubing yield.

Gel sweeps should be pumped periodically if annular
velocities are restricted by BHA hydraulics. In addition, a conserva-
tive penetration rate should be adopted.

Drilex designed a selective flow sub (Figure 5-37) for
coiled-tubing motor operations. The sub functions as a flow bypass
tool that is closed at lower pressure differentials, and then opens to
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Figure 5-36. Typical Assembly
for Running a Motor on Coiled
Tubing (Fothergill, 1994A)
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bypass flow at stall pressures. Excessive torques can thus be prevented. Bypass rates can be preset and

changed in the field.

HOUSING ADJUSTMENT
PISTON PCRTS PORT AREA COIL SPRING MANDREL
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é:._l_l_ﬂl—]g
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PISTON ASSEMBLY

Figure 5-37. Selective Flow Sub (Fothergill, 1994B)

The prototype selective flow sub was 3%e-in. for use with a 27- or 3%4-in. motor. In early

tests the sub was configured to allow bypass of 42 gpm for maximum pump rate of 126 gpm. The
operational window was designed as 100 psi between closed to full open.

Examples of uses of a selective flow sub are shown in Table 5-14. Various motors are listed

in the left column; their model number refers to their diameter. Motor/coiled-tubing combinations that are

within safety limits are marked with a check; impractical combinations are marked with an x. Matches that

are possible with a selective flow sub show the necessary pressure limitation and the flow bypass area

(TFA) required.

TABLE 5-14. Motor/Coiled-Tubing Combinations (Fothergill, 1994B)

Colled Tubing Size
1.50" 1.757 2.00" 2.38"
Motor Size
’ ’ Wall Nom .095 156 .109 156 109 .203 109 .203
Max Pres Diff 500 700 v/ v 4 v ' 'd
D287
TFA .155 A4
Max Pres Dift 500 883 v e e 7/ 7 7/
D350
TFA 136 102
D375 Max Pres Diff 412 600 612 864 874 1409 1265 v
TFA 208 169 .168 141 140 110 117
Max Pres Diff X x X X 346 576 514 869
DIR475 TFA 371 | 288 | 305 | 234
Max Pres Diff X X X X 347 497 475 971
D475 TFA x 310 317 222

Fothergill (1994) listed a number of general operational guidelines for coiled tubing/motor

procedures. Readers are referred to his papers for more details.
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Motor stalls are detected by a signifi
cant increase in pressure (Figure 5-38). The tubing
should be advanced at a rate to maintain a 300-400
psi differential above the pressure recorded during

circulation while off bottom.

Common problems/mistakes during

coiled-tubing motor operations include: o
Off-Bottom On-Bottom Drilling

e Premature motor failure, caused
by pump rates above specifica-
tions, high temperatures, poor
solids control, excessive stalling or
harsh chemicals

* Failure of hydraulic disconnect,
caused by poor design or use of
undersized disconnect

* Failure of tubing connector,

caused by poor make-up or testing Drilling Off Stalled Out
* Tools stuck in hole, caused by not Figure 5-38. Pump Pressure for Motor
keeping the hole clean Operations (Fothergill, 1994A)
5.2.7 Ensco Technolo for Coiled-Tubi illin

From the perspective of directional drilling, coiled-tubing drilling can be considered another
of the innovative techniques and procedures developed over the last decade to drill horizontal and high-
angle wells. Ensco Technology (Lenhart, 1994) summarized the differences between directional drilling
with coiled tubing as compared to conventional systems based on workover or drilling rigs.

Basic technology for directional drilling assemblies is similar for coiled tubing (Figure 5-39)
and slim-hole jointed-pipe systems (Figure 5-40). Bit requirements are the same and both BHAs contain
a PDM and nonmagnetic collars. The primary differences are the assembly connector, orienting tool, and

running gear for the steering tool.
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Figure 5-39. BHA for Directional Drilling with Coiled-Tubing (Lenhart, 1994)
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Figure 5-40. BHA for Directional Drilling with Jointed Tubing (Lenhart, 1994)

The assembly connector for a coiled-tubing BHA performs two functions: mechanically
connects BHA to the string as well as connects wireline to BHA components. The orienting tool for coiled-
tubing drilling takes the place of string rotation with jointed-pipe systems for orienting the tool face. The
orienting tool used in early coiled-tubing drilling efforts rotated the BHA with respect to the coiled-tubing
string as the tool was telescoped. The steering tool for coiled-tubing drilling uses an improved
centralization system, which is practical since the tool does not have to be tripped through the string.

Conventional slim-hole drilling has evolved to an efficient practice is many areas using a
workover rig, power swivel and portable mud system. Coiled-tubing drilling has normally been performed
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with conventional coiled-tubing rigs designed for workovers. Drilling efficiency has not generally been

competitive with a conventional workover rig.

Coiled-tubing rig arrangements have varied in the method of supporting the injector and in
the work floor area. A design used in early wells included a trailer-mounted mast that supported a frame
to move the injector in three dimensions (Figure 5-41). A platform is positioned at the top of the BOP for
handling the BHA and other equipment.

—— |

Injection Head Most

H = Tubing Ree!
FE oo L —

Figure 5-41. Mast-Supported Drilling Rig (Lenhart, 1994)

A design used on some later wells was based on a small substructure assembly to support the
injector and provide a work floor for handling equipment (Figure 5-42). A trolley is used to move the
injector off the wellhead for access.

injeclion Heod

Tubing Reel Ry o
—r-ealll= I |
;0

Figure 542. Drilling Rig with Substructure (Lenhart, 1994)

One advantage of coiled tubing for directional drilling applications is increased flexibility of
build rate. Build rate can be increased to 50-60°/100 ft on coiled tubing without danger for failure as may
be the case for jointed pipe in rotation. These bending stresses are within the elastic limits of coiled tubing.
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Lateral departures for several directional wells are shown in Table 5-15. Experience has
shown that greater departures were achieved with rotating drill strings than with coiled tubing. However,
economic results can be achieved with slide-drilling systems, including coiled tubing.

TABLE 5-15. Lateral Departures for Coiled-Tubing and Rotary Wells (Lenhart, 1994)

WeliName | Drilling System | HoleSize(In) | Footage Drilled (Ft) | Departure (Ft) l Réffm forTD.
Shelton 43 Coiled Tubing 3% 1,978 1,458 Well producing oil, spent AFE
Lasater #1 ! Coiled Tubing | K1//) | 963 T 699 Equipment problems, wireline
McKinney #1 Coiled Tubing 3% 1,396 | 1,01 Could not get WOB to drill
Holubec Unit #1 | Coiled Tubing N 4% 1,452 1,327 | High project cost, tubing

: R/ a3 1420 failures
m#sa Coiled Tubing | 4% 1065 B61 T.D. as planned
Paellnitz #1 Steerable ‘ 4% ‘ 2923 2,885 T.D. as planned
Booth #4 Seeabe | 3% 2651 | 245 | T..as plannad

Directional coiled-tubing wells have been limited to slim sizes (Table 5-16), i.e., generally
4% in. or less. Tubing mechanical strength limits BHA weight and reactive torque capacity. Additionally,
larger holes reduce critical buckling loads, which lead to early lock-up of the string.

TABLE 5-16. Wellbore Diameter for Coiled-Tubing and Rotary Wells (Lenhart, 1994)

 WollName | Driling System | Casing Size(in | HoleStzo(in) | TublngSize(in) | - Commemts’

Sheiton #3 Coiled Tubing 4% K17/ 2 Good controltability of BHA

Lasater #11 Coiled Tubing 4% R/ 2 Good controllability of BHA

McKinney #1 Coiled Tubing bl 3% 2 Difficult to get WOB, buckling

Holubec #1 | Coilad Tubing 5% 4% & 3% 2% High drag, difficult to get WOB

Berkel #58 Coiled Tubing i 5&7% 4% 2 No apparent problem; goad
controllability

Poellnitz #1 Steerable bh% 4% 2% No apparent prablem; good
controllability

Booth #4 | Steerable 4% | 3% 2% No apparent problem; good

controllability

Slide drilling, as with coiled tubing, has generally performed at an ROP about half that with
rotation. However, this is offset to an extent by increased efficiency from tripping and other time savings
from coiled tubing. Average daily footage should be compared, rather than instantaneous rate of
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penetration. ROP in the curve and in the horizontal section are compared for coiled-tubing and rotary

wells in Table 5-17.

TABLE 5-17. ROP for Coiled-Tubing and Rotary Wells (Lenhart, 1994)

-| . Rateof Penetration
‘ : | - | Curve  : Horlzontal - 3 .
‘WellName | Drilling System | ° FtHr FUHr - - Litholegy: .Comments -
Shelton #3 Coiled Tubing " 15 Limestone WOB not a problem
Lasater #11 Coiled Tubing 8 20 . Limestone Tool problems; lost circula-
tion; WOB no problem
McKinney #1 Coiled Tubing 9.2 . tH Limestone Hard to get WOB
Holubec #1 Coiled Tubing 94 | 59 Limestone Hole problems; hard to get
WOB; hit damage
Berkel #58 Coiled Tubing 9.8 16.4 Sandstone No apparent problems
Poellnitz #1 Steerable 12.7 22 Limestone very hard ; 10% Slide; 90%Rotary
Booth #4 Steerable 123 313 Limestone 40% Slide;
B0% Rotary

Lenhart (1994) listed several applications most likely to benefit from coiled-tubing drilling:

¢ Environmentally sensitive areas, especially those with noise concerns or strict
well-control regulations

* Underbalanced applications where special permitting is required and difficult to
obtain for conventional systems, or where high working pressures exceed
conventional equipment capabilities

e Offshore re-entries where the platform cannot support a workover rig, or where
a retrofit is too costly

¢ Through-tubing drilling where the cost of pulling production tubing makes the
project uneconomical,

5.2.8 Halliburton Services (Cojled-Tubing/Workover-Rig Drilling System)

A coiled-tubing drilling system that does not require a derrick has been described by
Halliburton (Courville and Maddox, 1993).
workover-rig technologies. The principal shortcoming of a coiled-tubing rig in drilling applications—the

Their approach combines coiled-tubing and hydraulic
inability to set casing—is readily performed by the hydraulic workover unit. This combination can thus
perform complete slim-hole drilling operations without any need for a conventional derrick-based drilling rig.

The coiled-tubing/hydraulic-workover system can work under pressure, allowing under-
balanced drilling and providing protection against formation damage. Other advantages of the system are
cited by Halliburton:
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* Small size, resulting in less environmental impact and ready access to remote

locations

* Inherent capability to safely handle unexpected pressures

¢ Eliminates need for load-bearing structures such as concrete pads

e  Faster trip times allow rapid adjustments to the BHA

Hydraulic workover units were originally introduced in the 1960s. They have been used
primarily to move pipe inside production tubing or for setting and retrieving small production strings.
Modern load capacity is significantly above that of early units: maximum pulling forces up to 600,000 ib
and snubbing forces up to 300,000 Ib. Larger units can handle 9%-in. casing (Table 5-18).

TABLE 5-18. Hydraulic Workover Jack Capacities (Courville and Maddox, 1993)

Specifications of Typical Hydraulic Workover Jacks
Bora Sire Maximum Maximum Maximum Jack Weight
Pulling Force Snubd Force Pipe Size
4 1/167 120,000 lbs 60,000 ibs 2 7/8* 7,000 lbs
7 1/16° 200.000 ibs 100,000 lbs 5172 9,000 fbs
11” 600,000 Ibs 300.000 ibs 9 5/87 16,000 ibs

WORK BASKET

TRAVELING SLP

JACK

STATIONARY SLIPS

==
W/‘JL
Figure 5-43. Hydraulic Workover Unit Pipe
Handling System (Courville and Maddox, 1993)
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Pipe-handling systems on hydraulic
workover units consist of a set of opposing
stationary slips, a hydraulic jack, a traveling slip
bowl, a small winch and gin pole combination,
and related workbasket and controls (Figure
5-43). Forces resulting from pipe weight and
workover unit weight are transferred to the
wellhead. No additional load-bearing structure is
necessary.

Pressure control can be maintained
by either a conventional approach using drilling
mud and normal BOPs, or by additional BOPs
configured to allow pipe movement under pres-
sure (Figure 5-44).



EQUALIZING LOOP TO FACILITATE LUBRICATION
OF TOQL JOINTS INTO THE WELL

Figure 5-44. Hydraulic Unit Rigged to Allow Pipe Movement Under Pressure
(Courville and Maddox, 1993)

The standard pressure seal for coiled-tubing operations is the stuffing box. Halliburton's
coiled-tubing pressure system design for work on live wells (Figure 5-45) uses an annular BOP arranged
so that the same BOPs can be used by both the hydraulic-workover rig and coiled-tubing rig.
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Figure 5-45. Coiled-Tubing Injector and BOPs for Drilling Live Wells
(Courville and Maddox, 1993)

A general arrangement of the coiled-tubing drilling rig and equipment is shown in Figure 5-46.
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Figure 5-46. Coiled-Tubing Rig Set-Up for Drilling Operations {Courville and Maddox, 1993)
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In a field application, the first operation is to drive the surface pipe into the ground with
typical impact-type driving equipment. Drilling is then initiated with the coiled-tubing rig and a downhole
motor. After the first casing set-depth is reached, the coiled tubing is pulled out of hole and the coiled-
tubing unit is rigged down.

The hydraulic-workover unit is then rigged onto the wellhead, and the string of casing is run
and cemented. The workover unit can rotate and reciprocate the casing string to ensure a good cement
bond. Next, the hydraulic workover unit is replaced with the coiled-tubing unit, and drilling is continued.

The completion string is run after drilling is complete. Casing or liner can be run by the
hydraulic workover unit. Another option is to run a coiled completion with the coiled-tubing rig.

5.2.9 Petro-Cana nced Drilling with

Petro-Canada Inc. (MacDonald and Crombie, 1994) investigated the use of foam to maintain
near-balanced conditions for coiled-tubing drilling operations. Calculations, computer modeling, and field
tests were conducted in conjunction with Nowsco Well Service to determine whether the benefits of near-
balanced drilling could be economically obtained.

The industry has recognized that horizontal re-entries into low-pressure reservoirs represent
an area of great opportunity for coiled-tubing drilling. Many have advocated the advantages of
underbalanced drilling for these projects. To justify using underbalanced techniques, the costs for
overbalanced drilling and any necessary clean-up costs should exceed underbalanced costs.

A third option is balanced drilling. The principal advantage for balanced as compared to
underbalanced is less wellbore fluids are produced during the operation, with a consequent reduction in
danger to personnel and equipment. Petro-Canada and Nowsco sought to test techniques for balanced
drilling and investigate the economic advantages/disadvantages of this approach.

Test conditions were designated as reservoirs with BHPs equivalent to 4.2 ppg (500 kg/m?).
Computer runs (Table 5-19) were conducted to determine the utility of nitrified water in these conditions.
Annular velocities of 3 ft/sec (0.9 m/sec) were required.
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TABLE 5-19. Computer Runs with Nitrified Water (MacDonald and Crombie, 1994)

Circulation HN’ Ggoseneck aﬁ'ﬁu VLi?uid
mf _,alas rressure T r Velocity
(m¥min}  |{ m*/min}) (MPa) {(MPa) (m/min)
0.08 30 8.1 0.50 0.40
0.08 32 8.5 0.57 0.41
0.08 34 8.9 0.63 0.42
0.08 36 9.3 0.70 0.43
0.08 38 9.7 0.76 0.45
0.12 30 88 0.41 0.56
0.12 32 9.2 0.48 0.58
0.12 34 9.6 0.54 0.60
0.12 36 10.1 0.61 0.62
0.12 38 10.5 0.67 0.64
0.16 30 9.6 0.32 0.72
0.16 32 10.9 0.39 0.74
0.16 34 10.5 0.45 0.77
0.16 36 11.0 0.51 0.79
0.16 38 11.4 0.57 0.82
0.20 30 105 0.22 0.86
0.20 32 11.0 0.28 0.89
0.20 34 11.5 0.34 0.92
0.20 36 12.0 0.40 0.95
0.20 38 125 0.46 0.98

Modeling results with nitrified water suggested that fluid and gas rates would need to be
higher than was desired. Additionally, operating range for surface annular pressure was more narrow than
desired (Figure 5-47).

Annular Backpressure,
MPa
o
n

4 5 6
Bottom Hole Pressure, MPa

Figure 5-47. Annular Pressure Vs. BHP with Nitrified Water (MacDonald and Crombie, 1994)

As a result of the limitations with nitrified water as a drilling fluid, the use of foam was
r\ investigated. Calculations showed an increased annular pressure operating range (Figure 5-48) and lower
liquid and gas requirements.
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Figure 5-48. Annular Pressure vs. BHP with Foam (MacDonald and Crombie, 1994)

Petro-Canada and Nowsco considered a large range of fluid and gas combinations. One of
the most limiting parameters was coiled-tubing diameter. Most drilling operations are conducted with 2-in.
(or less) coiled tubing, and this choice has a significant impact on foam hydraulics design.

Equipment was designed for balanced foam drilling with coiled tubing (Figure 5-49). Three
concepts were required to be feasible before this balanced drilling system could be pursued. Firstly,
monitoring of downhole pressures must be possible in real time. Next, the surface equipment should be
able to handle well fluids and gases. Lastly, the model design had to show good agreement with results.
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Figure 5-49. Equipment for Balanced Drilling with Foam (MacDonald and Crombie, 1994)
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_— Two wells were used as test cases for this system, one with 2.4 ppg equivalent reservoir
pressure and one with 3.5 ppg (Table 5-20).

TABLE 5-20. Test Wells for Balanced Foam System (MacDonald and Crombie, 1994)

WELL DEPTH(m) | HOLESIZE(mm) | BHP(MPa) | BALANCE DENSITY(Kg
Shallow Gas 460-510 %8 19 420
|
. 1780 TVD
OitHorizontal | 10 pp | 120 | 5 290

Downhole pressure sensors were situated in an assembly positioned between the coiled-tubing
connector and drilling BHA (Figure 5-50). Both annulus and coil pressure were measured at 1-sec

intervals.
Wirsiine Wireline Connector inside Pressure Transducers
dirare= S = @ T TSS < - I
[ AVH O e T . S R ]
P N s 2 — g wapie= G L LY
l," ” PN ; D e A R e 2 /.,-x,/.,'z'ffm l[lUiU —IJ

Qutside Pressure Flow Tube

- Figure 5-50. Pressure Sensor Sub (MacDonald and Crombie, 1994)
Results in the test wells showed the importance of monitoring downhole pressure. Figure 5-51
compares pressure measured downhole inside the coil to that at the surface during motor stalling.
14
12 Surface injection Pressure
& 10 o
2_ 8 |
b Internal Pressure Above Motor
2 6
4
o 4
2
0 .
4] 5 10 15 20 25
Time Interval, min
Figure 5-51. Downhole Vs. Surface Pressure (MacDonald and Crombie, 1994)
Predicted pressure above the motor compared favorably with measurements for the test wells
(Figure 5-52). Motor stalls, indicated as spikes in the measured data, were not accounted for in the
— calculation.

5-53



1

10

Pressure, MPa

6 v — sr——
0 5 10 15 20 25
Time interval, min

Figure 5-52. Measured Vs. Calculated Downhole Pressure (MacDonald and Crombie, 1994)

A closed system was required for foam returns (Figure 5-53). Mechanical degassing was used
to break down the foam. A polyurethane hydrocyclone was installed inside a low-pressure separator and
a defoamer sprayer was added at the top of the unit. Additional new components included a cuttings
sample catcher, gas analyzers and a flame arrester.

Flare
Vant
Gas Analyzer Flame Stack
Arrastor
Datoamer Q B
Hydrocyclone
in Separator o
Sample tiquid
Foam Catcher &
Solids
‘ Storage
1 LLU
ABC Valve T
Manitold Dilution Gas

Figure 5-53. Foam Treatment Equipment (MacDonald and Crombie, 1994)

Test results showed that balanced conditions could be maintained in low-pressure reservoirs
with foam circulated with coiled tubing. Petro-Canada and Nowsco suggest that additional consideration
should be given to the benefits of drilling near balance. They also note that foam stability and rheology
need more evaluation for directional drilling applications.
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5.2.10 Petrolphysics (Cojled-Tubing-Jetted Radials)

Petrolphysics (Dickinson, 1994 and Dickinson et al., 1993) described the operation of and
field results with a coiled-tubing jetting system to drill multiple short (25-150 ft) radials in one or more
layers of a producing zone (Figure 5-54). Experience in both light- and heavy-oil applications has shown

an average production improvement of 2 to 4 times conventional.

PERSPECTIVE

e
%'s)mv

Ultrashort Radlius Radial System

".”?
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M

[

O 1

! B pat
7] Sraver Pocun 1.5

il

— =
paresl ¥ freuy

Secton A

Figure 5-54. Jetted Radials in Multiple Layers (Dickinson et al., 1993)

Formation damage can be overcome through wellbore stimulation (acidizing or fracturing)

or by drilling horizontal laterals past the zone.

Production improvement with jetted radials can be

significant in a well with formation damage (Table 5-21).
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TABLE 5-21. Production Improvement from Jetted Radials in Damaged Vertical Well

(Dickinson et al., 1993)

Formation | Damaged | Length of Jh/Jy for Number of Layers of Radiails
Thickness, | Zone, t | Radials. 1 2 3 4
25 8.25 25 14.4
50 204
75 248
100 27.4
25 12.50 25 137
50 21.8
75 27.4
100 37
100 625 25 S8 10.0 12.5 14.4
50 103 158 18.9 20.4
75 140 20.5 235 24.8
100 17.3 24.5 27.2 274
100 12.50 25 57 9.5 120 137
50 10.8 17.2 20.1 21.8
75 15.5 29 28.2 274
100 19.7 21.5 31.2 31.7
Note:
K/K-damaged = 25
R-wellbore = 0.48 feet
R-damaged = 8 25 feet
R-outter boundary = 500 feet ) Cable
= ||}
=l=_...
Motion Controller
Petrolphysics described two systems for % +
jetting short laterals. The Ultrashort Radius Radial % % Radial Tube
System (Figure 5-55) has been used in several fields == % Working String
around the world. The system uses a 100-200 ft length % % High Pressure
of 1%-in. coiled tubing with a special conical fluid jet. % ;tﬁ: Removabie Seal
Radials are jetted from a 2-ft diameter by 10-ft high % §
window. High-velocity water particles (8000-10,000 = = _
. i === Anchoring Jaws
psi) jet a 2-4 in. borehole.
§§§§ §§§§L,Casing
Gravel packing is used to complete the == =
. . . . _- - Underreamed Zone
radials in unconsolidated formations. The ultrashort s
radius allows produced oil to flow by gravity directly to - S SR
_ _ I- - FORMATIOM- S- 1-
a conventional pump (Figure 5-56). - — e
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Figure 5-55. Petrolphysics' Ultrashort

Radius Radial System (Dickin-
son et al., 1993)



Casing

Vertical

_ Sucker Rod Another jetting system, the Quick Radial
Slotted Liner

System (Figure 5-57), is under development. This

il Formalion T.: system requires a workover unit to orient a whipstock.

l-i All other operations can be accomplished with a coiled-

SEEEEE IRt : : IiINzIIIIon tubing rig. An advantage of this system is the use of
1 = pressures (3500-5000 psi) lower than with the Ultra-

Gravs:;:fked short Radius Radial System.

Figure 5-56. Gravel-Pack Completion of
Ultrashort Radius Radial (Dickinson et al., WORK STRING
1993) \ WHIPSTOCK
20 TO 100 FOOT
RADWS OF CURVATURE
/— CASING
/— PACKER/TEMPLATE

Figure 5-57. Quick Radial System (Dickinson et al., 1993)

Field results with the Ultrashort Radius Radial System are presented in Figure 5-58. These
data are from wells in Texaco's LaBarge Field in Wyoming. Well J634 is a re-entry with three radials
ranging from 54-70 ft. Production data are shown before and after radial drilling. Well G634Y is a new
well with three radials from 68-151 ft in length.
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Ol Production Data A2 Texaco's La Barge Field, Wyoming

N
w

]

Vertical Wells

Oil Producton Rata Range {EBPD)
& @

[T

°m_l

FS$34X
G5M

GAMX
HS34W
JTM
KSMX

J834—-Belore
Radlals

28 3.
i3 33
- X

e F43
T - [l
32 %5
X< 33

Wells Water Production Oit Production Declining Rate |
F534X Nearly Clean
6534 Declining from 200 bwpd to 36 bwpd
G634X Beclining from 160 to 25 bwpd
H534W Fluctuating from 1 bwpd to 2 bwpd
J734 Fluctuating from 10 bwpd to 100 bwpd
K534X Fluctuating from 30 bwpd to 80 bwpd

J634—Before radials

Fluctuating from 2 bwpd to 5 bwpd

Declining 63% over 10 months

JB34—Entry after 3 radials Nearly Clean Declining 33% over 18 months
G634Y—New well with 3 radials Increasing to 7 bwpd Declining 49% over 18 months

Overall trends show about a doubling of oil preduction rate and a halving of the rate of
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Figure 5-58. Production From Texaco Wells with Multiple Radials (Dickinson et al., 1993}

5.2.11 Shell Research B.V./INTEQ (Window-Cutting Systems)

Shell Research and Baker Hughes INTEQ (Faure et al., 1994} described progress in the
ongoing development of a one-trip window cutting system that can be deployed on coiled tubing. Early
coiled-tubing re-entries have required a conventional rig to cut the window. For coiled-tubing drilling to
become economic, a window-cutting system for coiled tubing is needed. Shell and INTEQ developed and



tested a prototype window-cutting system that required three runs for milling. Development continues to
reduce the number of milling runs to one.

In re-entry applications, cutting a window in the casing can be an option to section milling.
The most important innovation in window-cutting techniques are systems that allow setting the packer and
whipstock, and milling the window in one run. Another approach is to set the packer on wireline or drill

pipe, then run the whipstock and milling assembly (Figure 5-59). This modified approach addresses
concerns about premature setting of the packer.

TTor

Milling &
Reaming
the Window

|

)

2
/1

il

Flex Pipe

Figure 5-59. Two-Trip Window Cutting in Slim Hole (Faure et al., 1994)

Coiled-tubing systems hold promise for benefits in underbalanced and through-tubing re-
entries. With this method, there is a need for an assembly that does not require rotation. Shell's system
combines mud motors with hydraulic thrusters for control of WOB.

A series of laboratory tests was conducted toward the development of a new window-cutting
system (Figure 5-60). The performance characteristics of diamond speed mills and tungsten-carbide mills
were compared. Early results showed that tungsten-carbide mills were faster than diamond; however,
stalling problems were much less severe with diamond.
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Figure 5-60. Laboratory Testing of Slim-Hole Window-Cutting System (Faure et al., 1994)

A full-scale field trial was conducted on a re-entry in Germany. Objectives included cutting
a 5%-in. window in 6%-in. casing, drilling a 43-in. hole along a 330-ft radius, and drilling a short
horizontal section (100-130 ft). Three BHAs were used (Table 5-22). Each BHA incorporated a modified
tungsten-carbide mill.

TABLE 5-22, BHAs for Cutting Window on Coiled Tubing (Faure et al., 1994)

__Starting Mill Assembly —_ Reaming Assembly
H74&" Starting mill 574" Window Mill 574" Taper Mill
3" Flex pipe 3% Flex pipe 574" Watermelon mill
4%" Navi-Drill 4%" Navi-Drill 3%" Flex pipe
2 x 574" Chip Catcher 2 x 578" Chip Catcher 4%" Navi-Drili
3%" Release tool 3% Release tool 2 x 574" Chip Catcher
3%~ Lower quick connect 3%" Lower quick connect 3%" Release tool
3%" Upper quick connect 3%" Upper quick connect 3%" Lower quick connect
3%:" Grapple connector i 3%" Grapple connector 3% Upper quick connect
5 3% Grappla connector

The tools performed well with few problems. One fish was successfully caught on the first
attempt. Times to complete various components of the operation are shown in Table 5-22.
TABLE 5-22. Operational Times for Cutting Window on Coiled Tubing (Faure et al., 1994)

ACTIVITY TOTAL TIME COMMENTS
Well Preparation 23 hours Remove paraffin, circulate hot water
- casing scraper
- CCL/CBL/gyro
CCL/CBL/Gyro Survey 7 hours
Set Packer/Gyro Survey 8 hours
Set Whipstock 6 hours
CUT WINDOW TOTAL TIME | MILLING TIME COMMENTS
BHA #1 Starting mill 8 hours % hour 4-hour rig maintenance
BHA #2 Window mill 9% hours 3% hour plus 5m formation
BHA #3 Reaming assembly 15% hours 7% hours 6 hours circulate
TOTAL 33% hours 11 hours
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Following these successful field trials, Shell and INTEQ plan to continue development in an

effort to design a reliable through-tubing coiled-tubing window-cutting system.

5.2.12 §

Sun Drilling Products (Brookey et al.,
1994) described the potential use of copolymer beads
for friction reduction in coiled-tubing drilling and
workover operations. Friction reduction is accomplished
by introducing beads between the coiled tubing and
borehole wall. Mechanisms of friction reduction
include decreasing capillary forces by increasing the
distance between the coiled tubing and borehole, and
the effect of rolling bearings between the string and
borehole.

Sun Drilling Products’ copolymer beads
are a spherical (Figure 5-61) free-flowing, inert solid.
Particle size ranges from 260-550 um (0.0009-0.0018
in.). Beads are of low density (1.13 SG) with compres-
sive strength of 11-16 ksi. Their spherical shape
ensures that they will continue to provide lubricity while
remaining nonabrasive, and that they will not plug the
formation.

Friction problems are normally more
pronounced in operations in horizontal wells. This is
due to the increased contact area and normal forces.
Various techniques can be used to place the beads
across the problem zones. Most often, sweeps are used

Figure 5-61.  Electron Micrographs of
Copolymer Beads (Brookey
et al., 1994)

to pave the lateral and build section with beads (Figure 5-62). Beads normally settle to the low side of the

hole and are worked into the wallcake by string reciprocation.
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Figure 5-62. Bead Sweeps to Treat Wellbore (Brookey et al., 1994)

If friction problems are isolated to specific sections along the wellbore, pills with beads can
be spotted across the problem zone, circulation stopped, and the string reciprocated to work the beads into
the wall.

Under some conditions, operations are conducted with full or partial lost returns. To reduce
friction in these applications, pills with beads can be pumped down the annulus (Figure 5-63) to place them
across the problem zones.

Figure 5-63. Spotting Beads Down the Annulus (Brookey et al., 1994)
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These beads have been used in several areas of the world to reduce friction in conventional
horizontal wells. In one Austin Chalk well, pick-up weight was reduced 30,000 1b (from 220,000 to
190,000 1b) after beads were placed across the open-hole interval. ROP increased from 4 ft/hr before
beads to 25 ft/hr after beads were placed along the wellbore.

5.3 CASE HISTORIES
53.1 ARCO E&P Technology (Slaughter Field)

ARCO E&P (Hightower et al., 1993} used coiled tubing to drill a successful sidetrack of
a well in the Slaughter Field in West Texas. Several aspects of the job represent the first time coiled tubing

was used in these procedures. These include:

Setting a whipstock in casing

Milling a window

Using MWD

Using a pressure-activated orientation tool
Using an autodriller system to

maintain WOB J
Although problems prevented the well 2
from being drilled as planned, project results and well BLANe rposaL (
. 2800 ] LI
production were successful. Tacom Coordnen: of e 00 oo |y
. E\"m 1250

The original wellbore (H.T. Boyd 59X)

was drilled to 5245 TD in 1989. Despite acid stimula- | S-S
tion and fracture treatment, original production was - \ e T \[ ™
poor (64 BFPD with 94% water cut). ARCO planned \ 1 s e
to sidetrack the well, build angle at a rate of 15°/100 - \ ™
ft, and drill about 500 ft of new horizontal section 780 1L "_
(Figure 5-64). The 33%-in. borehole was to be com- - e 0
pleted open-hole and produced on rod pump. \ _
_"— Side Traok oy "2
- | 2 proppese Seale 1~ = 250
- \

14.5° 4543 M.D. Start of window
§
Bige Traek \

5000 2a Drited %0~ 8348 M.D. End of bulid
- -3 I 5830 M.D. End of hole
Original Wolizors
- ] ™ ™ we 1250 2 W0

Figure 5-64. ARCO Re-entry Well Plan
(Hightower et al., 1993)
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P
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L 13 38" CSG @ 513

s 8 5/8” C5G @2630'

WINDQW 4788 - 4803.5
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SAN ANDRES DOLMITE

SIDE TRACT TD=5170
MD=5170
(TVD=5,080)

CIBP @ 5030°
PERFORATIONS 5082 - 5165

51/2" CSG @ 5245

Figure 5-65. ARCO Re-entry Well Schematic

(Hightower et al., 1993)

Wellbore inclination was about
14° at the planned kick-off depth (Figure 5-65).

Drilling system design was based
on 1% x 0.156-in. 70 ksi coiled tubing. The
orienting tool was hydraulically controlled,
adjusting about 45° for each pump on/off cycle.
The wellhead arrangement for drilling operations
is shown in Figure 5-66. A small substructure
was used to provide a work platform 11 ft above
ground level.

16" 10M
Bind Rama +ne
Shear Rams
41116 10M
Slip Rems
134" Pips Rems
116" 10M

7-1116" 5M to 4-1/16" 10M

soacen T 7116~ 5M
7-116" 5M
7-116" 5M
T-1/18" 3Mm
. - . . - . T-1116" M
Prior to bringing the coiled-tubing rig on
location, wireline was used to set a permanent packer With  prger. to7- = GL- T
orientation lug. The whipstock was then run on coiled u’"’“
tubing and stung into the packer. A window was milled Figure 5-66. Wellhead Eqﬁipment

(Figure 5-67) and several feet of new hole drilled.
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1.75" OD 0156wt COILED TUBING
COILED TUBING CONNECTOR 2.5° OD
DOUBLE CHECK VALYE ASSEMBLY 2.5 OD

HYDRAULIC SAFETY DISCONNECT 2.5" 0D

BHA
QAL =151

(Note: Single or Double Walermsion Mills
Added to Enlarge Window)

L 7L 3.75 OD DIAMOND SPEED MILL

Figure 5-67. Typical Window Milling BHA
(Hightower et al., 1993)

Significant problems were encountered
in trying to build angle. Angle remained relatively
constant despite several trips for new bits, mills,
assemblies, etc. (Table 5-23). Later, ARCO discov-
ered that the program used to process the MWD data
was flawed, resulting in false indications of tool-face
angle.
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BHA
QAL =190 N
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The drilling BHA (Figure 5-68) was then

run in with a 3%-in. TSD bit. A total of 366 ft of new
350" OD HIGH TORGUE MOTOR hole was drilled.

1.75" OD 0.156" wit COILED TUBING

COILED TUBING CONNECTOR 2.57 OD
DOUALE CHECK YALVE ASSEMBLY 2.5~ QD
MYDRAULIC SAFTEY DISCONNECT 2.5 OD

4-318" OD DRILL COLLARS (Somstimes Left Out)
{2120 OAL)

AN
>

CIRCULATING SUB 2.5 OD
FLEX JOINT

FLUID OPERATED QRIENTING SUB
FLEX JOINT

>, 2- MONEL DRILL COLLARS CONTAINING DIRECTIONAL
TOOLS AND MWD

UBHO (Universal Bottom Hole Orlenling Tool)
BENT SUB SOMETIMES ADDED TO BUILD ANGLE
FILTEA

2.875" OD HIGH TORQUE MOTOR
{Adjustable Bent Housing)

3.75" 0D TSO, PDC, OR NATURAL DIAMOND BIT

[

Figure 5-68. Typical Coiled-Tubing Drilling

BHA (Hightower et al., 1993)



TABLE 5-23, Summary of Drilling BHAs (Hightower et al., 1993)

BHA NO| 3.75" BIT TYPE MOTOR HOUSING BENT SUB COLLARS |FOOTAGE| ROP REMARKS
1 OSM 3.500" HT Straight None None NA NA  |Window
2 DSM w/ single WMM |3.500° HT Straight Noneg None NA NA  |Window
3 DSM w/ double WMM|3.500° HT Straight None Nong NA NA  |Window
4 DSM w/ double WMM|3.500" HT Straight None None 16 ft | 5.8 FPH |Window/ FM
5 |TsD 2.875" HT 19 ° None None 21 {1t |91 FPH [AM
5] DM 2.875" HT Straight None None None NA  |Stop @ window
7 CSM 2.875" HS 14 ° None None 4 ft 16 FPH [Cut into casing
B TSD 2.875" HS 1.4 ° None None 19 ft NA  |Inside casin
9 PCC 2.875" HS 14 ° None None 26 ft NA  |Inside casing
10  [nozzle (2.125 "} None NA None None NA NA  |Cementing
11 |DSM 3.500" HT Straight None None None NA  |Sop@ WS
12 |Tapered mil} 3.500" HT Straight None None None NA  |Sop@ WS
13 |Round nose TSD 3.500" HT Straight None None None NA  |Stop@WS
14 |DSM w/ single WMM [3.500° HT Straight None None 26 f NA CO1 TOC
15  |Sidetrack bit 12.875" HT 2° None 124°-3-1/8" 12 # 1.3 FPH [154 ° Incl
16 |TSD [2.875" HT 2° None 124°-3-1/8" 53 1t 3.7 FPH |12.3 ° Incl
17 [PDC 2.875" HT 2° None 124'-3-1/8"| 16 ft | 1.5FPH |13.6 ° Incl
18  [Natural diamond bit |2.875" HS 125 ° None 124'-3-1/8" | 55 ft | 2.7 FPH |19.2° Incl
19 |Exposed diamond bit|2.875" HS 1.25 ° None Nene 20 ft | 32FPH 19.7 ° Incl
20 [Natural diamond bit |2.875" HS 2° None None 41 ft | 6.8 FPH |16.56 ° Incl
21 |Ballaset diamond bit |2.875" HS 2° 1.25 ° 124'-3-1/8"| 74 ft | 40FPH |8.3°Inc
22 | Ballaset diamond bit |2.875" HS 1.25° Nona None 69 ft  113.0 FPH|11.1 ° Incl
23 |Nozzle None NA Nona None NA NA  |Circulation

DSM = diamond speed mill, WMM = watermelon mifl, TSD = thermally stable diamond, PDC = polycrystalline diamond compact,

HT = high torque, HS = high speed, WS = whipstock, CO = cleanout, TOC = top of cement, FM = formation, FPH = feet / hour

ARCO found that the MWD tools performed well, with readings accurately confirmed by

gyro surveys. The orienting tool also performed well.

The use of the autodriller was also counted a success.

Sensitivity of the system to

maintenance of WOB was judged as better than an experienced coiled-tubing operator.

used for this project (Figure 5-69).
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Fatigue was found to be an important element requiring careful tracking in these operations.
As a result of many trips and extended operations at depth, about 80% of coiled-tubing fatigue life was
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Figure 5-69. Coiled-Tubing Life for Drilling Project (Hightower et al., 1993)

ARCO estimated that the overall cost of this operation was 50% greater than for a
conventional workover rig. However, they believe that, in the absence of the software bug, costs would
have been competitive with conventional, and that operations could have been completed in 10 days, rather

than 17.

ARCO's experience demonstrated that drilling with coiled tubing is here to stay, and that the
tools and technologies required are available and improving steadily.

5.3.2 Berry Petroleum (McKittrick Field)

Berry Petroleum and Schlumberger Dowell (Love et al., 1994) drilled two shallow vertical
wells with coiled tubing in the McKittrick Field in California. These wells are believed to be the first
grass-roots wells drilled with coiled tubing. In addition, these wells were the first medium-diameter (6%

in.) boreholes drilled using motors on coiled tubing.

A two-well project was designed to provide data on reservoir extent and evaluate the use of
coiled tubing as a means of conveying drilling assemblies in this area. Completion operations were not
included in original project plans. Secondary objectives of this project were to test coiled-tubing drilling
in the context of slim (6% in.) vertical wells with conventional muds, and evaluate economic potential for
coiled-tubing drilling for other applications. A hole size of 6% in. was chosen based on logging
considerations (using conventional tools) and available motor/bit combinations.

The production horizon of interest was the Tulare tar zones, located at depths between
600-900 ft. Two wells, BY20 and BC4, were drilled in different edges of the reservoir.

5-67



A 4%-in. medium speed motor was used for drilling operations (Figure 5-70). Rotational
speed was 150-200 rpm at a flow rate of 150 gpm.

G 5 ¢ =

§

2" COILED TUBING

CT CONNECTOR

PuLL DISCONNECT

CROSSOVER SuB

2-4L-3/4°
SPIRAL
DriLL COLLARS

_l
'EW

¢ q

FLOAT Sue

L-3/4°
STRAIGHT
Mup MoToR

6-1/4" BIT

Figure 5-70. Drilling BHA
(Love et al., 1994)

A 3500-ft string of 2 x 0.156-in. coiled
tubing was used for both wells. Drilling fluid was a
cypan-based system. The location was about 90 ft on a
side (Figure 5-71). Love et al. stated that reorganization
would permit the location to be reduced to 90 x 70 ft,
and that it need not be rectangular.

MuD PUMPS TRACTORS
AND STORAGE
GENERATOR
E E 5
B 3 3
: AREARE
I
FiRe Exrawﬂa
6° DivesTER LNE
cwe | |8
ThUcx Base TUBMLAR AREA
— 90 FeeT p——

Figure 5-71. Surface Equipment Layout
(Love et al., 1994)

The first well was spudded using two drill collars (Table 5-24). Deviation was checked at
259 ft MD. During this trip, a third drill collar was added to the BHA. Drilling continued successfully
to TD at 1257 ft. Deviation along the wellbore was a maximum of 1%4°.
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— TABLE 5-24. Drilling Operations on Well BY20 (Love et al., 1994)
4—-'_"_"‘————__-" —

Hole Size Y
CT Size 2" nominal, 0.156 wall thickness

|
Drill Collars N 3
]

Spudding Depth
Total Measured Depth (TD) | 1257

78', Below conductor

Maximum Deviation 1
Hole Length Drilled | 1179
I

Avg. Rate of Penetration 32 ft/hr

Avg. Drilling Rate 51 ft/hr

Total drilling time was 35 hr, 10 hr of which were spent checking the survey with a
conventional tool (Figure 5-72). Logging was performed successfully. A cement plug was placed on

bottom.

WELL BY20
MCKITTRICK FIELD

300 Naser o

700

D E
E |
P :
T 800
H |-
oo ...
1300 |..

1500 [......; L L

: © DRELSNG - - | 1.0GS, PLUGRACK,

RiG 1 wouing: ~

P |»o'ms;rmstm cmr&fm

2 2 36 4 60 72
HOURS

Figure 5-72. Time Summary for Well BY20 (Love et al., 1994)

A second well (BC4) was spudded from 80 ft with two drill collars (Table 5-25). Good
penetration rates were achieved all the way to TD.

I’“
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TABLE 5-25.

Hole Size 6™
CT Size : 2" Nominal, 0.156 Wall Thickness
Drill Collars 2

Spudding Depth

78', Below Conductor

Total Measured Depth (TD) | 1500 : N
Maximum Deviation 1°

Hole Length Drilled 1422

Avg. Rate of Penetration 68 ft/hr*

Avp. Drilling Rate 70 ft/hr**

Drilling Operations on Well BC4 (Love et al., 1994)

includes all time, spud to TD
200 /hr 78B-180'

100’ /hr 180‘-860'

50/ /hr 860/-1500"

No intermediate directional surveys were taken on the second well due to the low deviation

noted on the first well. Total drilling time was 21 hr (Figure 5-73). Dipmeter logs after drilling showed

a maximum deviation of 1°.
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e
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Figure 5-73. Time Summary for Well BC4 (Love et al., 1994)

Post-drilling analyses showed that drilling time for the second well was about 60% faster than

for a conventional (larger diameter) well. Most of the time savings were attributed to faster ROP in the

slimmer hole.
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An additional benefit was a reduction in hole wash-out (Figure 5-74). Berry Petroleum
believed that improved hole conditions were the result of continuous circulation with the coiled-tubing
system, reduced pumping rates, and slimmer hole.

1 WELL
cons) Tuepg el comeaTi:

"AIR" SANDS
(COMMONLY WASHOUT)

REDUCED WASHOUT
A

Figure 5-74. Coiled-Tubing and Conventional Hole Calipers (Love et al., 1994)
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of 18% of string life was used (Figure 5-75).
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conventional rigs for this application. Costs would be
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Figure 5-75. Coiled-Tubing Fatigue for
Two-Well Project (Love et al., 1994)
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5.3.3 CuddPr hevron W

Cudd Pressure Control drilled two wells for Chevron in Texas, one in late 1991 and one in
mid-1992. Wesson (1993) described the well design and coiled-tubing drilling operations.

The first well (Table 5-26) was a horizontal re-entry out of 5%%-in. casing. The pilot hole

in the curve was drilled with a 4% -in, bit by a conventional hydraulic workover rig. The borehole was

downsized to 37s in. while still in the curve after the coiled-tubing unit was rigged up. A horizontal

section length of 765 ft was attained from the end of the curve (EOC) to TD (9568 ft MD).

- TABLE 5-26. Drilling Data for Chevron Well #1 (Wesson, 1993)

Casing: 5% inch ROP
Wellbore Curve: 9.2 ft./hr

Curve: 4% inch HOR.: 11 ft./hr

HOR.: 414 inch
Downsized to: 3% inch

Drilling Hours
KOP: 8,377 ft. TVD Curve: 44 hrs
EQC: 8,803 fi. MD HOR.: 72 hrs
8,783 ft. TVD
EOH: 9,568 ft. MD TIH
Curve: 5 - 3% assembly
Departure: 1,200 f1. 3 - 274 assembly
HOR.: 7 - 2% assembly

BUR

Planned: 28°/100° St./Wc. Tool: Ensco

Actual: 23°/100° Motor: Ensco

Range: 16 to 45°/100°
Inclination: 91.5°
Kickoff: Whipstock Window
Tubing

Size: 2.0 inch X 0.156 wall

Length: 11,600 ft.

Operational problems on the first Chevron well included cutting the window in the wrong
place due to unplanned movement of the whipstock. When the sidetrack was kicked off, the azimuth was
off by 166°. As the wellbore was turned back on course, it intersected and drilled through the old casing.

Electrical problems continued to hinder operations. There were multiple internal breaks in
the steering package, and shorts at the reel slip ring and wet-connect sub. Drag forces were higher than
anticipated, and it was difficult to keep the necessary weight on bit.
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Drilling operations placed significant stresses on the coiled-tubing string and led to
uncertainties with tubing life. Cudd stated that tubing damage occurred downhole when buckling forced
the tubing against discreet rough spots and produced very high point loads. Lateral cracks appeared on
the low side of the tubing as it was run across the gooseneck.

The drilling and wellbore data for Chevron Well #2 are shown in Table 5-27. This well was
the first drilling operation with Cudd's purpose-built coiled-tubing drilling rig. The rig was designed for

2%s-in. tubing, which has twice the moment of inertia of 2-in. tubing.

TABLE 5-27. Drilling Data for Chevron Well #2 (Wesson, 1993)

Casing: 5'% inch ROP
Wellbore Curve: 9.4 ft./hr
Curve: 4% inch HOR.: 5.9 ft./hr
HOR.: 4% inch
Downsized to: 3% inch
Drilling Hours
KOP: 8,076 ft. TVD Curve: 43.5 hrs
EOC: 8,284 ft. MD HOR.: 195 hrs
8,485 ft. TVD
EOH: 8,249 fi. TVD
9,621 ft. MD TIH
Curve: 6 - 3% assembly
Departure: 1,553 ft. HOR.: 6 - 3% assembly
4 - 2% assembly
BUR
Planned: 23°/100° Bits;
Actual; 21.2°/100° Cone: 2
Range: 19 to 26°/100° PDC: 4
Inclination; 92° TSP: 1
Kickoff: Whipstock Window St./Wc. Tool: Ensco
Motor: Ensco
Tubing
Size: 2% inch X 0.156 wall
Length: 12,000 ft.

Wellbore kick-off was accomplished at the desired orientation. There were problems with
formation wash-out at the casing window. The wireline connectors continued to have intermittent problems

with shorting.

The BHA was dropped from the surface, leading to fishing operations, which were ultimately
successful. Junk in the hole, presumably from window-cutting operations, damaged four TSD bits. The
junk was buried by a two-step operation: 1) drilling an oblong hole at the top of the curve by orienting the
bent assembly downward, and 2) orienting the bit against the roof of the curve, running over the junk and

plowing it into the wellbore wall.
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Tubing problems included breaking the tubing string by catching on the whipstock, which
had accidently been shifted during BHA fishing operations. There were significant vibration problems with
the BHA that led to multiple steering-tool failures and backoff of a nut on the orienting tool.

5.3.4 Petro Canada (Medicine Hat Re-entry)

Petro Canada (McMechan and Crombie, 1994) tested modified equipment and drilling
techniques by deepening, completing and fracturing a vertical gas well with coiled tubing. The deepening
of the well near Medicine Hat, Alberta was the first field operation in a larger project to evaluate balanced
drilling of horizontal wells in sour reservoirs with coiled tubing. This first site was purposely chosen as
a safer environment to test fluids handling systems, a new pressure sensor sub, and foam model accuracy.

The subject well (PEX WINCAN MEDHAT 10-9MR-17-3 W4M) was to be deepened from
448 m to 530 mMD (1470 ft to 1740 ft) with a 3%-in. hole. Drilling was to be conducted at balanced
conditions with foam to avoid formation damage in the currently producing Milk River zone and the target
Medicine Hat zone. Fluid modeling showed that foam rates of 33 gpm of water and 440 scfm of nitrogen
would be required.

Drilling BHA components are listed in Table 5-28. Components were assembled to reflect
the requirements for horizontal drilling in later phases. However, directional equipment (steering tool etc.)
was not used.

TABLE 5-28. Coiled-Tubing Drilling BHA (McMechan and Crombie, 1994)

COMPONENT - | ‘0Dl | LENGTH{m) | ToTAL LENGTH (in),ﬂ
Junk Mill I 0.46 0.46
Crossover Sub e 0.12 0.58
Motor kY 3.80 4.38
Crossover Sub % 0.12 450
Thruster 2% 2.84 1.34
Crossover Sub % 0.24 1.58
Crossover Sub 3% 0.18 1.76
Drilling Release Tool 3% 1.77 953
Quick Latch,

Pressure Sensor, 3 1.97 1150
Coil Connector
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The maintenance of balanced conditions with foam required accurate measurement of
downhole pressures. A special sub was designed with two pressure sensors (Figure 5-76), one measuring
pressure in the coiled tubing above the motor and one measuring pressure in the annulus. Pressure in the
annulus ranged from about 245-320 psi during drilling operations.

Figure 5-76. Pressure Sensor Sub (McMechan and Crombie, 1994)

Petro Canada and Nowsco wanted to obtain pressure data from drilling operations that could
be compared with computer simulation data (Table 5-29) so that any appropriate empirical corrections
could be determined and applied in later phases of the development.

TABLE 5-29. Predicted/Actual Drilling Pressures (McMechan and Crombie, 1994)

_ PRESSUREAT: | PREDICTED(MPa) | ACIVAL Pa) |
Rotating Joint 13 13.0-134
Gooseneck 7.5 N/A
|
Above motor 9.5 9.3-9.5
Annulus (surface) 0.49 | 0.40-045

Considerable design effort was directed toward a system to handle the foam (Figure 5-77).
Calculated foam quality was 79% at bottom hole and 90% for returns at surface. Tests indicated that these
foams could be broken down mechanically. However, in the field the system broke down only about 98 %
of the foam. A chemical breaker was used for the remainder.
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Figure 5-77. Surface Equipment with Foam Treatment (McMechan and Crombie, 1994)

Drilling operations progressed relatively smoothly. To drill out the shoe joint, a junk mill
was substituted for the 3%-in. TSP bit run initially. The bit was reinstalled to drill the new hole. Drilling
time was 9% hr for 224 ft, for an average ROP of 27 ft/hr.

After drilling was complete, a string of 27%-in. coiled tubing was cemented in place as a
production liner. After logging and perforating operations, a 55,000-1b frac job was pumped and the well
put on production. The final wellbore status is shown in Figure 5-78.
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Figure 5-78. Final Completion of 10-9MR-17-3 W4M (McMechan and Crombie, 1994)

5.3.5

Schlumberger Dowell has been
involved in many of the developments of

techniques and technologies related to
coiled-tubing drilling. Several publications
(for example, Newman, 1993; Doremus,
1994; Leising and Rike, 1994) summarize
industry's efforts in modern coiled-tubing
drilling. The most recent well counts are
shown in Figure 5-79. For 1995, about 70
directional wells are predicted; the number
of vertical jobs was not predicted, but is
expected to continue to grow.

Newman (1993), along with
enumerating the advantages and disadvan-
tages coiled-tubing drilling, presented a list

WELLS DRILLED WITH CT

Conductor pipe: 219.1 mm, 47.6 kg/m @ 10m

Production casing: 114.3 mm, 14.14 kg/m,
J-55 @460 mKB

. Existing Milk River perforations:

421.8-4228 mKB
424.6- 4255 mKB
426.7 - 427.6 mKB

Liner Hanger: 73.0 X 114.3 mm Cardium LPM
Perm Packer hydraulically set at 440 mKB

Liner: 73.0 mm, 6.74 kg/m coiled tubing
@ 530 mKb

Medicine Hat perforations:
476 - 510 mKB
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Figure 5-79. Job Counts for Coiled-Tubing Drilling

(Gary, 1995)
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of coiled-tubing drilling jobs as of February 1993 (Table 5-30). He noted that these attempts were not all

successful.
TABLE 5-30. Coiled-Tubing Drilling Jobs as of 02/93 (Newman, 1993)
Date Location Client New Vert. CT Hole
Re-entry Dev. Size Size

Jun 91 Paris Elf Re-entry Vert. 1.50 3.875
Jun 91 Texas Oryx Re-entry Devi. 2.00 3.875
Aug 91 Texas Oryx Re-entry Devi. 2.00 3.875
Dec 91 Texas Chevron Re-entry Devi. 2.00 3.875
May 92 Canada Lasmo New Vert. 2.00 4.750
July 92 Texas Oryx Re-entry Devi. 2.00 3.875
July 92 Canada Guif Re-entry Devi. 2.00 4,125
July 92 Canada Imperial New Vert. 2.00 4.750
July 92 Texas Arco Re-entry Devi. 1.75 3.750
Sept 92 Canada Pan Can. Re-entry Vert. 2.00 4.750
Oct 92 Canada Can. Hunt Re-entry Vert. 1.75 3.875
Oct 92 Paris EIf New Vert. 1.75 3.875
Nov 92 Canada Gulf Re-entry Devi. 2.00 4,750
Nov 92 Canada Gulf Re-entry Vert. 2.00 4,750
Nov 92 Austria RAG Re-entry Vert. 2.00 6.125
Dec 92 Alaska Arco Re-entry Devi. 2.00 3.875
Feb 93 Holland NAM Re-entry Devi, 2.00 3.875

Based on the data in Table 5-30, 2-in. coiled tubing is the most popular drill string and most

holes are about 4 inches.

Schlumberger Dowell {(Leising and Rike, 1994) discussed their own experience drilling wells
with coiled tubing around the world. In addition, they presented data describing two of these wells in more
detail. The number of coiled-tubing drilling jobs has increased significantly in recent years, with the
annual percentage of vertical wells (versus deviated) increasing through 1993 (Figure 5-80).
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Figure 5-80. Orientation of Coiled-Tubing Wells (Leising and Rike, 1994)

A variety of operations have been proven during the jobs, including coring, setting
whipstocks, cutting windows, MWD mud-pulse with gamma-ray, using new steering tools, running liners
and hangers, using tricone and diamond bits, underbalanced drilling with artificial lift and lightweight
fluids, air/mist drilling, drilling through 3%-in. tubing, and off-pad remote drilling.

Schlumberger Dowell's projects are summarized in Table 5-31. The footage drilled on a
typical coiled-tubing drilling project was about 900 ft. The maximum is 4370 ft. WOB has ranged from
500-1000 Ib per inch of bit diameter.

TABLE 5-31. Coiled-Tubing Wells by Schlumberger Dowell (Leising and Rike, 1994)

WELL DATE LOCATION  CLIENT TECH  DRILLED COMMENTS PROBLEMS
# SUCCESS FT
D-1 6-81 Paris Eif Yes B96 Cored
D-2 7-92 Texas Arco No 382 Whipstock set/drilled, MWD Software error
D-3 10-92 Canada Can. Hunter No 3 Gel diesel mud Hard stringer below shoe
D-4 10-92 Paris Elf Partial 4370 Motors, differential sticking,
bit balling, disconnects
D-5 2-93 Holland Shell-NAM Yes 1060 Liner, 11 times production increase Orienting tool
D-6 4-93 California Berry Yes 1178 Washout 1/4 of Rotary Bit balling
D-7 4-93 California Berry Yes 1422
D-8BAB  6-93 Alaska Arco Yes 135 Underbalanced, TT' Underreamer blade wear
D-9 8-93 Alaska Arco Yes 199 3%/; times production increase Weight transfer
D-10 9-93 Texas Amoco Yes 416 Air/mist Motors
D-11 8-93 Texas Amoco Yes 467 Air/mist CT scale
D-12 10-93 Texas Amoco Yes 424 Air/mist Motor
D-13 10-93 Califormia Chevron Yes 880 Mud handling
D-14 10-93 California Chevron Yes 872
D-15 10-93  Venezuela  Lagoven Yes 1000 Off pad drilling
D-16 11-83  Venezuela Lagoven Yes 1000 Off pad drilling
D-17 11-93  Venezuela  Lagoven Yes 1005 Off pad drilling
D-18 11-93  Venezuela  Lagoven Yes 1000 Off pad drilling Clay swelling/BHA LIH?
D-18 11-93  Venezuela Lagoven Yes 1000 Off pad drilling
TOTAL 17,710
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A problem with weight transfer is illustrated in Figure 5-81, which is a log from well D4
(see Table 5-31). Although surface weight was increased over 2000 1b between 16:45 and 16:52, motor
pressure did not increase significantly due to differential sticking. Logging was also a problem; tools could
only pass the top third of the hole. Overall, well D4 was listed as a partial success.

Hole ROP Tubing load| SWOB | Circ press. | Run speed | Bit positicn | Flow out

Time depth m/hr Ibt lbf psig m/min meters literfmin
hr m e @ 10»<0 10.000 < 4,000 <3000 4.200>|<-1 1>|e 050 970>|< t00 200>

16:42 964 : - ¢ ; L
16:43 864 : ey — e : <
16:45 964 [ttt —7
16:47 964 ot i 4
16:48 964 —T—% ; 4
16:50 864 — - {
16:52 964 £ b= N— ]
16:53 964 f——— = ' s
16:55 864 [ —f— ] ~ -+
16:57 964 [—r | t e ¢
16:58 964 |—rr— —— — : : : f—
17:00 964 [F—— o I
17:02 964 —H— - -
17:03 964 : RN O £ B : ; : : : .
17:05 964 = 2y - | S
17:07 968 S| - T =
17:08 964 [F— = £ {
17:10 964 [} I 3 o , ——
1712 964 — — —H— ; i
1743 964 | N ;
17:15 984 [—-i— A ' :
17:37 964 | —fi— * - ‘ - - : - : -
17:18 964 3 ; . . ;
17:20 964 —4i— - ‘ - . 7 : i —
17:22 964 [ : TR . i H ; i 4

Figure 5-81. Drilling Log From Well D-4 (Leising and Rike, 1994)

Well D-9 was a horizontal well deepening operation. This Prudhoe Bay well was originally
completed with a 4'2-in. slotted liner and 4% x 3'4 production tubing (Figure 5-82). Formation damage
during original drilling operations was suspected as the cause of the well's poor production (less than 300
BOPD).
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Figure 5-82. Well D-9 (Leising and Rike, 1994}

The deepening was performed underbalanced with gas lift. Wellhead equipment included
a 7'/, BOP stack (Figure 5-83). Biozan drilling fluid (2.5 Ib/bbl) was used for the operation. The drilling
BHA consisted of a 2%-in. bit, motor, drop-ball circulation sub, drop-ball disconnect, dual check valves,

and weld-on connector.

-~-CT Injector head

[ 17 ~Stutting box

- ~-7-in. riser
Msthanol injection 3

Quick connect.-~

4Y,p-in. 1D CT BOP stack !ﬁ
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welihousa
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kil line
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Figure 5-83. Wellhead Equipment for Well D-9 (Leising and Rike, 1994)
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A two-phase separator was used along with collection tanks to store the usable fluid before
returning it to the suction tanks. A layout of the surface equipment is shown in Figure 5-84.
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Figure 5-84. Surface Equipment for Well D-9 (Leising and Rike, 1994)

After a profile nipple was milled out, the BHA was run to the old TD and the hole lengthened
199 ft (Figure 5-85). A final survey showed that the new wellbore dropped angle along its length at a rate

of about 3%2°/100 ft. Guidance was not critical for this interval so no attempt was made to measure
changes in inclination while drilling.
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Figure 5-85. Final Survey for Well D-9 (Leising and Rike, 1994)

Problems with job design included difficulty achieving desired underbalanced conditions.
The size of the annulus (2-in. coiled tubing in 3%-in. production tubing) resulted in high pressure losses
in the annulus. Smaller coiled tubing (1% in.) was not considered feasible due to the large diameter of the
original wellbore (84 in.).

Unidentified fluid contamination and a large wellbore diameter led to stick/slip behavior of
the coiled-tubing string, resulting in difficulty getting weight to the bit. ROP ranged from 6-18 ft/hr; the
average was about 10 ft/hr.

Production from well D-9 was increased by a factor of 3'4 by the coiled-tubing lengthening.
The cost for this operation was about 75% less than if a conventional rig were used.

Doremus (1994) summarized Schlumberger Dowell's work with Lagoven in drilling top holes
with coiled tubing in Lake Maracaibo, Venezuela. There was a risk in drilling these wells from gas-
bearing sands at depths of 400-1000 ft. The conventional approach in this field was to place the diverter
lines for piping away flowing gas on barges tied next to the platform. An effective coiled-tubing rig-up
allowed most of the equipment and all of the personnel to be positioned over 100 ft from the platform
(Figure 5-86). Consequently, diverter lines could be positioned normally on the platform.
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Figure 5-86. Lagoven Coiled-Tubing Rig-Up (Offshore Staff, 1994)

After the 24-in. conductor and cement tripod platform were installed, the BOP and injector
were rigged up on the conductor. Pilot holes (37 in.) were drilled on 1%-in. coiled tubing. A 5-in. flow
conductor was used inside the 24-in. conductor to maximize ROP.

Coiled-tubing TD was about 1000 ft. Afterwards, a conventional system reamed out the pilot
hole and completed the top hole to 3500 ft.

The coiled-tubing system proved very effective for this application. Four early pilot holes
were drilled in 10 days. Cost savings were estimated at 70% for top-hole costs.

Doremus (1994) presented a summary of current coiled-tubing dritling capabilities for hole
sizes and depths (Table 5-32). For through-tubing applications, the maximum diameter of production
tubing that can be worked through is given. For other applications, the maximum hole diameter that can
be drilled is presented. Obviously, these stated limits are contingent on site-specific conditions; however,
these are given as a general indication of industry's capabilities.

TABLE 5-32. Current Coiled-Tubing Drilling Capability (Doremus, 1994)

Apleation | MoxHoleSuen) | Depthty

Conventional Re-entry 3%-4% 15,000

New Shallow Well 8% 6000

ThroughToblngReentry | MnTubmgSzemm) | |

Vertical Deepening 3% j
_ Directional 4%
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5.3.6 Shell Research B.V. (Berkel Field)

Shell Research B.V. (Faure et al., 1993) described coiled-tubing drilling operations for a
horizontal sidetrack in the Berkel Field in the Netherlands. Results demonstrated that drilling with coiled
tubing is well suited for optimizing mature North Sea fields. Underbalanced drilling is a prime advantage
in mature fields (Figure 5-87).

Shell Research expects coiled-tubing
drilling to become a more cost-effective approach than
conventional after further develop and wider availability

of coiled-tubing systems. Costs are reduced through

Horizontal
under balance

lower initial capital investment and reduced manpower
requirements. Improved health, safety, and environment

Well productivity

concerns are other benefits anticipated in Shell's opera-
tions.

Vertical

Lower drilling footprint (Figure 5-88),
exhaust emissions, waste generation, noise, and visual

Figure 5-87. Production Advantage with ~ disturbance are important benefits of this approach,

Underbalanced Drilling (Pan-Canadian Oil  especially in populated areas.
Experience) (Faure et al., 1993)

Overall dimensions: 25" 18 m

E
|

O
Tool rack
Q8 CT un suB .
!
% Mudtreatment / Pumping unit
Water tank IK"EN] BIN

Figure 5-88. Shell Research Coiled-Tubing Drilling Site (Faure et al., 1993)

Part of the ultimate promise of coiled-tubing drilling is in the potential for automation.
Continuous data relayed through integral wireline will allow a fully automnatic drilling system, possibly
based on alternative rock-destruction mechanisms.
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Shell Research and NAM tested the potential of coiled-tubing drilling in the Berkel oil field
in 1993. The Berkel 5 was drilled in 1978 with an “S” profile (Figure 5-89). Principal objectives of the
re-entry included proving the use of coiled tubing for drilling horizontal re-entries, making progress toward
a comprehensive coiled-tubing drilling unit not requiring assistance from a conventional rig, and identifying
technology areas in need of further R&D.

m AH

16" @ 447

TOSL @ 768

in metres

i Depth & displacement

10%" @ 842 4

500 1 52

+ 1368

1000 4

756" ®@1432

1500

a) 5" @1747 b) 0 250 500 750

Figure 5-89. Berkel 5 Casing Program and Profile (Faure et al., 1993)

The drilling plan called for a medium-radius curve with 4'6-in. borehole 30 m above the
oil/water contact. An uncemented annulus required that the window be drilled higher than the ideal
position. A workover rig pulled the-existing completion, abandoned the lower wellbore and milled the
window. Window milling was conducted without rotation, using mud motors and hydraulic thrusters.

Planned and achieved well paths are shown in Figure 5-90. Total drilled hole length was 321
m (1050 ft). Maximum build rate was 34°/100 ft; maximum inclination 96°. ROPs were 3 m/hr (10 fi/hr)
in shale and 10 m/hr (33 ft/hr) in sandstone.
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Figure 5-91. Berkel 5 Re-entry BHA (Faure et al., 1993)
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The BHA and jointed tubulars were made up on a special substructure with slips and power
tongs. Drilling fluids were treated in a trailer-mounted mud system (Figure 5-92) with a capacity of 170 bbl.

Figure 5-92. Mud System (Faure et al., 1993)

Drilling problems included a dropped bit and bit sub, total circulation losses after penetrating
the reservoir, an accidental sidetrack after a BHA change, and other normal equipment failures. The fish
were retrieved successfully on coiled tubing. Lost-circulation material was spotted to reduce circulation
losses. The orienting tool was jammed by lost-circulation material. TD was declared after the motor
twisted off at 1700 m (5577 ft).

All problems were readily corrected. Most of the difficulties encountered were not caused
by the coiled-tubing system, but resulted from the lack of experience with horizontal slim-hole drilling in
this field.

The producing zone was completed open-hole (Figure 5-93). Liner (3% x 679 ft of 13 CR
Hydril 511) was made up using a boom crane and the coiled-tubing rig substructure. A completion packer
and 27%4-in. tailpipe were also run in on coiled tubing. After this, a light pulling hoist was used to run a
3% x 2%-in. single-string completion with SSSV,
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Abandoned hole
Two trip whipstock (double casing)
4 1/8" Barefoot (212m)

Logging {cancelled)

3 1/2" Hydrill liner {207m) with
5" x 3 1/2" dual Flexlock hanger

FAB production packer with tail

13 Cr completion ¢/w pumpbarrel

Barefool

™) TD =1692.7 m (1242.8 - 12362 m TV NAP)

Figure 5-93. Berkel 5 Final Completion (Faure et al., 1993)

Costs of coiled-tubing operations on this re-entry were only slightly more expensive than
workover-rig operations. Comparative costs for the whole project were not available since this re-entry
was the first horizontal slim hole in this field. Production gains were significant: 82 BPD (40% water cut)
before re-entry; 692 BPD (25% water cut) after re-entry.

Shell Research suggested that these coiled-tubing techniques have important applications in
North Sea oil and gas fields. Many gas fields are significantly depleted, and horizontal re-entries would
extend production and increase drainage area. For example, the Leman field cannot be re-entered with
conventional systems and fluids. The life of this depleted field (435 psi at 5900 ft TVD) may be
economically extended by laterals drilled underbalanced. Induced fractures have created paths for water
invasion in some of these fields. Lateral re-entries could be used to bypass these fractures and decrease
water production.

Mature North Sea oil fields also present significant opportunities for coiled-tubing drilling.
Multiple drainholes can be used to access undrained fault blocks, as well as bypass damaged zones near
the wellbore. Through-tubing operation is considered a necessary technology to achieve economic results
in these fields.

According to Shell, near-term needs for coiled-tubing drilling in the North Sea include a
comprehensive system for drilling and completing re-entries and deepenings that does not require assistance
from a workover rig. Through-tubing window systems and short-radius BHAs are in need of further
refinement. Tools and techniques for drilling multiple laterals from a single wellbore are needed.
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5.3.7 Shell Western E&P (McKittrick Field)

Shell Western E&P used coiled tubing to drill 68 slim-hole injector wells in the McKittrick
Field near Bakersfield, California (Figure 5-94). This project represents the largest coiled-tubing drilling
program yet conducted. Costs were reduced significantly for this application. Background and results of
this effort are described in detail in DEA-67 Topical Report No. 1: Shell California Slim-Hole and Coiled-
Tubing Drilling Operations. A summary is presented in this section.

S. BELRIDGE

COALINGA

ko KpaKERSFIELD
McKITTRICK <

MIDWAY SUNSET
FIELD

Figure 5-94. McKittrick Field

Shell drilled the slim-hole injection wells to improve thermal efficiency, production and eco-
nomics of the McKittrick field. Steam is injected into these wells in the Tulare reservoir. Prior to project
implementation, the field was shut in for several years due to poor economics. The redevelopment plan
was to decrease well spacing by infill drilling 115 new injectors in thirty 5-acre inverted 9-spot patterns
to increase thermal efficiency of the reservoir and increase production through existing or reworked
conventional production wells.

The McKittrick field has a complex system of pumping equipment, steam distribution,
production, and power lines that restrict the space available for conventional rotary drilling. Figure 5-95
shows the heavy congestion in the field.
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Figure 5-95. McKittrick Field Project Site

The slim-hole wells were drilled for primarily two reasons. First, by reducing hole and
casing sizes, vertical slim-hole wells could be drilled and completed for approximately half the cost of
conventional vertical wells. Secondly, coiled-tubing drilling allowed slim-hole infill wells to be drilled on the
required precise patterns in this crowded field. These wells could not have been drilled with workover rigs

because of their locations and would have required expensive directional drilling with conventional rigs.

Many of the new well locations were directly under existing power lines and very close to
existing facilities. In addition, drilling conventional directional wells would have been relatively expensive
since 68 wells had to be drilled.

Other benefits of using coiled-tubing drilling were:
1.  Low mobilization and de-mobilization costs between wells.
2.  Safer working environment (i.e., no couplings to make or break)

3. Decreased noise and emission levels.

A Halliburton coiled-tubing unit with 2-in. coiled tubing, 5-in. motor and 6%-in. bits was
used to drill 68 injector wells. Mud and cement were pumped using a Halliburton 75TC4 cement pump
truck. A portable trailer-mounted mud tank, shakers, mud mixer, centrifuge, and desanders were used.
Shell supplied the mud tanks, bits, and the drilling mud. A typical wellbore schematic is shown in Figure
5-96.
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+— 8 5/8" CASING
60'4|~

2" COILED TUBING

~—— 5 1/8" HOLE

800-1000' TD

Figure 5-96. Shell Injector Well Schematic

After the wells were drilled, 2%-in. tubing was cemented to surface and perforated (Figure
5-97). Some wells will be acidized at a later date.

;
8 5/8" CASING
60 L
i
2 78" TUBING — .
(CEMENTED) 6 1/8" HOLE
800'-1000' TD

Figure 5-97. Shell Injector Completion

Prior to drilling operations, an 8 ft x 8 ft jacking framework floor was set by crane and a 6-
in. diverter line and a 4-in. return line were installed (Figure 5-98). Power and backup tongs were installed
on the working floor. A pump truck, coiled-tubing unit, and trailer-mounted mud system were rigged up
on location and a small pit was dug next to the mud unit to handle cuttings and cement returns.
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Figure 5-98. Wellhead Installation and Diverter Lines

An 8%6-in. conductor was set at 60 ft to allow the BHA (6%-in. rock bit, 5-in. motor and 2-
in. spiral drill collars) to be run before installing the injector. A fresh-water bentonite mud was used
initially. Portable mud mixing facilities (Figure 5-99) were provided by Shell.

Figure 5-99. Portable Mud Tank

The workover and coiled tubing drilled slim-hole injectors took less time and cost to drill than
conventional 8 % -in. injectors (Table 5-33). The workover and coiled-tubing rigs were used primarily due
to surface constraints. The coiled-tubing rig proved to be ideal for drilling the shallow injectors due to the
small location size and ease of mobilization.
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TABLE 5-33. Shell Cost Comparison

" CONVENTIONAL | * COILEDTUBING = |  WORKOVER
* OFFSETWELL . | ~ WELL - | ~RIGWELL
No. Of Wells 20100} 68 45
Drill Pipe Size 3%in. - 2% in.
Coiled-Tubing Size - 2in. -
Hole Size 8% in. ) b
Casing/Tubing Size 7i27%) in. 274in. 274in.
ROP 120 ftfhr 50-180 f/hr 70-80 ftihr
Days 7 1.25 4
Cost 100% 65% 55%

There was a steep learning curve with coiled-tubing wells, with costs on initial wells being
similar to conventional wells and then declining to 65% of the cost of conventional. Coiled-tubing drilling
costs should continue to decline as more experience is gained and as better tools are developed.

5.3.8 Zeeland Horizontal Ltd. (Canadian Applications)

Zeeland Horizontal and Audryx Petroleum (Hatala et al., 1994) presented an overview of
the use of coiled-tubing drilling in Canada. A wide variety of applications have been performed there,
including the pioneering effort in drilling new wells with coiled tubing. The increase in usage of coiled-
tubing technology has followed closely behind the significant activity in horizontal drilling.

Uniflex Rig Co. began manufacturing coiled-tubing rigs in 1973, building around 70 units
for Canadian and international customers. Flex-Tube of Alberta used a Uniflex Rig to drill new vertical
wells in Alberta and Texas. A drill string butt-welded from line pipe was used to drill 6%-in. holes.
Interestingly, a spool of 2-in. aluminum coiled tubing was manufactured to increase depth and weight
limits. A tricone bit was run on a 5-in. motor at 300 rpm.

Ten wells were drilled with this system before it was retired in 1977. The lack of industry
support and sponsorship is the primary reason Flex-Tube's system declined. The spool of aluminum coiled

tubing was never used.

A summary of coiled-tubing drilling projects in Canada is presented in Table 5-34. The
modern revival of coiled-tubing drilling began in Canada in 1992 with Elan Energy's new vertical well at
Cactus Lake. This well met drilling objectives, but could not be fully logged. Costs were not less than
competing systems.
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TABLE 5-34. Canadian Coiled-Tubing Drilling Projects (Hatala et al., 1994)

Date No. Location Operator Wellbore Type CT size Hole size Depth
(mm)  (mm) (m}
1974 2 Keg River, AB Canadian Montana Gas Re-entry Vertical 25.4 114.3 285
1975 1 Opyen, AB Re-entry Verual 25.4 114.3 443
1975 4 Bantry, AB Alberta Eastern Gas-Lid ew Verucal 60.3 139.7 486
1975 1 Lloydminster, AB Husky Oil Ld Re-entry Veruca 25.4 73.0 125
1976 4 Lougheed, AB Sedger Resources Lid New Vertical 60.3 139.7 500
1976 1 Alderson, AB Pan Canadian Petroleum Re-entry Vertical 25.4 1143 390
1978 1 Alderson, AB Pan Canadian Petroleum Re-entry Verucal 25.4 114.3 387
1980 1 Medicine’ Hat, AB  Gascan Rescurces L Re-entry Vertical 25.4 1143 418
1981 1 Alberta Petro Canada Re-entry Vertical 25.4 1143 328
ﬁn, 88 1 Liege, AB Paramount Resources Re-entry Vertical 31.75 1143 460
ar,’92 1 Bellis, AB North Canadian Oils lud Re-entry Veruaal 38.1 114.3 555
un, 92 1 Cactus Lake, Sask  Elan Energy Inc. New Verucal 50.8 121.2 876
un, '92 1 Valle A Gulf Canada Resources Inc Re-entry Honzontul 50.8 104.8 670
Aug, '92 1 ih g Chauvco Resources Ltd Re-entry Veruam 3175 114.3 570
Sep, ’92 1 Irm:ma AB Pan Canadian Petroleum ew Verucal 50.8 1210 2100
Oct92 1 Canada Canadian Hunter L Re-entry Vertical 44.45 98.4 2
Nov’,’92 1 Strachan, AB G_ulf Canad: a Resources Inc Re-entry Verucal 50.8 152.2 4002
o 33 1 Algar, AB Rio Alto Oul & Gas Ltd Reentry Vertical 3175 1143 455
ebs93 1 Medicine Hat, AR Petro Canada L Re-entry Vertical 50.8 104.0 62C
Mar,’93 1 Shekuilte, Petro Canada Ltd ew Honzontal 50.8 121.2 18CC
Mar, '93 1 Bellis, AB Talisman Ene Re-entry Vertica 38.1 114.3 572
Aug,'93 9 Brooks, AB Pan Canadjanrgﬁtro]eums Re-entry Vertical 3175 114.3 655
Aug,’93 1 Lovett Rlver AB  Conoco ew Vertical 50.8 121.2 175C
Oct)93 | Wilson Crk, AB  lmpenal Oil Resources New Verucal  60.3 156 1452
Nov,’93 1 Delia, AB Poco Petroleums L Re-entry Vertcal 50.8 95.2 260
Dec, 93 1 Sinclair, AB Impenal Oil Resources Re-entry Vertical 60.3 121.0 1775
an,’94 1 Kay bob AB Co-enerco New Vertical 381 98.2 1400
an,’94 1 Fow( C reek AB Amerada Re-ent VYeruca 50.8 152.C 2600
an,’%4 1 Doe Creek, AB Talisman Sidet r{‘ Deviated  50.8 98.2 25¢C2

Two horizontal wells have been drilled in Canada with coiled tubing, one new well at
Shekilie for Petro Canada and one re-entry for Gulf in Big Valley. Petro Canada's well was drilled
underbalanced with coiled tubing due to the depleted nature of the target formation. The well was judged
unsuccessful due to failure of the MWD system. Rather than drill the well blind, operations were

suspended.

The horizontal re-entry for Gulf was designed to bypass near-wellbore damage. Drilling
operations were conducted with 2-in. coiled tubing, nitrified drilling foam, and an MWD system. A 4%-
in. hole was drilled through a window in the 5%%-in. casing. Problems were experienced with directional
control. A significant increase in ROP due to underbalanced conditions resulted in low WOB and poor
ability to control direction. The wellbore did not remain in the target formation and the project was not

deemed a success.

Development in coiled-tubing drilling is proceeding rapidly in Canada. New operations, such
as setting whipstocks, cutting windows, directional drilling, coring, evaluating, and testing, are being
planned with coiled tubing. Special tools under development include thrusters for applying WOB, torque
reactors, and rotators to allow rotating the BHA.
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A typical coiled-tubing drilling surface location is shown in Figure 5-100. Canadian
highway load limits dictate a maximum spool length of about 20,000 ft of 1%4-in., 12,000 ft of 2-in., and
9000 ft of 3'4-in. coiled tubing.

—

Figure 5-100. Surface Equipment for Coiled-Tubing Drilling (Hatala et al., 1994)

Hatala et al. estimated the growth of coiled-tubing drilling in Canada in 1994 and beyond.
They estimated that a total of 90 coiled-tubing drilling operations would be conducted in 1994, including
65 vertical deepenings, 15 new vertical wells, and 10 horizontal re-entries. They assumed that 670
horizontal re-entries will be performed annually over the next several years, and that coiled tubing's share
of that market will increase. According to their forecast (Table 5-35), demand will exceed supply until
1998.
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TABLE 5-35. Forecast of Canadian Coiled-Tubing Drilling (Hatala et al., 1994)

1992 1993 1994 1995 1996 1997 1998

* Conventional HZ Re-Entries 110 130 195 255 330 430 560
¢ CT HZ Re-Entries 2 _0 10 35 70 105 140
SUB-TOTAL 1 150 205 290 400 535 700

* Supply Less Demand (670 per yr) *(558) (520} (465) (380) (270) (133) 30

e CT Vertical Deepenings 40 30 65 80 100 125 150
* CT Vertical Grassroots 1 3 15 20 30 40 50
TOTAL CTD OPERATIONS 43 33 90 135 200 270 340

Note: * () brackets indicate a shortfall of services to meet the perceived demand.

According to the experience of the Canadian industry, improvements are needed in four areas
of coiled-tubing drilling technology: 1) tubing materials and performance, 2) integration of drilling
equipment and systems, 3} directional tools (orienting tools, thrusters, etc.), and 4) improved motor and
bit performance in various fluids. Hatala et al. point to the orienting tool as the greatest current need.
Orienting tools are needed that are based on servomotor control to allow the development of joystick
drilling.
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6. Fatigue

6.1 THEORY
6.1.1 Exxon Production Research Company

Sisak of Exxon Production Research and Crawford of Stanford University developed a model
for fatigue of coiled tubing (Sisak and Crawford, 1994). Their model is based on full-scale testing results,
published fatigue data, and general industry experience and observations. A separate failure mechanism
is assumed to control fatigue under low versus high internal pressure. Under conditions of high internal
pressure, fatigue is controlled by the net cumulative axial plastic strain, with failure occurring when the
strain reaches a critical value. For fatigue with low internal pressure, the model is based on standard low-

cycle fatigue theory.

Laboratory testing of fatigue and material properties was conducted toward the development
of the model. Most tests were performed with new 1% x 0.087-in. 70 ksi tubing. Full-scale bending tests
were conducted on a test fixture with a 6-ft diameter wheel. (This test stand was built by Southwestern
Pipe and has been described previously in the literature.) Bending strain amplitudes of about 1.1%/cycle
were measured on the test specimens. A theoretical maximum strain value of 1.7 %/cycle was calculated
for this bending geometry.

Failures were observed on the outside of the pipes on surfaces both against the bending wheel
and opposed to the wheel. Most failures in the field are reported to occur on the pipe surface in contact
with the gooseneck. Examples of pipes that failed in the laboratory are shown in Figure 6-1. Undulating
bulges are commonly observed in the laboratory and field, and tend to grow larger at higher internal
pressures. These are believed to result from local buckling of unsupported sections of pipe while it is being
straightened (Sisak and Crawford, 1994).

2500 psi/ 693 cycles

Figure 6-1. Fatigued Coiled Tubing (Sisak and Crawford, 1994)
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Uniaxial tensile properties were measured for coiled tubing material. Small cylinders (Ys-in.
OD) were machined from 0.156-in. wall tubing and tested to failure in tension. The local axial strain at
failure was estimated as 150%, assuming a Poisson's ratio of 0.5. Next, fatigued tubing samples were
examined (Figure 6-2). These showed crack growth and necking in the failure zone in a manner consistent
with a ductile overload failure, similar to a uniaxial tension failure.

wall thinning

Figure 6-2. Cross-Section of Coiled-Tubing Failure
(Sisak and Crawford, 1994)

Fatigue test results are summarized in Figure 6-3 for internal pressures ranging from 1000
to 6000 psi. An interesting trend in the data is that failures at 3000 psi and greater occur at about the same
final diameter. Failures at high pressures are apparently controlled by ballooning rather than number of
cycles. Sisak and Crawford determined that these high pressure failures occurred when the net strain per
cycle summed to a local fracture strain of 150%, just as for the uniaxial tensile tests.
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Figure 6-3. Bending Cycles and Diametral Growth (Sisak and Crawford, 1994)

Diametral growth during bending can be qualitatively interpreted as shown in Figure 6-4. The
“A” vectors depict strain for bending with no internal pressure. These are roughly equal and opposite.
However, with internal pressure (the “B” vectors), the strains are not equal and opposite, a net hoop strain
results, and the tubing diameter increases with each bending cycle.

;

Hoop

Figure 64. Diametral Growth due to Axial Strain and Pressure (Sisak and Crawford, 1994)



Tubing failures at pressures below 3000 psi were found to be relatively insensitive to the
number of bending cycles. These failures can be predicted by summing the accumulated plasticity, with
475% the approximate critical value.

In addition to the tests with new tubing, two tests were conducted with used tubing. One pipe
had been exposed to the elements for six months and had surface gouges of about 0.5 x 0.01 in. These
surface defects decreased the fatigue life by 43%.

A model of a deforming section of coiled tubing was developed using finite-element analysis.
A generalized plane strain element was devised to simulate fatigue. A comparison of measured growth
rates to those predicted by the finite-element model is shown in Figure 6-5.
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Figure 6-5. Diametral Growth Measurements and Model Predictions (Sisak and Crawford, 1994)

Predicted and measured cycles to failure are compared in Table 6-1.

TABLE 6-1. Cycles to Failure Measurements and Model Predictions
(Sisak and Crawford, 1994)

B

- . opsi - 'Measured . | Predieted | - ' Error .
6,000 125 132 +5.6%
5,000 240 247 +2.9%
4,000 487 486 0.2%
3,000 579 591 +2.1%
2,000 649 728 +12.1%
1,000 772 730 5.4%




The finite element model was used to relate hoop stress to fatigue life. Hoop stress was used
as the critical parameter instead of pressure, diameter, and/or thickness. Hoop stress and strain amplitude
are related to cycle life in Figure 6-6. These results are for 70-ksi tubing.
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Figure 6-6. Hoop Stress and Cycle Life (Sisak and Crawford, 1994)

Sisak and Crawford gave examples of the use of Figure 6-6 to compare fatigue life for various
conditions. For 1%-in. coiled tubing, the bending strain was 1.04%. At 1000 psi internal pressure, the
hoop stress is 7184 psi; at 5000 psi pressure, the hoop stress is 35,919 psi. The life predicted in the figure
is 780 cycles at 1000 psi and 110 cycles at 5000 psi.

Fatigue life, as predicted by Sisak and Crawford's model, is relatively insensitive to hoop
stress below a critical range. Above this range (e.g., 15,000 psi hoop stress at 0.0075 strain), fatigue life

decreases rapidly.

6.1.2 Halliburton
Halliburton (Avakov et al., 1993) developed a mathematical model for coiled-tubing life

prediction. Their model is based on an algorithm that relates equivalent strains to principal strains. Full-
scale laboratory testing was used to test the accuracy of the model. A correlation coefficient of 0.973 was

reported between predicted and measured fatigue life.

The majority of engineering problems in the prediction of fatigue life relate to high-cycle
failure. Both the Tresca criterion (maximum shear stress failure theory) and von Mises criterion (distortion
energy failure theory) are widely used for high-cycle fatigue of ductile metals under multiaxial stress. In
problems of low-cycle fatigue, such as for coiled tubing, basic theories do not correlate with observed

behavior.
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Avakov et al.'s approach to the prediction of low-cycle fatigue life was based on Collins’
techniques, which 1) define an equivalent stress and equivalent total strain range, 2) estimate life using
equivalent strain range and low-cycle fatigue lines defined under uniaxial stress state, and 3) convert
equivalent uniaxial mean stress cycles to equivalent reversed cycles by an empirical expression based on
material data. Although questions remain regarding the validity of this technique, it is considered the best
approach available.

The basic strain-life curve for coiled tubing takes the form:

N (i)z =1
NM SM
where: N is tubing life, cycles
Ny is median fatigue line reference, cycles
S is total applied stress

Sy is median fatigue line reference (strength/stress)

As a consequence, the quantity NMSM2 is a constant for a given material. For QT-700 70-ksi
material, NMSM2 is about 130e10° (Avakov and Foster, 1994). With this material property defined, other
stress ranges and cycles lives are normalized with the quantity NS?. Tubing life is thus proportional to the
square of the equivalent stress.

Typical stresses for 1'% x 0.087-in. 70-ksi coiled tubing as it is run from the reel to the well
are shown in Table 6-2. Internal pressure is 5000 psi, and bending radii are 72 in. for the gooseneck and
42 in. for the reel. The unit loading from the injector's pressure beam is 1287 Ib/in. Experience has
shown that stresses due to hoisting loads and injector gripper pressure are small enough to be neglected
in the analysis of low-cycle fatigue life.
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TABLE 6-2. Typical Stresses in Coiled Tubing During Pressure Cycling (Avakov et al., 1993)

Section location: INNER TUBING INNER TUBING OUTER TUBING | OUTER TUBING
source of loading SURFACE & SURFACE & SURFACE & SURFACE &
OUTER RADIUS INNER RADIUS OUTER RADIUS INNER RADIUS

1. On the reel: a, = -5000 0,= -5000 g,= 0 0y= 0
inner pressure & g, a,= 33607 o= 33607 a,= 28607 a,= 28607
bending over reel ag, g= 382012 g,= -382012 ag,= 443787 g,=443787

2. Space reel- a, 0y= -5000 0y= -5000 gy= 0 0= 0
-gooseneck & g, a= 33607 o= 33607 o= 28607 a,= 28607

4. gooseneck-p.beams: g, = 0 g,= 0 0= 0 ag,= 0
inner pressure

3. Gooseneck: g, g,= -5000 g,= -5000 o= 0 0= 0
inner pressure & o, g, = 33607 g,= 33607 ag,= 28607 ag,= 28607
bending over a, o= 224167 o= -224167 a,= 260416 a,=260416
gooseneck

5. Between p.beams: o, 0,= -5000 o,= -5000 o,= 0 0,= 0
inner pressure & g, a,= 1822 a= 1822 g,= 60392 o,= 60392
V-block load ag, 0= 0 0= 4] gy= 0 0y = 0
(upper sections)

6. Between p.beams: o, 0y= -5000 o,= -5000 a= 0 0,= 0
inner pressure, a, 0= 1822 o, = 1822 g = 60392 o= 60392
hoisting load & g, o= 56000 o= 56000 o= 56000 o= 56000
V-block load

7. Below pressure g, 0= -5000 0y= -5000 0= 0 gy= 0
beams: inner g, a,= 33607 0= 33607 a= 28607 o,= 28607
pressure and g, g= 56000 g,= 56000 o= 56000 o= 56000
hoisting load

g, - exial stress due to hoisting load or bending over reel and gooseneck; bending stress is defined as
¢,=a,= +tE = +dE/{2R), where R is bending radius over reel or gooseneck; ¢, - radial stress; o, - tangental stress;
d,,05,0, - principal stresses.

Coiled tubing's operational conditions are relatively unique and characterized by alternating
plastic strains along the longitudinal axis (bending over the reel and gooseneck) and static biaxial stress
(due to internal pressure). Bending strains are far beyond elastic limits and are the most damaging. Stress
due to pressure is normally not damaging unless alternating axial stress is also applied.

In Halliburton's fatigue model, low-cycle fatigue life is defined by the Coffin-Manson equation
(Figure 6-7). The strain/life curve is the sum of two lines, one for plastic strain and one for elastic.
Clearly, for short-lived materials like coiled tubing (almost always less than 300 cycles), the plastic strain
term (second term on right side of equation in Figure 6-7) dominates.
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Figure 6-7. Coffin-Manson Low-Cycle Fatigue Stress/Life (Avakov et al., 1993)

Halliburton's fatigune model was compared to measure cycle life in a series of 28 tests
performed on a shallow test well with a standard coiled-tubing unit. Tests were performed with strings of
70-, 80-, and 100-ksi 1% x 0.087-in. coiled tubing. Gooseneck radius was 70 in. and spool diameter
ranged from 82-95 inches. Strokes to failure, usually manifested by the development of a pinhole leak,
were recorded for each test run.

Results of the tests are summarized in Table 6-3. A stroke was defined as one complete trip
in and out of the hole; thus, these data can be compared directly to other field results.
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TABLE 6-3. Halliburton Fatigue Cycle Tests (Avakov et al., 1993)

COILED TUBING TEST DATA
1.25 in. OD, 0.087 in. wall thickness

m=1,895
sampte | Ultimate | Bending | Pressure | Hoop | Predicted Recorded S-N Line
Strength Stress Stress Life Life Constant
S. | S,=Ee, | P s M, M NuSi?
kpsi - kpsi psi - kpsi Strokes Strokes
1 85.7 436 200 1.1 321 240° 105645726
2 85.7 436 3000 17.2 145 143 139366392
3 85.7 436 5000 28.6 61 37 85365141
4 85.7 436 3000 17,2 145 135 131569671
5 85.7 436 4000 22.9 95 86 128692386
6 85.7 436 5000 28.6 61 56 129201254
7 85.7 445 4000 22.9 95 86 128692386
8 85.7 446 3000 17.2 145 141 137417211
S 85.7 446 5000 28.6 61 51 117665464
10 113 431 5000 28.6 107 115 152609453
11 113 431. 6000 34.3 70 71 143230382
12 113 431 7500 42.9 39 40 144978886
13 113 431 3000 17.2 252 216 121082262
14 113 431 5000 28.6 107 102 135357949
15 113 431 © 7500 42.9 39 42 152227830
16 113 431 6000 34.3 70 66 133143735
17 101 395 6000 34.3 56 43 108582390
18 101 395 (. 6000. |. 34.3 56 49 123733421
19 101 395 5000 28.6 85 30 149499673
20 101 395 5000 28.6 85 82 136210813
21 101 395 4000 22.9 131 126 135751252
22 101 395 4000 22.9 131 112 120667780
23 85.7 457 3000 17.2 145 140 136442621
24 85.7 445 5000 28.6 61 60 138429958
25 85.7 446 3000 17.2 145 132 128645900
26 85.7 457 5000 28.6 61 50 115358298
27 85.7 457 5000 28.6 61 54 124586962
28 85.7 446 3000 17.2 145 140 136442621
Mean 130021352
STD 14449594
STD/Mean £.111

* Test halted after 240 strokes

Tubing strength, pressure, and life are compared in Figure 6-8. Higher strength tubing
performed more cycles before failure. However, increased pressure significantly shortened fatigue life for
all samples.
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Figure 6-8. Fatigue Life, Tubing Strength and Pressure (Avakov et al., 1993)
Measured and predicted cycle life are compared in Figure 6-9. The line in the figure

represents perfect correlation (y=x). It can be seen that the predicted results are on average slightly less

than measured cycle life.
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Figure 6-9. Predicted and Measured Cycle Life (Avakov et al., 1993)

Avakov et al. concluded that further verification of the model in the laboratory and field is
needed. More tests are planned with tubings of various diameter and thickness. For more details on
Halliburton's model for fatigue-life prediction, the reader is directed to the papers Avakov et al. (1993)
and Avakov and Foster (1994).
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6.2 FATIGUE TESTING
6.2.1 CYMAX/TIMET (Titanium Coiled Tubing)

CYMAX (Zernick, 1994) reported the results of a series of fatigue life tests comparing
titanium to steel. Their data show that ballooning (diametral growth) is much less for titanium at similar

load stresses (Figure 6-10).
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Figure 6-10. Ballooning of Titanium and Steel (Zernick, 1994)
Fatigue life of high-strength titanium is greater than both 70-ksi and 100-ksi steel for a range

of wall thicknesses (Figure 6-11). Note that, for CYMAX’s fatigue test fixture, each bending/unbending
cycle is counted as one cycle. To compare with cycle life on a rig, these data should be divided by three.
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Figure 6-11. Titanium Fatigue Life (Zernick, 1994)

6.2.2 Schlumberger Dowell (Qval Coiled Tubing)
Schlumberger Dowell (Newman, 1992) reported the results of the effects of ovality on the
collapse rating of coiled tubing. During cycling operations, coiled tubing becomes out-of-round due to
bending around the reel and across the gooseneck. Ovality is known to have a detrimental effect on

collapse rating of tubing.
Ovality can be defined as:

Ovality % = 100[M —1)

Minor OD

Just before coiled tubing collapses (obviously a plastic deformation), plastic hinges form at
the major and minor axes, with stress concentrations assumed as shown in Figure 6-12.
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Figure 6-12. Plastic Stress Distribution Before Collapse (Newman, 1992)

Newman (1992) developed an equation to estimate the external pressure that will cause
collapse. Next, theoretical predictions were compared to laboratory test results. A special fixture was
devised to subject coiled tubing to increasing external pressures (Figure 6-13).

High Pressure Pump

and Gauge Line \

Double O-ring
Seal

Figure 6-13. Coiled Tubing Collapse Test Fixture (Newman, 1992)

New tubing was ovaled by pressing it between two plates. Twelve-inch samples were placed
in the fixture and subjected to increasing pressures until collapse. For two cases, an axial load of 20,000
1b was placed on the sample during the tests. Test results are summarized in Table 6-4.
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TABLE 6-4. Ovality and Collapse-Pressure Tests (Newman, 1992)

OVALITY | ANIALFORCE | MEASUREDCOLLAPSE = CALCULATED [
(% | @ |  PRESSURE(ps) | COLLAPSEPRESSURE(pst) & %DIFF
04 0 8,130 9,076 1.6
27 0 7,740 7,752 0.2
27 20,000 5,090 3,916 23.1
44 0 6,690 6,931 36
48 0 | 6,310 6,757 7.1
72 0 5,760 | 5,831 12
74 20,000 4,180 2,998 283
93 | o 5,160 5,175 29
9.9 ‘ 0 B 4,770 5,010 J 5.0

129 | 0 4,260 4 4,305 11

Most of the collapsed samples assumed the shape of an ‘8’, suggesting the formation of all
four plastic hinges. Test results and theoretical predictions are compare in Figure 6-14. Based on
assumptions used in developing the mathematical prediction, it was expected that actual results would be
below estimations. A curve is also presented for 75-ksi yield stress since pull tests of test tubing showed

this value.

Calculated - 75,000 psi Yield

10,000 |
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8,000_[ a Calculated - 70,000 psi Yield
7,000_]

6,000

Collapse Pressure (psi)

5,000

Test Data Points
4,000 , . -
0% 5% 10% 15%
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Figure 6-14. Coiled-Tubing Collapse Pressure and Ovality (Newman, 1992)
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6.2.3 Schlumberger Dowell (Fatigue Test Fixture)

Schlumberger Dowell (Newman and Brown, 1993) led a multiparticipant development of a
method and testing apparatus to simplify and standardize coiled-tubing fatigue testing. A simple testing
method was desired for several reasons, including the high cost of full-scale testing with a coiled-tubing
rig, the lack of a standard approach by the companies previously addressing fatigue, and the lack of
standard quality-control tests for new tubing.

Based on previous results of coiled-tubing fatigue tests, the test fixture was designed to
account for only the major causes of fatigue damage: plastic deformation on the reel and gooseneck, and
internal pressure. Other factors and types of damage were assumed to have a small impact and were
ignored, including gooseneck rollers and roller spacing, and axial tension.

The operational principle of the test fixture (Figure 6-15) involves bending a sample of coiled
tubing across a fixed radius, and then straightening it back to its original position. Both bending surfaces
have “V” profiles. The bending arm is equipped with rollers to prevent axial loads from being applied to
the sample.

MR

AR AR RN

Figure 6-15. Fatigue Test Fixture Schematic (Newman and Brown, 1993)

A view of the complete fixture is shown in Figure 6-16. During testing, the sample is filled
with water and pressurized to the test pressure. Fatigue failure is detected as a drop in pressure inside the
tubing. Size, weight and cost of the design were kept low to encourage the widespread adoption and use
of the system.
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Figure 6-16. Complete Fatigue Test Fixture (Newman and Brown, 1993)

Test results (Table 6-5) show relatively good agreement between measurements with the
fixture, full-scale tests (with a rig) and model predictions. Note that each run-in and pull-out sequence with
a rig consists of three cycles as reported here, assuming the gooseneck and reel bending radii are equivalent
to the fixture. Crack initiation, as predicted by Schlumberger's model, is considered the end of tubing

working life. The rate of crack propagation, once formed, is a function of internal pressure and wall
thickness.

TABLE 6-5. Fatigue Test Results (Newman and Brown, 1993)

, Woell Bending Intarnal Predicted Predicted Observed Observed

CT Dia. Thickness Redius Prassure’ Creck Init. - Failure, Full-Scale -Fixture

fin} tim finy (psi) (eyeles) ~ feycles) (cycles) (oycles)
1.25 0.087 48 250 447 597 597 522
1.285 0.087 48 1500 399 528 525 517
1.25 0.087 48 3000 336 432 423 333
1.25 0.087 48 4000 228 282 n/a 212
1.25 0.087 48 S000 11 129 123 128
1.75 0.109 48 250 252 330 n/a 362
1.75 0.109 48 1000 23 209 nia 262
1.75 0.109 48 2000 213 279 n/a 216
1.75 0.109 48 3000 174 225 n/a 170
I 1.7% 0.109 48 4000 29 117 n/a 29
1.75 0.109 4B 5000 42 45 n/a 49
1.75 0.158 48 2000 225 300 n/a an
1.75 0.156 48 4000 195 252 n/a 235




Test results are shown graphically in Figure 6-17, which compares predicted crack initiation,
predicted failure, and measured failure. For most cases, measured failure falls between predicted initiation
and failure. Schilumberger's recommended practice, based on these and other results, is to consider 80%
of predicted crack initiation as a conservative service life for a string of tubing.
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Figure 6-17. Fatigue Test Results and Predictions (Newman and Brown, 1993)

6.2.4 Schlumberger Dowell (Coiled-Tubing Diameter Growth)

Schlumberger Dowell (Brown, 1994) investigated the diameter growth of coiled tubing during
plastic cycling. In many cases, a practical limit is reached for increasing coiled-tubing diameter because
the tubing will no longer pass through the stripper brass. One potential solution short of retiring the string
is to cut out ballooned sections from the string. Unfortunately, butt welds to spice the string in the field
also introduce a reduced life expectancy.

Schlumberger Dowell's recommended practice is to allow a maximum diameter growth of 6%
(Brown, 1994). With this limit, a string may be retired even though significant fatigue life remains. Data
in Table 6-6 show that about half the fatigue life remains after a 13%-in. tubing cycled at 6000 psi has
grown in diameter by 6% (i.e., to 1.855 in.). Several researchers have confirmed that diameter growth
is strongly influenced by internal pressure. In addition, the relationship is not linear.
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TABLE 6-6. Working Life of 1%-in. Coiled Tubing for 6% Growth (Brown, 1994)

Pressure Fatigue Life Final Diameter Observed Predicted Working Life
(psi) {cycles) (in) Cycles at 6% | Cycles at 6% | (% of fatigue life)
1000 435 1.85 (not reached) (457) 100%

2000 219 1.90 150 153 68%
4000 63 1.93 35 37 56%
6000 21 1.87 10 18 48%

When possible, cycling coiled tubing under pressure is avoided. However, in many
circumstances this situation is difficult to avoid. In one important example, frequent cycling is required
at pressures from 2000-4000 psi in a typical coiled-tubing drilling operation.

Primary parameters controlling diameter growth are internal pressure, tubing diameter, wall
thickness, bending radius, and material properties. Coiled tubing becomes oval in cross-section when bent
around a spool or gooseneck. Wall thickness decreases as the diameter grows, with more thinning at the
top and bottom than on the sides (which are near the neutral bending axis).

The fatigue test fixture described in the preceding section was used by Schlumberger Dowell
in the investigation of coiled-tubing diameter growth. This machine significantly accelerated testing
procedures. A series of 300 fatigue cycles can be completed in about 2'%4 hours, as compared to several
days with a rig.

Results with the fatigue test fixture were seen to compare favorably with full-scale tests. One
consideration not accounted for by the testing procedure is the effect of gripper blocks on diameter growth.
Gripper blocks may reduce the rate of ballooning since they serve to constrain the wbing. No diametral
constraint is placed on the tubing in Schlumberger's test fixture.

Schlumberger Dowell has performed over 250 fatigue tests in the fixture. As testing proceeds,
major and minor axes are measured at regular intervals. These data are analyzed to discern trends in
ballooning and ovality as a function of pressure.

Diametral growth and cycle life are compared in Figure 6-18 for 1% x 0.109-in. tubing at a
48-in. bend radius for pressures from 250 to 8000 psi. Fatigue cycle life is shown above the data points.
The greatest growth in diameter occurred at pressures in the range of 4000-5000 psi. At higher pressures,
the tubing failed before extreme diametral growth could occur.
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Figure 6-18. Diametral Growth for 13% x 0.109-in. Tubing (Brown, 1994)

The rate of growth in diameter, expressed as percent increase per cycle, is illustrated in Figure
6-19 for two thicknesses of 114-in. coiled tubing. The thicker tubing grows significantly less at pressures
of 4000 psi and above.
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Figure 6-19. Diametral Growth Rate and Wall Thickess (Brown, 1994)

Test data are shown for a section of 3%-in. coiled tubing in Figure 6-20. Significant growth
occurs with each cycle, and it is readily apparent that a limit of 6% growth would be quickly surpassed.
However, on the other hand, 3'-in. tubing is not likely to be used in high-pressure, high-cycle operations.
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Figure 6-20. Diametral Growth Rate for 3%-in. Tubing (Brown, 1994)

Tubing material strength affects tubing growth (Figure 6-21), with 100 ksi tubing showing
much less growth than 70 ksi as-rolled material. These data are for 1'% x 0.109-in. tubing bent on a 48-in.

radius.
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Figure 6-21. Diametral Growth Rate and Tubing Strength (Brown, 1994)

Based on a practical growth limit of 6%, tubing may need to be retired before the complete
fatigue life is expended. At medium to high pressures, the difference between 6% working life and fatigue
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failure life can be substantial (Figure 6-22). At pressures above 2000 psi, growth limits dictate that the
tubing be retired at a cycle life of less than half the fatigue limit. These data are for 1% x 0.109-in. 70-ksi
tubing bent on a 48-in. radius.
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Figure 6-22. Tubing Working Life and Ultimate Life (Brown, 1994)
Schlumberger Dowell derived several conclusions from these tests, including the following:

¢ Pressure has a significant impact on diametral growth rate

¢  Growth rates are higher for larger diameter tubing; increased wall thickness can
offset this tendency

e High-strength tubing has a lower growth rate than standard tubing

¢  Working life of a tubing string may be significantly less than total fatigue life, due
to diameter growth limitations

6.3 FIELD APPLICATION

6.3.1 ARCO E&P Technology (Slaughter Field Well)
ARCO E&P (Hightower et al., 1993) used coiled tubing to drill a successful sidetrack of a
well in the Slaughter Field in West Texas. Several aspects of the job represent the first time coiled tubing
was used in these procedures. These include:

e Setting a whipstock in casing

¢ Milling a window

s  Using MWD

o Using a pressure-activated orientation tool

¢ Using an autodriller system to maintain WOB
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Although problems prevented the well from being drilled as planned, project results and well
production were successful.

Fatigue was found to be an important element requiring careful tracking in these operations.
As a result of many trips and extended operations at depth, about 80% of coiled-tubing fatigue life was
used for this project (Figure 6-23).

100 ]
Legend
— LMt
= == Curtent Life
& g0
-
o
L2
=]
2 e
-t
]
£
D
2
= a0
b
=2
3 j
- w
20 o k
0
0 1500 3000 4500 6000 7500

Distance from Downhole End of Coiled Tubing - ft

Figure 6-23. Coiled-Tubing Life for Drilling Project (Hightower et al., 1993)

ARCO's experience demonstrated that drilling with coiled tubing is here to stay, and that the
tools and technologies required are available and improving steadily. Detailed discussion of this project
is presented in the Chapter Drilling.

6.3.2 Berry Petrol ittri iel

Berry Petroleum and Schlumberger Dowell (Love et al., 1994) drilled two shallow vertical
wells with coiled tubing in the McKittrick Field in California. These wells are believed to be the first
grass-roots wells drilled with coiled tubing. In addition, these wells were the first medium-diameter (6%
in.) boreholes drilled using motors on coiled tubing.

A two-well project was designed to provide data on reservoir extent and evaluate the use of
coiled tubing as a means of conveying drilling assemblies in this area. Completion operations were not
included in original project plans.
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A 3500-ft string of 2 x 0.156-in. coiled tubing was used for both wells. Drilling fluid was
a cypan-based system. Total drilling time on the first well was 35 hr, 10 hr of which were spent checking
the survey with a conventional tool. Logging was performed successfully. A cement plug was placed on
bottom.

Fatigue-life consumption of the string during these operations was moderate. For all
operations on both wells, modeling indicated that a maximum of 18% of string life was used (Figure 6-24).

s By

20

LFE USED - %

CoiLed TIBWNG

0
60
_ _ _ | eove 2,500 psi
| TOTAL Passes
%
g w0
|
g \ Iﬂ lﬂ‘
\
5 20 At
io|n /"
v WA

V\_J_/_\\_‘\\
0 \

1000 2,
DISTANCE FROM DOWNHOLE END OF COILED TUBING -

Figure 6-24. Coiled-Tubing Fatigue for Two-Well Project (Love et al., 1994)

Berry Petroleum found that costs with coiled-tubing drilling were comparable or less than
conventional rigs for this application. Additional description of this project is presented in the Chapter
Drilling.

6.3.3 Corrosion Resistance

The wide range of new applications for coiled tubing has generated increased interest in its
serviceability. In addition to concerns relative to low-cycle fatigue failure, other issues of mechanical
integrity and corrosion resistance are under consideration. Kane and Cayard (1993) presented a list of
current concerns for coiled tubing compiled during a meeting of producers, service companies, and
manufacturers. These included:
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1. Assessment of mechanical integrity and fatigue damage

2. Corrosion resistance, especially effects of H,S and other corrosives with respect
to metallurgy, heat treatment, grade, etc.

3. Categorization of coiled tubing failures and defects

A

Establishment of limits for used coiled tubing regarding corrosion, handling, and
fatigue

QA/QC and inspection requirements for new and used coiled tubing

5

6. Fitness-for-service evaluation of coiled tubing

7. Effects of shop and field welds on fatigue and corrosion
8

Methods to keep records for assessment of used coiled tubing

Determining the effects of H,S on the integrity of coiled tubing was a principal concern of
users and manufacturers. The development of high-strength coiled tubing raises questions regarding

fracture resistance and susceptibility to sulfide stress cracking.

Data from conventional tubulars exposured to H,S (Figure 6-25) show that high-strength steels
have significantly lower threshold stress (stress where cracking is initiated) than lower strength steels.
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Figure 6-25. Sulfide Stress Cracking in Steels (Kane and Cayard, 1993)

Cortest Laboratories initiated an industry-supported study to investigate the effects of H,S on
coiled tubing. They are addressing methods to evaluate used coiled tubing that has been in corrosive
environments, looking at the combined effect of fatigue cycling and H,S exposure, and investigating the

impact of various manufacturing processes on resistance to sulfide stress cracking.
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Halliburton (Courville and Avakov, 1994) published a compilation of equations to predict
mechanical limits of coiled tubing with respect to internal and external pressures, axial loads, ovality, and
other factors. Modern operations are being performed under increasingly challenging conditions, and
former rules-of-thumb concerning depths and pressures, which provided more than adequate safety factors
in the past, may need to be updated.

Collapse pressure rating is an important concern in many operations. This is particularly true
with the larger tubing now readily available. A comparison of collapse pressures for a range of material

strengths is shown in Figure 6-26.
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Figure 6-26. API Collapse Rating of Tubing (Courville and Avakov, 1994)

Axial load can serve to derate collapse ratings (Figure 6-27). In the example shown in the
figure (dotted lines and arrows), 80-ksi 1% x 0.095-in. coiled tubing is loaded with 9 kips. The yield
strength correction is found by entering the chart at the bottom at 9 kips, moving up to the line of tubing
area (0.345 in? for this example), moving horizontally to the 80 ksi line, and finally moving vertically to
the corrected yield strength. For this example, collapse rating should be determined based on a yield
strength of 64 ksi rather than 80 ksi for an unloaded condition.
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Figure 6-27. Collapse Pressure Correction Due to Axial Load (Courville and Avakov, 1994)

Ovality can also have a significant negative impact on collapse ratings. A chart is shown in

Figure 6-28 for 80-ksi tubing. Actual collapse pressure is shown as a function of ovality and thickness
ratio.
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Figure 6-28. Collapse Pressure Due to Ovality {Courville and Avakov, 1994)
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6.3.5 Schlumberger Dowell (CoilLIFE Model)

As part of a joint-industry project, Schlumberger Dowell's fatigue model (CoilLIFE) was
further refined based on fatigue fixture tests as described in previous sections. Tipton {The University of
Tulsa) and Brown (Dowell) described the application of the model to field operations (Tipton and Brown,
1994). CoilLIFE's operation is depicted in Figure 6-259. Material data and constant-pressure tests on the
fatigue fixture are used to obtain stress/strain relations. The plasticity routine then formulates a
dimensionless coiled-tubing parameter. Lastly, the model is used to chart the life of a string as a function
of actual field loading history.

LCF
Testing

Constant Pressure Complex Field Loading

Flexure Testing

ut
| ;
Fitting Plasticity/fitting £
Routine Routine 'timeJ
j 1 input i
Material Data Set npit CoilLIFE Model I
Manson-Coffin Coiled Tubing Exponent output
% b g\ ¢ | S=f(op, S} &) —
Cyclic g , .-
Stress-Strain E ' - .
E K n g SR R
time

Figure 6-29. CoilLIFE Fatigue Model Algorithm (Tipton and Brown, 1994)

Specific mathematical details of the model remain confidential. CoilLIFE was used to predict
fatigue resulting from complex loadings and pressures as is typical of field use. Several of the complex

pressure profiles tested are shown in Figure 6-30.
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Figure 6-30. Complex Pressure Profiles for Fatigue Tests (Tipton and Brown, 1994)

Model predictions for complex-pressure testing are compared to actual results in Figure 6-31.

Three cases are reported: a simple linear fatigue model, fracture (failure) as predicted by CoilLIFE, and
crack initiation as predicted by CoilLIFE.
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Figure 6-31. Complex Pressure Profile Predictions (Tipton and Brown, 1994)
6.3.6 Spooling Diameter

The diameters of the spool and gooseneck around which coiled tubing is plastically deformed
have a significant effect on cycle life. In addition, the ratio of bending diameter to tube O.D. must be

considered. On a given size spool, a large-diameter string of coiled tubing undergoes more plastic
deformation than a smaller diameter string.
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The minimum elastic bending radius to avoid plastic deformation of tubing is given by the
following equation:

where:
Iy = outside radius of tube
E = Young's Modulus

o, = Yield stress
Calculated minimum radius for elastic bending for various tube diameters is presented in Table
6-7. These calculations are based on a nominal yield stress of 80,000 psi.

TABLE 6-7. Minimum Elastic Bending Radius for Coiled Tubing

COI’LED-%I'UBlNG DIAMETER (IN) | BENDING RADIUS Ry (FT)
1.00 16
........................ 1 25 20
........................ 1 50 23
........................ 1 75 27
....................... 200 ST IS 31
....................... 233 37
..................... 233 45
"""""""""" 10 | s

Typical bending radii used by the coiled-tubing service industry range from 4 to 6 ft. The
need for the tubing to undergo such significant plastic deformation is dictated by storage and transportation
constraints. Thus, coiled-tubing life is normally limited by fatigue damage which accumulates as the tubing
is yielded around the reel and the tubing guide.

Since elastic bending radii represent generally impractical limits, the coiled-tubing industry
has accepted plastic deformation as a necessary part of operations, and tried to find an optimum
compromise between spool capacity and tubing cycle life. Historical experience has suggested various
rules-of-thumb for the ratio between coiling diameter and tubing OD, that is, the coiling ratio.

Both Quality Tubing and Precision Tube suggest that a coiling ratio of 48:1 provides a good
balance between spool capacity and tubing life for most applications. Note that the coiling ratio for elastic
bending is 375:1. The 48:1 ratio prescribes a 48-in. (4-ft) spool core for 1-in. tubing, 72-in. (6-ft) core
for 1'4-in. tubing, a 114-in. (9%-ft) core for 2%-in. tubing, and a 168-in. (14-ft) core for 3%-in. tubing.
It is apparent that it is only practical to maintain a 48:1 coiling ratio with smaller OD tubing.
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If the 48:1 rule is too restrictive, the manufacturers suggest that a string that will be cycled
repeatedly should not be placed on a spool with less than a 40:1 coiling ratio. A ratio of 36:1 is about the
lowest ratio that is recommended under any circumstance and should only be used with strings that will
not be fatigue cycled repeatedly, such as production tubing and flow lines.

Spooling coiled tubing at low coiling ratios will cause ovaling, lower collapse rating and lead
to rapid fatigue.

A brief survey was conducted of the service industry to determine typical coiling diameters
used on modern service rigs. The Houston offices of three service companies were contacted for the
information. Service company responses are surnmarized in Table 6-8. The values given and presented
in the table are only intended as representative since spool sizing might vary according to application, area
of operations, and other factors.

TABLE 6-8. Representative Coiling Diameter Ratios

L ?Tuﬁmefn.n.: Smi Core |  SeooLFuawer | ° - o
- GOMPANY ) (e} - (In) COILING RATIO - COMMENTS
Schiomberger | 1% | S 1 I
Dowel L R B 3 8 |48 |
1% 84 127 48 81" Wide
Codd [ (L I o | % | 48 |Min-DDx40
IS S B | T . DO W
L T R 2| w0 |ooa
U S 2SN N . S N
______________ eSS I U U N O
3% 110 3 Experimental
Haliburton | . LS I 72 e LLETN [ | 438" Wide
SO L S RO 12 ms o
_______________ Ve s
USROS NS L ms oA
................ 2 | )n..... |NoneinService
2% 84 145 35 76" Wide

6.3.7 Stylwan (Inspection of Coiled Tubing)

Stylwan (Papadimitriou and Stanley, 1994) has begun development of a coiled-tubing
inspection system to detect flaws. Imperfections in coiled tubing are of three types: microcracks between
grains due to accumulated fatigue, transverse cracking as microcracks grow, and three-dimensional
imperfections (pits, gouges, etc.).
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Guidelines are established for the downgrading of oil-field tubulars based on remaining wall
thickness (Table 6-9). Electromagnetic rmethods are most often used to inspect pipe. Ultrasonic methods
are normally impractical due to inherent difficulty in coupling the transducer to the pipe surface in the
presence of rust, scale, slip/tong marks, and other imperfections.

TABLE 6-9. API Tubular Downgrade Criteria (Papadimitriou and Stanley, 1994)

‘Wall Loss ‘Remaining Wall Color Band | Condition - "
0-15% > B5% Yellow Acceptable
15.1 - 30% 70 - 84.9% Blue
30.1 - 50% 50-70.1% Green
> 50% > 50% Red Reject

A system to inspect coiled tubing would need to operate continuously during spooling
operations, be responsive to all types of flaws, be unaffected by debris on the pipe surface, be independent
of tubing speed, and cover 100% of the material volume. A prototype sensor system developed to meet
these requirements is shown in Figure 6-32 attached to a level wind on a 1'%-in. tubing spool.

Figure 6-32. Electromagnetic Inspection System Sensor (Papadimitriou and Stanley, 1994)

Computation equipment, located inside the operator cabin, converts the data to useful output.
A typical inspection screen (Figure 6-33) presents transverse flaws (TDS) and wall inspection data (WDS).
One obvious imperfection is present in this example.
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Figure 6-33. Electromagnetic Inspection System Output Screen (Papadimitriou and Stanley, 1994)
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7. Fishing

7.1 BAKER OIL TOOLS (TOOLS AND TECHNIQUES)

Baker Qil Tools {Coronado, 1993) presented a summary of tools and techniques for fishing with
coiled tubing. An important advantage for fishing with coiled tubing is the ability to perform through-
tubing operations (including fishing) without necessarily needing to pull the production tubing or
recomplete the well after the job.

Early attempts to use coiled tubing
for fishing used wireline fishing tools.

Cotled Tubing F Coiled Tubing Since these tools were designed for

= Colled Tubing -l j Cglled Tubing wireline, the advantages of coiled tubing

Hydraulic Disconnect Hydraulic Disconnect COUld not always be used, including

i 1 circulation through the tool and the
N Job Dual Actuated capacity for high impact loads.

tﬁ i Circulating Valve

Accelerator 7 | rubing A fishing assembly with a hydraulic

B j release spear is used when an internal

——Weight Bar AR fishing neck is looking up (Figure 7-1).

u : Wotkover Motor The spear can be released in the event the

fish cannot be freed. The standard

TJar : :: hydraulic disconnect serves as a backup

rd r Boot Basket
S in this configuration.

-—Hvdraus':,ceaﬁf'ease ‘ : An assembly to mill out a stuck
X 3 H Vil valMe falmunc he i flow-control device is shown in Figure
ﬁ»-—ﬁsh Inserts 7-2. The largest chips that cannot be

: Flow Contro! Device circulated out of the hole are caught in a
Landing Nipple boot basket. The dual-activated circulat-
t ing valve provides a bypass for flow

around the motor for enhanced flow rates,
Figure 7-1. Coiled-Tub- : : : or in the event the motor becomes
ing Work String for Fish-  [igure 7-2. Coiled-Tubing

ing Internal Fishing Neck ~ York String for Fishing  plugged.
(Coronado, 1993) Stuck Flow Control

{Coronado, 1993)



Coiled Tubing

Coiled Tubing
Connector

Hydraulic Disconnec!

Tubing End Locator

Tubing

Hydraulic Centralizer

Dual Actuated
Circulating Valve

[c=1

Workover Motor

—— 3 Blade Underreamer

Figure 7-3. Coiled-Tubing
Work String for Underreaming

(Coronado, 1993)

A work string for underreaming operations (Figure 7-3) may contain
a tubing-end locator for more accurate depth correlation. When the
tubing-end locator is pulled up through landing nipples in the production
tubing tailpipe, a slight overpull is noted, which can then be correlated
with wireline logs of the well.

When fishing in highly deviated holes, latching the fish is often
difficult. Experiences have shown that the top of the fish can be
anywhere, including the high side of the casing. A hydraulic centralizer
can be used to adjust the position of the fishing tool (Figure 7-4). The
centralizer can be expanded to varying positions by changing the
circulation rate through the string. A knuckle joint allows the centralizer
to raise the work string without having to lift the coiled tubing.

Hydraulle Knuckie Hydraulle Hydraulic Release
Connector Joint Centralizer Overshot Fish
v
IR If' ! N~ EZD:I'\ED
Casing

Figure 7-4. Coiled-Tubing Work String for Fishing in Deviated
Hole (Coronado, 1993)

7.2 BP EXPLORATION (FISHING IN MAGNUS FIELD)

BP Exploration {Bedford and Divers, 1994) has increasingly used coiled-tubing workovers in the
Magnus Field in the northern North Sea. The field was developed initially between 1983 and 1986.
Twenty wells have been drilled to date. Most wells are prolific, ranging from 20,000 to 60,000 BPD. A

typical completion for the field is shown in Figure 7-5.
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Figure 7-5. Magnus Field Typical Completion (Bedford and Divers, 1994)

During the past couple of years, the number and variety of well interventions in the Magnus Field
using coiled tubing have increased dramatically. Coiled tubing has been used for fishing operations for
cases where wireline has had insufficient capacity or where circulation was desired.

In BP Exploration's first coiled-tubing fishing job, 21 m (69 ft) of perforating guns were retrieved.
The fish was caught with an overshot and recovered from 4831 m (15,850 ft) on the first attempt.

A second fishing job was to recover a wireline lock from a zone with heavy corrosion. Coiled tubing
was used to remove the debris from the fish; however, the fish could not be latched with coiled tubing.
The fish was then removed with slickline. The operator states that slickline provided better control (“feel™)
than did coiled tubing.
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7.3 HALLIBURTON ENERGY SERVICES (OVERVIEW)

Halliburton presented an overview of considerations for using coiled tubing in fishing operations
(Hilts et al., 1993). Coiled tubing has become an important technique for retrieving fish, especially in

cases requiring high forces downhole or circulation to remove fill or clean scale/debris.

Before 1980, most fishing jobs involving coiled tubing were to fish lost sections from the hole due
to tubing failures. Along with the significant improvements in tubing strength and reliability, the use of
coiled tubing as a fishing tool has increased significantly, due in large part to the horizontal drilling boom.
The availability of coiled tubing has allowed more fish to be removed from live wells, in many cases

eliminating the need for a conventional rig or workover unit.

Where its use is feasible, wireline is normally the most efficient fishing approach. Coiled tubing has

certain advantages over wireline that are important in certain situations, including:

¢ Coiled tubing can circulate fluids (acid, nitrogen) to wash sand from top of the fish
¢ (Coiled tubing can be used to apply large pulling forces in both straight and inclined holes

¢ Coiled tubing can clean debris and pull on the same trip

The axial load capacity of coiled tubing is significantly greater than standard wireline (Figure 7-6).
In addition, higher strength coiled tubing (80 ksi, 100 ksi) increases the tensile capacity available to retrieve
fish.

TENSILE STRENGTH COMPARISONS
WIRELINE AND COILED TUBING

.092 IN WL

108 IN WL

1.25x.095INCT

1.50x .109INCT

—

1.75x .125INCT ;

0 5 10 15 20 25 30 35 40 45 50
TENSILE STRENGTH, LBS
{Thousands)

Figure 7-6. Tensile Strength of Wireline and Coiled Tubing (Hilts et al., 1993)

The internal strain energy available to deliver impact forces to a fish is compared for coiled tubing
and wireline in Table 7-1. The surface load capacity of coiled tubing is eighteen times greater than
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wireline in this comparison. However, the proportion of surface load capacity expended to support the

weight of the string is about twice as high for coiled tubing.

TABLE 7-1. Mechanical Properties of Wireline and Coiled Tubing (Hilts et al., 1993)

| 0.1081n. Wireline 14 x 0.095-In. Colled Tublng
I — :
Property 500ft | 100007t | 500ft. |  10,000ft
W Weight (lbs) 156 31 585 11,720

Max Surface Load {Ib) 1000 1000 . 18000 18,000
Deflection {in) ‘ 2 | 301 10 73
Spring Rate lIbfn] 158 J 23 | mm 86

Internal Energy (ft-Ib) T 881 ( 8634 —t 7331 | 19,068

—

Interna! energy is compared graphically in Figure 7-7. These data reflect the stored energy available.

Transferring this energy to jarring force depends on jar stroke, stem weight, accelerator design, etc.

INTERNAL ENERGY COMPARISONS
1.25 x.095 INCH CT & .108 INCH WL

-

.108 WL, 500 FT

1.25 CT, 500 FT }

d__| 1 1
SO
1T 1T ]

0 2 4 6 8 10 12 14 16 18 20
ENERGY, FT-LBS
{Thousands)

Figure 7-7. Internal Energy of Wireline and Coiled Tubing (Hilts et al., 1993)

The design of the BHA for fishing with coiled tubing will vary with each specific application. A
typical fishing string is shown in Figure 7-8. Basic components are:

1. Coiled-tubing connector; threaded, set-screw, swedge or slip-type. Slip connectors are
generally superior for fishing applications, and the connection is stronger than the body

of the coiled tubing.



2. Emergency disconnect sub; activated by circulating a ball in the event the fishing assembly
becomes stuck. The disconnect is rotationally locked so it can be used in torque-producing
operations such as milling and underreaming.

3. Back-pressure valve; prevents wellbore fluids from flowing up the coiled-tubing string.

4. Ported-knuckle joint; removes the influence of side loads

COILED TUBING

loads for jarring the fish. COILED TUBING
PORTED KNUCKLE

JOINT

7. Hydraulic jars; time-delay device that allows the N
accelerators to fully extend or contract before releasing. | i }

A fluid-metering design is used to regulate the transfer of =3
fluid within cavities after the coiled tubing is placed in “- g ‘2835&23?8‘5
L

1

I

due to residual bending in the coiled tubing. -
Lo COILED TUBING
5. Accelerator; stores energy in a spring to accelerate the ‘ j CONNECTOR SuB
weighted stem for impact loads. Additionally, it serves [
to isolate the coiled-tubing string from the shock loads (=g
oL .
generated during jarring. ‘ i coLED TUBNG
6. Weighted stem; provides mass to develop high impact j VALVE
i

tension.

8. Fishing tool; as required to grab the fish, e.g., overshots, A
spears, pulling tools, junk baskets, etc. i }i
[

COILED TUBING
| ' STEM

Halliburton outlined several steps in planning a coiled-tubing fishing 3;
job to maximize economic benefits. For example, video cameras can \
provide important information on the condition of the fish that can save '1 "] ‘
days of fishing time. Additionally, wireline can be used in conjunction - }

with coiled tubing to speed the job. Fast trip times with wireline can save COILED TUBING

|

|

‘L JARS
i
|

time while running drifts, impression blocks, baiting the fish, etc.

The surface rig-up has to be designed for safety with live-well r—] ‘

operations and to allow removal of the fish once retrieved to the surface. '

-~

A typical rig-up for land operations (Figure 7-9) includes a flanged ' . COILED TUBING
wireline BOP connected directly to the tree. Above a gate valve, enough v FoRFLOW
) jid CONTROLS

lubricator is provided to cover the fishing work string.

Figure 7-8. Fishing Assembly for
Coiled Tubing (Hilts et al., 1993)
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Figure 7-9. Surface Rig-Up for Figure 7-10. Surface Rig-Up for
Fishing with Coiled Tubing on Land Fishing with Coiled Tubing Offshore
(Hilts et al., 1993) (Hilts et al., 1993)

After the fish is pulled to surface with coiled tubing, a typical procedure would be to secure the fish
with the wireline BOP, disconnect the coiled tubing via the hydraulic disconnect, pull the coiled tubing,
close the gate valve, rig down the coiled-tubing equipment, rig-up a wireline lubricator long enough to
enclose the whole fish, and remove the fish with wireline. Of course, if the fish cannot be sealed off or
is extremely long, the well must be killed before the fish can be removed.

An offshore rig-up may provide sufficient distance to contain the fish in the riser between the tree
and rig floor (Figure 7-10).

Fatigue may be a special concern in coiled-tubing fishing operations. Extended jarring may require
many cycles across a short section of the string. Low-cycle fatigue can be reduced by increasing the bend
radius while jarring. This can be accomplished by bypassing the gooseneck, looping the tubing between
the injector and spool, setting the spool brake, and using a crane to support the loop of tubing.
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In difficult fishing operations, the tubing should be retrieved to the surface after 50-150 cycles and
a length of tubing (several hundred ft) removed from the end. This will limit the fatigue and shock loads
each section of the string receives.
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8. Logging

8.1 WIRELINE LOGGING
8.1.1 Atlas Wireline Services

Atlas Wireline Services (Nice, 1994) summarized the advantages and disadvantages of using
coiled tubing as a means of conveying logging tools. The increase in horizontal drilling has been a
significant catalyst for the development of coiled-tubing logging technology. The flexibility of coiled
tubing allows conveyance of logging assemblies into short-radius wellbores. The ability to log wellbores
at a constant rate without stopping to make or break pipe leads to more efficient operations.

A basic coiled-tubing logging system (Figure 8-1) includes a standard coiled-tubing rig
outfitted with a spool of tubing with wireline installed inside. A rotating electrical connector on the axle
of the spool feeds data from the wireline to the logging instrumentation.

Collector and
Pressure Bulkhead

Depth

4 } Deployment

Converter

. Adapter
Logging Head j
Tools

Deployment Bar

Figure 8-1. Logging with Coiled Tubing (Chauvel and Clayton, 1993)

All conventional wireline logging services can be performed on coiled tubing. Perforating
guns, packers, bridge plugs, and jet and chemical cutters are routinely conveyed on coiled tubing.
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conveyance:

Nice (1994) listed many of the advantages gained by the use of coiled tubing for logging tool

High-angle wellbores (open-hole and cased) can be entered
Operations possible in short-radius wells, as well as slim holes
Can run tools through cork-screwed production tubing

Safe operations possible with high wellhead pressures

Perforation can be performed in underbalanced conditions, leading to improved
formation clean-up

Artificial lift readily available during production logging operations

Operational temperature range can be increased by injecting cooler fluids through
coiled tubing

Capability for both electric and hydraulic control of downhole tools

Workover rig not required

Disadvantages for coiled-tubing logging services also exist. Among them are:

Higher costs than conventional wireline systems
Longer operating time than conventional wireline systems
Spools of coiled tubing equipped with wireline not widely available

Coiled tubing buckling may limit penetration

In one application described by Nice (1994), a horizontal well on a platform in the Gulf of
Mexico had a 1300-ft lateral section with five prepacked screens. Oil production declined from 1300 to
350 BOPD while water production increased from 300 to 1700 BWPD. A coiled-tubing-conveyed logging
assembly measured flowing and shut-in BHP, borehole integrity, total flow, and water-only profile. After

a blank section of pipe was installed, flow logs were rerun (Figure 8-2) showing that production improved
to 850 BOPD with 500 BWPD.

Figure 8-2. Flow Profile Logs with Coiled Tubing (Nice, 1994)
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8.1.2 Halliburton Energy Services (Video Logging)

Halliburton Energy Services (Rademaker et al., 1993) described the development and use of
a coiled-tubing-deployed downhole video logging system. These systems can be beneficial in many
applications including:

* Leak detection; identified through observation of turbulence or enirance of
different fluid

¢ Damaged tubulars; parted or collapsed tubing or casing

e Scale buildup

* Formation fractures; visualization of size and extent, and with gyroscopic data,
direction of fractures

* Fishing operations; rapidly identifies fish and its orientation
¢ Perforation inspection; performance and plugging of perforations can be identified
¢ Corrosion surveys

e Lost production; causes for lost production (sand bridges, non-operative flow
controls, etc.) can be identified.

Video logging has become a practical technology in the past few years. Downhole video was
first applied in shallow water wells after 1970. Oil-field applications brought many problems to be solved
including telemetry, elevated pressure, high temperature, lighting, opaque fluid media, and condensation.
Previously, the rugged conditions of the downhole environment have limited the application of video

logging.

Recently developed equipment can be operated down hole in temperatures up to 300°F,
pressures up to 10,000 psi, wellbores from 4 to 20 in., and depths up to 20,000 ft. Typical cameras
produce high-resolution, black-and-white images in low light conditions. Power is conveyed down hole
and data to the surface on a double-armored %2- to 9/16-in. coaxial cable. Newer systems take advantage

of recent advances in fiber-optic components and systems. Armored fiber-optic cable can transmit over
greater distances from wireline. Weight savings are also considerable: 0.4 1b/ft for wireline versus 0.085
Ib/ft for fiber-optic cable. A typical coiled-tubing-conveyed video logging system is shown in Figure 8-3.
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MODIFIED COILED TUBING REEL

2

DEPTH ENCODER CABLE
INJECTOR MOUNTED
ENCODER VIDEO CONTROL
COLED TUBING INJECTOR

BLOWOUT PREVENTER

WELL HEAD

le—— PRODUCTION TUBING OR CASING

COILED TUBING
FIBER OPTIC VIDEO CABLE

2

CORED TUBING CABLE HEAD

FLOW TUBE

‘ ~——— VIDEO CAMERAASSEMBLY
[—— LIGHT HEAD

[T

Figure 8-3. Coiled-Tubing-Conveyed Video Logging
{(Rademaker et al., 1993)

Video camera systems can be conveyed with wireline if the wellbore contains gas or clear
fluid and the wellbore deviation is minimal. For other cases, coiled tubing is used to displace the wellbore
fluids at the depth of interest with a clear fluid, typically a gelled liquid. In addition, coiled-tubing allows
inspection of high-angle and horizontal wells.

In addition to standard real-time cameras, new cameras are under development that can be
run on monoconductor wireline. These units will transmit a new still image every 15 seconds to replace
the previous one. These systems will provide an additional choice to operators in areas where multicon-
ductor video coiled-tubing logging units are not readily available.

Video picture quality may be impaired in deeper wells due to transmission losses. Coaxial
cable is capable of functioning to depths not much greater than 10,000 ft. The large diameter of the coaxial
cable has required the addition of cumbersome sinker bars to overcome even modest wellbore pressures.
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To address these problems and extend the applicability of video logging, fiber-optic
transmission cables have recently been developed. Fiber-optic images degrade only about half as rapidly

as with coaxial cable. The smaller cable, usually 7/32 in., requires significantly less sinker weight and can
transmit high-resolution images in excess of 20,000 ft. The drawbacks of fiber-optic cables are some
sensitivity to high temperatures and the difficulty of splicing damaged cable.

FIBER OPTIC CABLE
FISHING NECK

CABLE HEAD

| o—— TRANSMITTER AND ELECTRONICS SECTION

- _— CROSS OVER BARRIER

DOWNWARD
FACING W
LIGHT HEAD

-

| .— CAMERA BARREL ASSY

OPTICAL PORT
LIGHT ROD EXTENSION TUBES

LIGHT DOME PRESSURE HOUSING

OUARTZ LAMP

BULL NOSE GUIDE

Figure 8-4. Otis Fiber-Optic Video System
(Cobb and Schultz, 1992)

in front of the lens (Figure 8-6).

inspection.

Halliburton has
used the fiber-optic video assembly shown in

successfully

Figure 8-4 in numerous field applications.
Four subassemblies are required: the cable
head, electronics tray, pressure housing and
light head. The light head and electronics are
usually powered from the surface.

Light heads are available in
several designs. A ring light (Figure 8-5)
consists of a series of small lamps placed
around the lens. It is generally not well

suited for use in fluid, since any particulate

D

CAMERA LENS m
SMALL LIGHTS

material can cause glare.

Figure 8-5. Video Ring Light Head
(Cobb and Schultz, 1992)

OPTICAL
PORT

L AMP

The most common light head has a single lamp positioned
It is suitable in fluid for tubular

The distance between the optical port and the lens is

adjusted based on the ID to be viewed.
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Figure 8-6. Standard Video
Light Head (Cobb and Schultz,
1992)



DPTICAL
© PORT

LAMP

Figure 8-7. Dual-Light
Video Head (Cobb and
Schultz, 1992)

[

= W4
Far )

fe——— FLOW TUBE FISHING NECK

A dual-light design (Figure 8-7) can be used to view two
different tubulars on the same run, such as production tubing and casing.
The light closest to the optical port is used in production tubing and the
downward light in casing. Light intensity is adjustable from the surface.

The downhole components of the camera assembly are shown
in more detail in Figures 8-8 and 8-9. The upper two sections of the
assembly are shown in Figure 8-8; the lower two sections are shown in

Figure 8-9.

< 11/

1/4 DIA.
COILED TUBING

FLOW TUBE

CABLE SEAL SUB

GROUND WIRE CONNECTION

CRIMP AREAS FIBER OFTIC CABLE

POWER WIRE CONNECTION
CROSSOVER ADAPTER

DIODE CHAMBER

DIODE CHAMBER HOUSING

T

CLEAR FLUID EXIT PORTS FBER OPTIC CONNECTOR

| -

SIGNAL WIRES

¢ _— —— [ m—
A
ot | — 4

[==
r

———— FLOW TUBE

| CABLE CLAMP SUB

RUBBER PACKOFF

[——— DIODE CHAMBER BULKHEAD

ELECTRICAL BULKHEAD
CONNECTOR

——
L ==——m-i

FISH NECK HOUSING

Figure 8-8. Halliburton Camera Assembly (Upper Sections) (Rademaker et al., 1993)
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OUICK DISCONNECT ASSEMBLY

FLOW TUBE

CAMERA BULKHEAD P

———  CAMERAASSEMBLY
CAMERA ADAPTER

F CAMERALENS PORT

Lyl

Figure 8-9. Halliburton Camera Assembly (Lower Sections) (Rademaker et al., 1993)

Some operating areas require the use of a check valve on the bottom-hole assembly to prevent
accidental backflow of well fluids to the surface. A standard check valve cannot be used due to the coaxial

cable. A special check valve (Figure 8-10) uses spring-loaded ball valves to allow flow out of the assembly
but not back in.

CROSSOVER ADAPTER PRIN PACE| ETAINER

WITH CHECK VALVES S @s AR
SPRING CAP
CABLE JAM NUT SLEEVE
[ T8
SPRING
CONNECTION TO BALL
COILED TUBING FLOW

Figure 8-10. Check Valve for Video Logging (Rademaker et al., 1993)
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Surface equipment with Halliburton's system consists of a modified coiled-tubing reel and a
video control console. The armored fiber-optic cable is placed inside a 17,000-ft spool of 1%-in. tubing,
the core of which contains a fiber-optic video receiver to convert the optic signal to electronic, and
associated hardware to carry the signal to the electrical slip rings (Figure 8-11). The difficulties in
designing an optical slip-ring assembly are avoided by placing the converter within the rotating spool.

7732 FIBER OPTIC CABLE
1 14 TUBING o p
@ PIPE TEE CABLE SEALASSEMBLY RECEIVER ASSEMBLY
CABLE CLAMP ELECTRICAL
| ® @ ® CONNECTOR
CLEAR
FLUID TO
[HI
TOOL EIOGSHEPHESSUR E
CABLE CONNECTION TO
FIBER OPTIC RECEIVER ELECTRICAL SLIP RINGS

@

\\ELECTRICALSIJPRINGS
E— ) — i N
T i m— | r\——"ﬂa%@

\— REEL SHAFT
CLEAR FLUID
FROM PUMP TRUCK/
ROTARY SWIVEL
CABLE CONNECTION TO
VIDEO CONTROL CONSOLE

Figure 8-11. Hardware Inside Tubing Reel for Fiber-Optic Video System (Rademaker et al., 1993)

The video control console (Figure 8-12) contains the power supply, a communications
processor, a character generator, a video typewriter, video monitors, and video recorders.



SYSTEM POWER SUPPLY
COMMUNICATIONS PROCESSOR VIDEO MONITORS

VIDEQC TYPEWRITER
VIDEOCASSETTE RECORDERS CHARACTER GENERATOR

Figure 8-12. Fiber-Optic Video Control Console (Rademaker et al., 1993)

8.1.3 Institut Fr is du Pétrole (Semirigid Wireline)

Institut Frangais du Pétrole (Fay et al., 1993) developed and tested in the laboratory a
semirigid wireline for use in deviated wells. By using a shell of composite material around a central
conductor, the semirigid stem can transmit thrust to push a tool into a highly deviated wellbore without the
use of coiled tubing. When installed inside a string of coiled tubing, the composite stem protects the
wireline from damage and can be subjected to bending cycles without damage.

Institut Frangais du Pétrole fabricated two prototype strings of semirigid wireline: 1) 25-mm
(1-in.) diameter by 100-m long and 2) 16-mm (%-in.} diameter by 230-m long (Figure 8-13). The ability
of the string to withstand repeated winding/unwinding cycles was a primary concern during design.
Thermal and chemical stresses also had to be addressed.
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Figure 8-13. Prototype Semirigid Wireline (Fay et al., 1993)

Potential materials were considered for the semirigid sheath (Table 8-1) including steel, high-
modulus carbon fiber (HMC), high-strength carbon fiber (HSC), and glass fiber (GF). Glass fiber is the
only material that allows a large enough sheath to enclose the wireline while meeting the winding stress
safety factor.

TABLE 8-1. Semirigid Wireline Candidate Materials (Fay et al., 1993)

Outside Stem
Diameter Bending Stff-

Ultimate Working (2000 ALT) Inertia I Modulus E ness El

Material Straln (AL} | Straln (ALl (mm) (mm¥ (MPa) {N-mm?)
Steel 0.00286 0.00095 1.80 210,000
HMC 0.005 0.00167 3.33 200,000
HSC 0.01 0.00333 B.67 110,000

GF 0.025 0.00833 16.67 3587 43,000 154,221,433

chosen to produce the semirigid wireline.

Pultrusion, by which the product is drawn through a die, was the manufacturing method

A vinylester resin was used due to its good resistance to

chemicals and good mechanical properties. After pultrusion, a 2-mm thick coating of polyethylene was

extruded onto the wireline for extra protection of the whole system.

Long-term bending tests of the composite stem (Figure 8-14) were conducted to determine

the optimum spool diameter. Results for the 25-mm system showed immediate failure for 0.8-m radius
spool, failure after 4 hr for 1.1-m radius, failure after 48 hr for 1.25-m radius, and failure after 2900 hr
for 1.30-m radius.
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Figure 8-14. Long-Term Bending Test of Semirigid Wireline (Fay et al., 1993)

For the 16-mm system, no failure occurred for 5000 cycles on and off a 1-m radius spool
(Figure 8-15).

Figure 8-15. Fatigue Bending Test of Semirigid Wireline (Fay et al., 1993)

Institut Frangais du Pétrole concluded that semirigid wireline systems fabricated from glass
fiber in vinylester resin showed promise for oil-field use. These systems can withstand winding/unwinding
cycles without damage and exhibit mechanical properties useful for operations in deviated wellbores.
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8.1.4 Mobil Erdgas-Erdil GmbH (Penetration Limits)

Based on the results of two series of field trials in open-hole shallow horizontal wells, Mobil
Erdgas-Erdé] GmbH (van den Bosch, 1994) found that coiled-tubing logging operations did not offer
advantages as compared to drill-pipe-conveyed methods. They found that buckling simulation programs
were unreliable for calculating penetration limits for coiled tubing in the open hole.

Mobil completed and logged eight shallow medium- to short-radius horizontal wells. Average
horizontal reach of these wells is 350 m (1150 ft) (Table &-2); TD ranged from 850 to 2000 m (2790 to
6660 ft). Mobil used both coiled-tubing-conveyed and drill-pipe-conveyed logging for these programs.

TABLE 8-2. Mobil Horizontal Well Logging Program (van den Bosch, 1994)

e Horizontai | TrueVertical | - Bulldlp |  Dogleg, - Co S
‘Well 7 - Length,m ‘Depth, m . Radius, m: *i30m Formation: | Application .
R-302 128 638 28 62 Chalk Gas Storage
R-303 298 905 30 58 Chalk Gas Storage
R-304 390 890 29 60 Chalk Gas Storage
R-305 432 958 KL} 52 Chalk Gas Storage
R-306 426 693 28 62 Chalk Gas Starage
Well A 414 660 146 12 Sandstone 0il Well
Well B 715 172 194 g Sandstone 0il Well
Well C 161 948 125 14 Sandstone il Well

Five wells (R-302 to R-306) were drilled as part of an expansion of a gas-storage project.
Another three (Well A, B, and C) were new oil wells.

Each of the gas-storage wells had two logging runs. Wellbore profiles are summarized in
Figure 8-16. On the first run, the wells were entered with formation micro-scan, gamma ray, and
compression/tension tool. The second run included a dual induction tool, gamma ray and compres-
sion/tension.
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Figure 8-16. Mobil Horizontal Well Profiles (van den Bosch, 1994)
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The wells were entered with a dummy logging tool on coiled tubing prior to running logging
tools. The dummy run was designed to determine whether total depth could be reached. On the first well
(R-303), the dummy tool reached total depth without problems. However, the logging run locked up
170 m (560 ft) into the horizontal section. In well R-304, only 60 m (200 ft) of open hole could be
penetrated before lock-up. Later, both wells were successfully logged with drill pipe.

In R-306, larger coiled tubing (1% in.) was used in an attempt to increase penetration success.
However, lock-up occurred after 290 m (950 ft) of the 426-m open-hole section. Forces measured at the
surface and downhole are compared in Figure 8-17. Since the compression force at the tool is not
increasing at lock-up (1068 m MD), wellbore friction was determined to be causing buckling. Drili-pipe-
conveyed tools were later run to TD without problems.
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Figure 8-17. Well R-306 Downhole and Surface Loads (van den Bosch, 1994)

In the first oil well (Well A), neither logging run on coiled tubing reached TD. On Well B,
coiled-tubing lock-up was predicted due to the long horizontal section, so coiled tubing was not run.

Success of the coiled-tubing and drill-pipe runs is summarized in Figure 8-18. Coiled-tubing
conveyance was successful to an average of 62 % of the horizontal section; drill-pipe conveyance was 100%
successful in reaching TD.
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Figure 8-18. Success of Coiled-Tubing Versus Drill-Pipe Logging (van den Bosch, 1994)

Costs averaged $304/m ($93/ft) for the R-series wells (Figure 8-19). Note that costs for
R-304 coiled-tubing logging are estimated, as the job was unsuccessful and not actually charged. Drill-pipe
logging costs averaged $105/m ($32/ft). Higher costs for coiled tubing were attributed to higher day rates
for the coiled-tubing rig and increased time needed for coiled-tubing operations.

{R-303 i 358
. | B- {319
Coited | B-302
tubing < R-304 —_ 1860
conveyed | g.306 236
| Weil A 168

(Wel C s 1326
Drill | R-304 114
p.pe{ R-306 ) 98

canveyed | g.305 106
'\Well B 175

0 200 400 600 800 1,000
L ogging cost, ¥m

Figure 8-19. Cost of Coiled-Tubing Versus Drill-Pipe Logging (van den Bosch, 1994)

Job time for the two logging techniques is compared in Figure 8-20. An average of 7.8 min/m
was required for coiled-tubing logging, compared to only 3.6 min/m for drill-pipe logging. Differences
included 4 hr rig-up/rig-down time for coiled tubing competing against a conventional rig that was already
in place and could begin logging immediately. Dummy runs to test coiled-tubing penetration also added
significantly to run time.

(R-303 fm 8.9
Coileg | A-302 lﬁ s 6.1
tubing < R-304 16.3
conveyed | R.306 J 5.4
JLWGII A e 2.1
Well C _-—i 7.3
Orin | A-304 | 3.2
pipe < R-306 |oem— 3.0
conveyed | B-305 [ 2.7
Well B jumml 1.7 , .
0 5 10 15 20

Logging time, min/m

Figure 8-20. Job Time for Coiled-Tubing Versus Drill-Pipe Logging (van den Bosch, 1994)
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Coiled tubing showed a slight advantage in data quality. FMS (formation micro-scan) data
were adversely affected when the drill pipe was stopped to remove a joint.

Mobil Erdgas-Erdél GmbH reached several conclusions after this field trial comparing coiled-
tubing- to drill-pipe-conveyed logging. For open-hole logging of shallow horizontal wells, logging with
drill pipe is more successful, twice as fast, and less expensive than coiled tubing. Problems with coiled-
tubing operations included:

¢ Buckling and lock-up was a significant problem in the open-hole environment.
Maximum penetration was about 290 m (950 ft) with 13-in. tubing.

¢  Successful runs to TD with 2 dummy logging tool do not guarantee success with
actual logging tools.

¢ Coiled-tubing rig-up/rig-down time could not be offset by faster trip time in these
shallow wells.

¢ Buckling prediction software was inadequate for these projects.

The author does note that Mobil believes that these problems will be overcome and that coiled-
tubing logging in open hole will in the future be more efficient than using drill pipe.

8.2 PRODUCTION LOGGING

Production logging is a principle division of cased-hole logging and evaluation services. These
services confirm or identify characteristics of the reservoir or completion. The most common cased-hole
logging services are:

¢ Production logging, which includes measurement of temperature, pressure, density, flow
velocity, fluid sampling, noise tocls and gravel-pack tools

¢ Reservoir monitoring, which includes gamma-ray spectroscopy and thermal decay-time
logs

¢ Corrosion monitoring, including the use of multifinger calipers and borehole televiewers

¢ (Cement evaluation, including cement-bond logs, cement evaluation tools, and ultrasonic
imaging tools

¢  Gyro compass
* Free-point indicator

¢ Downhole seismic array

Cased-hole logging services are most often conducted on wells that are producing. Coiled tubing
is an ideal method of conducting safe and efficient operations on live wells.
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8.2.1 Atlas Wireline Services

Atlas Wireline Services (Copoulos et al., 1993) summarized the issues involved in planning
a coiled-tubing-conveyed production logging job in a horizontal well. Experience has shown the vital
importance of planning for each project's success. All concerned parties (production engineer, reservoir
engineer, and field supervisor from the operating company; field engineers from logging and coiled-tubing
service companies) should be involved in advance planning efforts. Costs, rig-up technique, tool length,
data acquisition need should be determined jointly to minimize downtime and clearly define the project's
objectives.

Logging with coiled tubing is usually performed to address unwanted gas or water influx.
Operators inexperienced in coiled-tubing logging programs in horizontal wells have assumed these are as
straightforward as conventional wells. Previous experiences have shown that these jobs require consider-
ably more planning than conventional.

Regional reservoir performance characteristics should be identified. These parameters will
allow clearer definition of job needs and data analysis.

Faults and fractures need to be identified. Open-hole acoustic imaging logs can be used for
this purpose. In one example, an acoustic imaging log was used to identify both faulting and fracturing
in a horizontal well (Figure 8-21).

Figure 8-21. Identifying Faults and Fractures (Copoulos et al., 1993)



As a check of a horizonta} well's productiv-
ity, data from offset vertical wells in similar producing
horizons should be compared. Horizontal well productiv-
ity is usually 2-3+ times that of vertical wells.

Logging concerns in horizontal wellbores
include multiphase production regimes, gravity segrega-
tion, tool centralization, changes in wellbore deviation,
and flow inside and outside of slotted liners. Unfocused
or radial measurements in horizontal wellbores have
become common to address these problems. Instrument
response for these tools is average over the borehole cross

section.

Pulsed neutron logs have been used to iden-
tify cement channeling (Figure 8-22). Injection of boron-
laden fluids is used to identify channels through large

changes in formation sigma.
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Figure 8-22. Identifying Cement Channeling

(Copoulos et al., 1993)

Undulating horizontal wellbore trajectories can lead to premature gas or water breakthrough

(Figure 8-23). Evidence of this situation has been seen in several cases, and its effects should be

considered prior to performing a logging job.

Figure 8-23. Undulating Horizontal Wellbore Production Problems (Copoulos et al., 1993)
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Techniques to rig-up the coiled-tubing unit need to be considered before field operations
begin. A specific rig-up will affect the number of trips required, overall job cost, and choice of logging
instruments. Three rig-up techniques are common:

1. A conventional rig-up where the tool string is lubricated between the injector and
the wellhead. Primary disadvantage is the limit placed on tool string length.
Multiple runs may be justifiable since incremental cost of added runs is usually
low.

2. Hanging the injector from a large construction crane allows the use of a long
lubricator. However, the cost of the crane may substantially increase job costs.

3. Tools of great lengths can be hung off in the BOP stack. This approach is useful

when the wellhead cannot support the lubricator and injector.

Tool centralization is accomplished by three common methods. In-line or slip-over bow
springs, in-line centralizers with hinges and rollers, and in-line motorized centralizers are the most common
systems. These tools provide rigidity as needed in horizontal operations, and add significantly to tool-string
length.

Western Atlas also recommends that a torque and drag program be run before the job is
performed. Program results should be used to determine limits for pull-up and slack-off weights while
running into the well.

8.2.2 Schiumberger Dowell (Analyzing Three-Phase Flow)

Production logging with coiled tubing was used to analyze complex three-phase flow in a
horizontal well (Chauvel and Clayton, 1993). Coiled-tubing logging techniques have been used for flow
profiling horizontal wells for the last few years, although the technique is usually restricted to single-phase
anzlyses due to a lack of appropriate data and understanding of the fluid mechanics.

A successful coiled-tubing production logging job was conducted by Schlumberger and Brunei
Shell on a prolific well in Malaysia. The well produced 3650 BOPD (through a 48/64-in. choke) with a
30% water cut and a GOR of 2200 scf/bbl. The horizontal section was about 500 m (1640 ft) in length.
The 7-in. liner completion was perforated across 30 intervals over a total length of 244 m (800 ft).

Production logging was performed to map the flow profile and to obtain data for designing
possible remedial actions. Profile modifications were not required at the present time; however, the water
and gas influxes were rising and a future workover was highly likely. The logging program included
Schlumberger's Production Logging Tool (with two spinner flow meters, nuclear fluid densimeter,
pressure, and temperature) and Water Flow Log (dual-burst thermal decay time tool).

8-19



Production data from the horizontal section of the well are shown in Figure 8-24. The left
trace is from the end of the wellbore (the toe of the well) and the right trace begins at the end of the curve
(the heel of the well).
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Figure 8-24. Production Logs Run on Coiled Tubing (Chauvel and Clayton, 1993)

Through this coiled-tubing logging operation, a complex diagnesis of three-phase flow was
performed successfully. Even though the flow was stratified, spinner flow meter data were obtained and
successfully corrected with appropriate correction factors.

8.3 PERFORATING

Coiled-tubing perforation is an extension of established coiled-tubing logging services. Coiled
tubing's rigidity and strength are useful when perforating deviated wellbores and when long and heavy gun
assemblies are deployed. Coiled tubing also allows safe perforation operations in live and underbalanced

wells.

Perforating guns can be categorized by type of application:

* Casing guns are large guns (generally 3% to 7 in.) run on wireline, jointed pipe or drill
pipe.
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Through-tubing guns, generally 111/, to 27/ in., are most often run on coiled tubing.

Expendable guns can be run on coiled tubing and are designed to be left in the hole after
firing. They are only used in applications where debris of large size can be tolerated.

Semi-expendable guns can be used where moderate debris can be tolerated.

Retrievable guns are housed in a rugged carrier that confines the gun debris after firing. The
carrier normally expands after firing. Thus, the anticipated OD of the assembly after firing
must be less than the minimum wellbore restriction.

Perforation geometry significantly affects productivity of a perforated interval. Penetration must

FMC
tubing
hanger

expansion
joint

safety valve
with nipple

'L Baker flextock
hanger

i
N
|

crossover 23
ppl to 17 ppt

17 ppt Tubing
{53 Mts)

23 ppt Joiat

17 ppf Tubing
(208 J1s)

crossover 17
op! to 23 ppf

packer
7-in liner

AT\
A

tubeng retrievable

Bakgr JM tisback

]

Figure 8-25. Amoco North
Everest Well (Hennington
and Jones, 1994)

extend beyond the zone damaged by fluid invasion. The perforation channel must be cleaned of charge and

formation debris, which is best accomplished by perforating in an
underbalanced condition. Perforation density must be carefully
designed to avoid excessive pressure drop across the perforation.
Phasing of the individual shots of often desirable to maintain cas-
ing/liner strength.

Perforation diameter must be designed based on several
factors. Perforations of %-in. diameter are adequate in many
applications, delaying the onset of plugging with scale or asphalt.
Gravel-packed perforations usually must be about % in. to minimize
pressure drop across the packed tunnel.

Coiled-tubing-conveyed perforation systems can be fired by
one of two methods: electrical actuation by wireline or hydraulic
actuation by internal pressure. Pressure-actuated systems have the
advantage of not requiring a wireline in the coiled tubing. Their
principal disadvantage is that correlation logging tools cannot be run
prior to firing to confirm gun position.

Amoco UK Exploration (Hennington and Jones, 1994)

used coiled tubing to run perforating guns into several wells, includ-
ing one that represented the longest perforated interval (almost 700
ft) ever shot on coiled tubing. The project team successfully perfo-
rated ten wells in the North Sea, all of which were 5%-in. monobore
completions and at deviations of up to 65°. A typical completion is
shown in Figure 8-25.

Amoco considered three options for perforation conveyance: wireline, jointed tubing, and

coiled tubing. Wireline was rejected since coiled tubing would still be required to establish an under-
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balance across the zone. Jointed tubing was viable, but considered too slow and tedious. Since speed of

operations and safety were primary concerns, coiled tubing was chosen as the conveyance method.
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Figure 8-26. Coiled-
Tubing-Conveyed
Perforation  Assembly
(Hennington and Jones,
1994)

The coiled-tubing BHA for conveying the perforation assembly
included a cross-over, two hydraulic disconnects, a dual flapper valve, a
tubing connector, and a ported nipple that provided for flow from the
tubing to annulus while displacing. One and one-half in. coiled tubing was
used, since it had sufficient capacity to support 850 ft of 3%-in. guns.

The perforation BHA (Figure 8-26) allowed the guns to rotate
freely. An autcmatic gun release dropped the guns into the rathole after
firing. Rupture-disk hydraulic firing heads were used. They are actuated
by elevated pressure. After the disk breaks, the guns fire after a 30-min
delay. This delay provides time to unload the well pressure for
underbalanced perforation.

These wells were perforated across multiple zones on single runs
using a combination of gun sections and blank intervals. Each section was
stabbed into the BOP stack and secured, the lift sub removed and the next
section picked up. After complete assembly of the perforation assembly,
the coiled tubing was made up.

The perforation assembly was run down hole to a depth of 5000
ft at about 50 ft/min. The wellbore fluids were then displaced with nitrogen
at pump rates of 250-750 scfm. Pressure downhole was maintained at
least 1000 psi below firing pressure. Fluid displacement average less than
100 bbl. The guns were then run to TD and then picked up to the desired
position.

Pressure at the wellhead increased 200-600 psi when the guns
fired. Immediately thereafter, string weight decreased as the gun assembly
dropped down the well.

Logging runs conducted after perforation showed the perfora-

tions to be accurate. All aspects of these operations were successful, including a record-length 680-ft of

perforations in one well.

8.3.2 Amoco UK Exploration Company (Extended-Reach Well)

Amoco UK, along with several service companies (Hennington et al., 1994}, planned the use

of coiled tubing to log and perforate a high-angle extended-reach well. Beyond the work described in the
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previous section, a new wellbore profile called for a TD of greater than 25,000 ft at an angle of 78°

(Figure 8-27).
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Figure 8-27. Amoco UK High-Angle Well (Hennington et al., 1994)

Completion design called for a monobore completion with 5%-in. chrome tubing from TD

to surface (Figure 8-28).

Planned logging operations involved two
separate runs. The first run would be made before
perforating the well to measure liner cement quality and plug-
back total depth (PBTD). After perforation and clean-up, a
second logging run would include pressure, temperature,
flow profile, confirmation of perforation depths, and pulsed

neutron.

Depth control for the operations was planned to
be by means of two encoders on the coiled-tubing injector.
Thus, if one unit fails, a back-up is already available.

Perforating operations were designed to combine
underbalancing the well with injected nitrogen along with
perforation. This approach has been successful in previous
development phases of this field. However, this well was at
a greater angle than previous wells, and the removal of
completion fluid with nitrogen became much less efficient.
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Stresses and buckling forces in the coiled tubing were modeled in detail for this well.
After a tapered string was designed, compressive forces along the string were modeled (Figure 8-29). A
1%-in. string of coiled tubing with seven tapers was seen to reach bottom, according to the model.
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Figure 8-29. Compression Modeling for Coiled-Tubing Logging (Hennington et al., 1994)

After logging operations with a 1%-in. string, a second string (1% in. with five tapers) will
be used for running the perforating assembly. The modeled weight indicator load at surface is shown in

Figure 8-30. Safe operations are indicated by the model, which assumes both wellbore and coiled tubing
are filled with gas for worst-case conditions.
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Coiled-tubing conveyed perforation was very successful in earlier phases of development.
Guns up to 700 ft have been deployed. A similar perforation assembly as used previously by the team will
be used in the new well (Figure 8-31). Estimated assembly length is 500 ft.
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Figure 8-31. Coiled-Tubing Perforating
Assembly (Hennington et al., 1994)

Due to the high angle of the wellbore, the perforation assembly will need to be pushed into
the rathole after firing. Assuming friction factors for steel on steel, a force of 3300 Ib will be needed to
push the assembly down the hole. Previous runs in other wells show this modeling approach to be
conservative. Buckling models suggest that sufficient force would be available down hole to perform the
operation.

8.3.3 Enterra UK (Hydraulic Control System)

Enterra UK (Murry, 1994) developed and tested a hydraulic control system for coiled-tubing
perforation. This system was tested for use on an assembly about 400 ft in length to be deployed in a
North Sea horizontal well. Depth correlation was accomplished using a memory casing-collar locator.

System design requirements included circulation during run-in, perforation and pull-out.
System operation is depicted in Figure 8-32. After reaching target depth, a ball is dropped and pins are
sheared at 500 psi to close the circulation ports. The sequence valve is next opened with a pressure
differential of 1000 psi. The open valve allows pressure to reach the detonation system, and detonation
is activated at 2000 psi. After the guns are fired, further pressure is used to burst a rupture disk to re-
establish circulation for pulling out of hole or dropping a ball to activate a hydraulic disconnect.
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8.3.4 Halliburton Energy Services

Halliburton Energy Services (Bond and Courville, 1994) summarized the factors to be
considered for coiled-tubing-conveyed perforation operations. Conveying perforation assemblies with
coiled tubing is an extension of (jointed) tubing conveyance. Most of the benefits of jointed-tubing
conveyance are maintained with coiled tubing. Additional benefits with coiled tubing over jointed pipe are
faster run-in, no rig needed, through-tubing operation, and the capability of working under pressure.

Halliburton states that three factors have primary impact on job success when running
perforating guns on coiled tubing. These factors are the length of rathole, the firing sequence, and shock
absorbers, These conclusions are based on the results from many jobs in the field.

Rathole depth affects the time of the reflected shock wave after firing. Deeper ratholes allow
the initial shock to be attenuated before the reflection returns, thereby lessening damage to the tubing.

A belief commonly held by field engineers involved in perforating is that firing from the top
down stresses the tubing more than firing from the bottom up. However, this observation has not been

verified in controlled studies.
Shock absorbers have been used in some form on all successful jobs. Four basic options are:

¢  Accelerator placed between the coiled-tubing assembly and guns. Shock loads as
great as 800 1b can be absorbed by the spring.

¢ Force generator. Slips are hydraulically activated to engage the casing ID,
thereby greatly reducing transmitted shock.
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¢ Radial shock absorbers incorporate a spring that absorbs radial forces.

¢ Impact subs use a hydraulic chamber and piston mandrel to damp shock load.

Firing heads for perforating assemblies run on coiled tubing are of several designs.
Hydraulically actuated firing heads are activated by pumping a ball through the coiled tubing. Circulation
is blocked after the ball seats, and pressure is increased to shear pins and fire the gun. Pressure-actuated
firing heads are run in without circulation. To fire these heads, pressure is increased to shear pins holding
a piston in place. Circulation is established after the pins are sheared. Both hydraulically actuated and
pressure-actuated heads can incorporate a time delay before detonation to allow time to achieve
underbalanced conditions.

Another method of firing the guns is with a slickline-retrievable firing device. Perforating
guns can be run in on coiled tubing, and pressure tests and circulation established. When all conditions

are ready, the firing head can be run in separately on coiled tubing or wireline. The heads are fired by
increasing well pressure.

When running long gun sections into the hole, pressure isolation subs are made up between
gun sections (Figure 8-33). These allow snubbing in each section through the lubricator and maintaining
control by sealing on these subs.
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Figure 8-33. Pressure Isolation Subs
for Long Assemblies (Bond and
Courville, 1994)
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Automatic-release gun hangers (Figure 8-34) allow the coiled tubing to be disconnected from
the guns before they are fired. This approach greatly reduced shock damage to the tubing. After firing,
the guns are dropped to the bottom. An additional coiled-tubing run to push the spent guns down to the

rathole would be required in horizontal boreholes.
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Figure 8-34. Automatic-Release Gun Hanger
(Bond & Courville, 1994)
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Retrievable firing heads (Figure 8-35)
allow pressure tests of the casing and tubing

before the firing head is run in.
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Figure 8-35. Retrievable Firing Head
(Bond and Courville, 1994)

Firing heads conveyed on coiled tubing can be used for other tasks in addition to perforating.

Cutting tools can be detonated (Figure 8-36) to sever casing or tubing.
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Extremely long gun systems can
be conveyed on coiled tubing through the use of
modular gun systems (Figure 8-37). Gun sec-
tions are run in and stacked until total length is

achieved.

Depth correlation for positioning
perforating guns with coiled tubing can be
accomplished by several techniques:

Tubing end locator. Accuracy
is about +1 ft at 10,000 ft.
Used for situations where tub-
ing end is near area to be per-
forated.

Tagging bottom or other
restriction at known depths
with the assembly. Accuracy
similar to tubing end locator.

Electric line correlation via
casing collar locator or
gamma-ray collar locator.
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Figure 8-37. Modular Perforating Gun System
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¢ Mechanical/electric counters on coiled-tubing rigs. This method is less accurate
(£ 10 ft at 10,000 ft), but is simple and inexpensive.

* Using nipples in the completion string. Useful only if a nipple is near area to be
perforated.

Halliburton has shown through their field experience that coiled tubing is an effective and
economic means of conveying perforating assemblies. Almost all techniques used for jointed-tubing-
conveyed operations are possible with coiled-tubing conveyance.
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9. Overview

9.1 COILED-TUBING RECORDS

Records for coiled-tubing operations were compiled and updated by Petroleum Engineer International
for their Drilling and Production Yearbook (Petroleum Engineer International Staff, 1994). The records
describing coiled-tubing jobs and record string lengths are summarized in Table 9-1.

TABLE 9-1. Coiled-Tubing Records (Petroleurn Engineer International Staff, 1994)

Description Length(ft)| OD.(in) Year Location |  Gperator | Service Co.]
Horizontal Drilling 1,458 { 2 1991 Frio Co., TX Oryx Cudd
Horizontal Displacement

(Coiled-Tubing Welll 6,841 2 1993 North Slope ARCO SD
@est Drilted Section 4,182 1% N 1992# Paris Basin Elf | Sb
Oftshore Drilling 1,000 1% 1993 Venezyela Lagoven SD
Largest Drilled Hole - J &% 1993 California Berry Pet. SD
Offshore N, Kickaft 20,797 i 1% ! 199 Gulf of Maxico | Pemex sD
Cement Plug 19,261 1% J 1991 Mexico | Pemex SD
Longest String 23,312 1% T 1991 Mexico ‘ {Precision Tube) SB
Longest Stiffline 22,800 | 1% F991 North Sea (Precision Tubel Transocean
Jet Cleaning 19,426 | 1% Tomlinson Halliburton
Production Tubing 17,000 1 1987 } Whetler Co., TX Halliburton
Production Tubing IR 20,500 1% 1991 West Texas | Chevron Nowcam
Production Tubing | 21,700 1% 1992 West Texas

Perforation 708 - 11993 | North Sea Amoco Baker

9.2 CHALLENGES FOR THE INDUSTRY

Blount of Arco Alaska reviewed {(Blount, 1994) the technical challenges facing the coiled-tubing
industry and current progress toward meeting these needs. He listed seventeen areas of technical need that
were highlighted by the attendees of the August 1992 SPE Forum on Coiled-Tubing Technology.
Advances in most of these areas are discussed within other chapters of this report. In order of priority,
the most significant technical needs are:

®  Coiled-Tubing Drilling. Interest in coiled-tubing drilling remains high, although
economics are not currently attractive in most applications. Niche markets do exist and
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the technological advantages of coiled tubing for drilling may make the development of
this approach very worthwhile. Re-entry applications are a primary focus, along with
underbalanced operations and deepenings, which are cost competitive in many areas.

Standardized Coiled-Tubing Farigue Testing and Modeling. Joint-industry projects have
been performed to address these issues. One project developed a standard test fixture and
testing method. Another has been proposed to address shortcomings in modeling.

Advances have been made toward complete understanding of these areas.

Material, Equipment, Safety and Maintenance Standards. An API task force is currently
developing domestic standards covering a variety of aspects concerning coiled-tubing
operations. API Committee 5's task force is expected to have a final document ready by
Spring 1995.

Well-Control Equipment. Recommended practices in well control will also be addressed
by the efforts of the API Task Group. In addition, well control is guided by special
requirements of local commissions and federal agencies.

Completion and Production Equipment. Larger coiled tubing has led to high interest in
coiled-tubing completions. The equipment to perform these operations is among the most
significant needs. Recently, injector and gooseneck failures have caused problems in 3'2-
in. completions. Coiled tubing itself is not always well suited for production applications
that may include sour, corrosive, or high-pressure service. New materials may be needed
at the manufacturing stage to address these issues.

Coiled-Tubing Materials. The industry's development of new materials for coiled tubing
remains very active. High-strength tubing resulting from both changes in metallurgy and
quench-and-temper processes is available. Titanium tubing has been delivered to the
industry. Work continues on the development of corrosion-resistant alloys that are
compatible with current coiled-tubing manufacturing processes. Composite coiled tubing
is also being rapidly developed, with initial field trials to be conducted in the near future.

Cleanout Technology. Although cleanouts represent the earliest use of coiled tubing, this
aspect of coiled-tubing operations still requires innovative solutions in some areas.
Reports of unsuccessful cleanout operations are not uncommon. One successful solution
developed for a Canadian job involved a concentric reel of tubing (1%-in. tubing inside
2%-in.). The smaller string was used to power a jet pump, which vacuumed fill from the
wellbore.

Special Tools and Equipment. Job requirements and equipment needs specific to
particular regions drive the development of special technologies. The North Slope and
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the North Sea are prime examples of areas where potential economic savings and
relatively large numbers of applications drive coiled-tubing technology into new areas.
Ongoing development efforts will produce technologies that will eventually spread to
other geographic areas.

High-Pressure Abrasive Jet Technology. Renewed interest has been shown by the
industry in abrasive and high-pressure jet drilling with coiled tubing. Extremely short-
radius turns are a primary advantage of these techniques. Substantial design and
development efforts are required for these technologies to become a part of standard
through-tubing operations. Composite coiled tubing may play an important role here.

Hybrid Rigs. New rig equipment is under design that combines the function of a
workover rig and coiled-tubing unit. Prototype rigs have been tested in the field. One
important challenge is to not design away the primary advantages of coiled-tubing

operations.
Equipment for High-Pressure Operations.

Information Exchange. Information exchange remains a strong attribute within the coiled-
tubing industry. Major forums to share experiences are common, and the published
literature contains a significant increase in coiled-tubing technology in recent years.
Lessons learned in the most active areas can be applied in new areas.

Job Planning/Operating Guidelines. An increasing number of guidelines have been
assembled, from sources including users and providers of coiled-tubing services, forums
centered on coiled-tubing technology, technical articles, and an API task force currently
developing domestic standards. API Committee 5's task force is expected to have a final
document ready by Spring 1995.

Large-Diameter Tubing. Clear progress has been made with the introduction of 3'%-in.
tubing and the soon-completed development of 44 inch.

Simplified Hydraulics. Gradual improvement has occurred, but more remains to be
gained.

Floating Operations Technology. Work remains in developing equipment and procedures
for these applications.

Electronic Monitor/Control for Rigs. Off-the-shelf electronics have become available for
monitoring job parameters and controlling some aspects of coiled-tubing procedures.
Several computer models are available for planning operations.
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greatly reduced costs. In the North Sea, highly portable equipment for 1- and 1%-in. tubing can be
positioned on the lower decks of offshore platforms.

The use of coiled tubing as flow lines and service lines is another area of high potential not foreseen
just a couple of years ago. Many new players are examining this use of the technology, and tremendous
growth in this area is expected in the coming years (see also the Chapter Pipelines).
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10. Pipelines

10.1 BT OPERATING (GAS INJECTION LINE)

In an application that represents the very first use of 3%4-in. coiled tubing, BT Operating Company
laid 5000 ft of tubing as a gas injection line between two platforms offshore Southern Louisiana in August
of 1992 (American Oil & Gas Reporter Staff, 1993). Costs were reduced almost 50% as compared to a
conventional welded-pipe installation. Tubing costs were comparable for 3%-in. coiled tubing and 3-in.
Schedule pipe. Savings in time, labor and transportation amounted to about $100,000 ($283,000
conventional versus $178,000 coiled).

Quality Tubing manufactured the 3'%-in. x 0.134-in. wall x 5200 ft string. It was coated with high-
density polyethylene to improve corrosion and abrasion resistance. Pressure tests were conducted at the
mill at 2150 psi. After installation, the string was pressure tested again at 2150 psi. Operating pressure
is near 1440 psi. ‘

BT Operating stated that the most difficult aspect of the job was convincing the Minerals
Management Service (MMS) to approve use of the new product. Their primary concern was that the 3'%-
in. coiled tubing had a thinner wall than conventional Schedule 80 pipe. Technical data and analysis
showed the coiled tubing to be as strong as conventional.

Conventional installation for this application normally requires about 10 days. The coiled pipeline
was installed in 2’4 days. In addition, a significant intangible benefit was in decreased exposure to
potentially volatile Gulf of Mexico weather.

Five thousand ft of %-in. cable was pulled from a supply boat and used to pull the coiled tubing to
the platform (Figure 10-1). Divers then located the end of the tubing, which was pulled up to the work
area for tie-in fabrication.

Figure 10-1. 3%-in. Coiled-Tubing Gas Injection Line
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Two pre-job concerns were raised regarding this
new application. The first concern was whether the

coiled tubing would lay in a straight line during burial
wireline Boat

in the sea bed. There were no problems with residual
bends after the tubing was unspooled. The second
concern was the buoyancy of the string, given that the
coiled tubing was lighter than conventional Schedule
80. Pre-job calculations indicated very little tolerance.
However, the tubing lay straight on the bottom and
there were no complications during installation.

BT Operating was very pleased with the results
of the application. They hope that 4%-in. coiled
tubing is available in time for a future job installing an
offshore gas products line.

10.2 HALLIBURTON ENERGY SERVICES
(GAS INJECTION FLOW LINE)

Halliburton installed a recyclable gas flow line
in an environmentally restrictive swamp area for Zeit
Exploration (Coats et al., 1993). Production decreases
on two outlying wells in a south Louisiana field were
remedied by gas lift installation. A coiled-tubing flow
line was rapidly installed between the well and gas

source. Costs were about 33% of those for a conven- Coiled Tubing Unit
tional jointed-pipe job. Production increased 80% wellsi (
after the job, and one day of production paid for the /”/\
work.
Figure 10-2. Gas Injection Flow-Line Job Site
The nearest gas source to the well undergoing (Coats et al., 1993)

decline was about 2200 ft upstream from the well across dense cyprus swamp. A gas injection line to the
well site was required. Economic and environmental constraints, including the effects of mobilization of
large welding and X-ray equipment, and the need for numerous trained personnel to prepare the right-of-
way and lay the pipe, led to the consideration of coiled tubing as an alternative.

To reduce installation efforts, the job was designed with the smallest coiled tubing size possible.
Computer software was used to calculate gas-lift requirements and friction loss through the flow line. One-
inch x 0.087-inch wall tubing was chosen for the job.

The flow line was installed by walking a wireline from the compressor station to the wellhead (Figure
10-2) along an existing spoil bank. The wireline was then used to pull the coiled tubing back to the hookup site.
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10.3 HALLIBURTON ENERGY SERVICES (PRODUCTION FLOW LINE)

Halliburton {Coats and Marinello, 1993) described the use of 2-in. coiled tubing as a production flow
line on a new well in the Deer Island area of South Louisiana. Coiled tubing was used as part of the well-
site production facility hook-up as well as for a flow line to cross about 2000 ft of swamp to connect with
the existing sales transmission line.

The first step in the field installation was to move a production barge along side the well and stabilize
it. Next, three 2-in. coiled-tubing lines 250 ft in length were run to connect the wellhead to the barge.
Finally, an 1800-ft string of coiled tbing was pulled through the swamp via swamp buggy to the

transmission tie-in point.

A connection flange was welded onto the tubing (Figure 10-3) before the production line was pulled
across the swamp.

The use of coiled tubing resulted in signifi-
cant time savings. Installation and hook-up of the
four coiled-tubing lines took about 18 hours.
Conventional jointed pipe would have required 8
days.

10.4 HALLIBURTON ENERGY SERVICES
(PRODUCTION FLOW LINE REPLACE-
MENT)

Halliburton (Coats and Marinello, 1993) Figure 10-3. Coiled-Tubing Cor_mection Flange
(Coats and Marinello, 1993)

described a field case history where 3%4-in. coiled

tubing was run to replace an existing jointed production line in a swamp area (Bayou Sale) of South
Louisiana. The area was designated as an eagle habitat; consequently, replacement operations needed to
be efficient.

The existing production line ran 1500 ft from the wellhead to production facilities. It was cut at both
ends and pulled from the production facility out of the swamp area. A hook-up was designed that allowed
new coiled tubing to be pulled in place as the existing line was removed.

Installation took about 8 hours. No additional excavation was required to complete the job.

10.5 MEWBOURNE OIL (HIGH-PRESSURE GAS INJECTION LINE)

Coiled tubing was recently used as a high-pressure natural gas pipeline in a pressure-maintenance
project in northwest Oklahoma (Hoover and Benge, 1993). The installation was much more rapid than
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with conventional line pipe, and the project yielded substantial cost savings for the operator, Mewbourne
Oil Company. Project costs were reduced by more than $7/ft.

Seven injection wells in the field are used to re-inject about 30 MMscfd at pressures up to 6000 psi
(41 MPa). After a producing well was converted to an injector, a 4300-ft (1311-m) high-pressure pipeline
was required for connection to the existing pipeline network. Work done previously in the field had used
3- and 4-in. XXH Grade B SMLS line pipe. Welding operations during conventional laying operations
limited progress to about 500 ft/day.

A string of 3%-in. coiled tubing was manufactured by Precision Tube Technology for the application.
External corrosion resistance was provided by a tape wrap at the mill. A 50% overlap 50-mm coating was
used. Internal weld flash was removed during milling, providing a smooth internal bore.

The entire spool of coiled tubing was laid in 3 hours. Overall installation time was reduced by 80%
as compared to conventional line pipe.

Additional benefits of the operation include minimizing the use of heavy equipment on-site for
welding, inspection, and pipe coating. This is especially important in environmentally sensitive marsh
lands and coastal waters.
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11. Production Strings

11.1 PRODUCTION TUBING

11.1.1 ARCO E&P Technology (Production Applications)

Hightower of ARCO Exploration and Production Technology summarized (Hightower, 1992)
the production applications of coiled tubing in oil and gas operations. Production applications have grown
dramatically in recent years as new uses have been envisioned and tools and techniques to implement them
have been developed.

The introduction of larger coiled-tubing sizes (2 in. and greater) marks a new era in the use
of coiled tubing for traditional production operations. As coiled-tubing units equipped to run larger sizes
become more readily available, the market for coiled-tubing production strings will increase dramatically.
A recent market survey performed by Resource Marketing indicates that two of the most promising areas
for near-term growth of the coiled-tubing market are velocity strings and production tubing installation.

Even though the use of coiled tubing for production strings has received most of the recent
attention, coiled tubing has been used successfully for years as production velocity strings. In most cases,
once a service company has “worn out” a string of coiled tubing, it is sold to a production company for
further use as a velocity string. According to ARCO, an estimated 700 of these velocity strings were
installed in 1992.

As a comparison, it is estimated that only 20 to 30 strings of large diameter coiled tubing
have been run as either producticn or injection strings over the past 2-3 years. In fact, it was 1990 before
the first string of 2-in. OD coiled tubing was installed inside a 4'4-in. production string by ARCO Alaska.

There are several benefits and drawbacks that should be considered when comparing jointed-
pipe completions to coiled-tubing completions. A few of the specific benefits of running larger (greater
than 2 in.) coiled-tubing strings are as follows:

Killing the well not required

Reduced formation damage

Quicker installation times

Elimination of pin-end corrosion
Elimination of joint seal problems
Elimination of a workover rig

No joint clearance problems

Compatible with many artificial lift methods

A AT i o

Preferred for many slim-hole completions
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In many cases, these production strings are run inside existing production tubulars. Figure
11-1 shows a typical coiled-tubing production string run by ARCO Alaska. Most of these strings are hung
from the surface with a landing nipple at the lower end of the coiled tubing for setting plugs as needed. -
More recently, several strings have included retrievable packers that are capable of setting and releasing
without rotation.

| N
|
| —

\

|~ Goiled tubing

\

Figure 11-1. Typical Coiled-Tubing Production String
(Hightower, 1992)

|~ Production tubing

Plug seat or
>Land|ng nipples

{1l

Even though the future of coiled-tubing production strings looks very bright, there are
currently several drawbacks associated with running coiled-tubing as a production string:

Large coiled tubing requires a specialized running unit
Significant lead time required

Repair can be difficult

Long-term life uncertain

Minimal drift diameter data

Lack of downhole inspection tools

Plunger lift unavailable

e BRI

Special welder required for field work

Most of the drawbacks associated with coiled-tubing production strings relate to the lack
of experience and/or long-term integrity considerations. As larger coiled tubing and units to run it become
more commonplace, many of the drawbacks associated with coiled-tubing production strings will lessen.

There are many methods and variations in procedures for installing coiled-tubing production
strings. One of the most concise listings of installation procedures was published by ARCO (Hightower,
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1992). The following installation procedure represents the standard procedure that ARCO Alaska uses for
coiled-tubing installation:

1. Rig-up coiled-tubing unit and kill well if necessary.

2. Install coiled-tubing tubinghead. This may already be in place or may be an
addition to existing wellhead equipment. In many cases, the tubing head will
be installed on the lower master valve.

3. Nipple up blowout preventers (BOPs) with window on tubing head (Figure
11-2).

4 Stripper
I nd injecter

a
|

Access window
assembly

Spacer —] Full bore BOPs
and rams for

.I"Il-. desir:cz! et:bing

Adapter
Tubing head

Figure 11-2. Coiled-Tubing Rig-Up for
Completion Work on Live Wells (High-
tower, 1992)

4. Run coiled tubing with shear-out or pumpout plug on the end (to prevent
possible well flow back through the coiled tubing), accessories such as seals for
a packer installation, and landing nipples or gas lift mandrels as needed. Use
BOPs or tubing stripper for annular well control.

5. When end of coiled tubing is at desired depth, close lower set of BOPs and
check for leaks.

6. Carefully measure distance from bottom flange of access window to tubing
head lock screws to insure that, while landing hanger, the assembly sets completely
in the hanger profile (Figure 11-3).
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11.

12.
13.

Adapier

Top of coiled tubng (Devewd)

|
Wraparourdt hanger
. ‘94”—' LOCKADwN 3Crews
n |
| Coiled twbing hanger

= Tubing head or
s0apier

LVI

Coiled tubing stnng

U
(/j '

- b P v fwbing

Figure 11-3. Tubing Head and Adapter for Hanging Coiled Tubing
Off From Surface (Hightower, 1992)

Attach hanger and slips to coiled tubing (both are wraparound style) and slowly
lower assembly to top of the lower set of BOP rams.

Close upper BOPs, open lower BOPs and allow pressure to equalize across the
spool.

Lower hanger to depth of bowl and land tubing with weight on hanger."
Carefully engage lock-down screws. Pressure test hanger.

Rough cut coiled tubing at the window, and nipple down BOPs and window
assembly.

Make a final (smooth) cut on the coiled tubing, and bevel to fit adapter and avoid
damaging adapter seals. Install remaining wellhead equipment (Figure 114) and
connect flowline.

Pressure up on coiled tubing to shear out bottom plug.

Place well in service.
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G Production applications in horizontal wells are
also increasing. Coiled tubing has been run as liners

= and casing. Other potential uses include pre-perfo-

rated liners (Figure 11-5) and pre-packed screens.

J L Production tubing

Hydraulic set packer

/00 Christmas
ree
oo Coiled tubing Openhole well
Woinghead — (possibly drilled with
2 / 4 coited tubing)
. =N oo Coiled Pre-perforated
. - ;
\ T tubing tl_lnerlwnh
liner  OPtional screen

Master valve Non-productive

Tubinghead
adapter

.......
Original production
stnng wbinghead

________ Non-productive ™ |
__________ one _ _ _ _

Figure 11-5. Coiled-Tubing Liner in
Horizontal Well (Hightower, 1992)

Figure 11-4. Wellhead Configuration for Coiled
Production Tubing (Hightower, 1992)

Future production applications for coiled tubing will be enhanced by several developments.
A wider availability of coiled-tubing units to handle large pipe will accelerate its use. Better methods of
joining tubing sections in the field are needed. Spool lengths of large coiled tubing are restricted due to
weight limits for transportation. Life and corrosion resistance of coiled tubing in production environments
need to be better established. Lastly, installation costs need to be reduced.

In a recent publication, Hightower (1994) provided an update of the use of coiled tubing in
production applications. The first downhole use of 3%-in. coiled tubing was a production string installed
in a North Slope exploration well in March 1993 (see next section). Several more wells have been
completed this way since that first installation.

Manufacturers reported that several hundred thousand feet of 3'%-in. coiled tubing were
milled or on order as of late 1993. Many strings of 2-, 2%-, and 2%-in. coiled production tubing have also
been installed around the world. Several of these strings were installed without packers (see Figure 11-1).
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Where required, retrievable packers have been run in a manner similar to jointed production tubing, Of
course, these packers must be set without pipe rotation.

Coiled tubing in artificial lift is another type of production application. Several strings of
2%-in. coiled tubing with side-pocket gas-lift mandrels have been installed on the North Slope. Gas-lift
valves were installed inside these strings with wireline without difficulty. The use of spoolable gas-lift
valves was pioneered in late 1992.

Marathon has developed plans to install a jet pump on 1%-in. coiled tubing at 7000 ft in
Tunisia. The design will permit changing the pump by circulating it out of the well. Additional details on
Marathon's plans are presented in the Chapter Arrificial Lift.

11.1.2 ARCO Alaska (3':-in, Production Tubing)

ARCO Alaska (Prestridge and Mahoney, 1994) ran the first string of 3%-in. coiled tubing
used as production tubing in an exploration well on the North Slope. New equipment, tools and techniques
were developed for this pioneering effort, which was completed in April 1993. Tubing performance
successfully met all job criteria, including its use in a frac job.

ARCO Alaska considered whether coiled tubing could be a practical replacement for jointed
completions. Due to flow rates typical of these wells, tubing at least as large as 3%-in. was required.
Since this was a novel application for coiled tubing, inquiries were made to the manufacturers (tubing and
rigs) and service companies followed by careful planning of the job.

An exploration well was chosen for this operation based on several considerations. For
example, the lifetime of these completions was only intended to be a few weeks, allowing analysis of
praject results relatively quickly.

The surface equipment is shown schematically in Figure 11-6. A new injector, capable of

running tubing ranging from 1 to 3% in., was used on this project.
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Figure 11-6. Surface Equipment for 3%-in. Completion (Prestridge and Mahoney, 1994)

The coiled tubing ordered was the heaviest wall available at that time.

Compared to

conventional 3'-in. jointed tubing, coiled tubing is stronger in some parameters and weaker in others,

although generally comparable (Table 11-1).

TABLE 11-1. Properties of Coiled and Jointed Tubing (Prestridge and Mahoney, 1994)

— 1 1 1 ™ ] 1 1
7 | GRADE | 0.0 L. |-DRIPTLD. |THICKNESS | _LBFT | BURST | COLLAPSE | TENSILEYIELD
3%" Coiled Tubing | QT-800 ( 3.500 | 3.094 2.867 0.203 7.148 10,250 psi 6,950 psi 168,210 Ib
3%"T&C Tuhing L-80 | 3.500 | 2.992 2.867 0.254 9.300 10,160 psi | 10,530 psi 142,460 Ib

Spool size was limited to a diameter of 15 ft. About 6500 ft of tubing could be placed on

the 7-ft wide spool. The spool was positioned on a low-boy trailer separate from the rig. A remote cab

was used for equipment operation (Figure 11-7).
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Figure 11-7. Tubing Spool and Remote Cab (Prestridge and Mahoney, 1994)

CT Injector Head

7" Riser with greater than 6" ID

Annular BOP 5 1/8" 10,000 psi

F Combination Blind / Shear Rem
5 1/8" ID 10,000 psi BOP Stack
- Combination Slip / Pipe Ram

5 1/8" 10,000 ps! x 7 1/16" 5,000 psi
Spool

Working Platform

Ram Type Dual Gate BOPE
Manual Over Hydrsulic
7 1/167 ID with Pipe/Slip Rams

Manual Master Vailve

Pump In Spool

Tubing Hanger

Figure 11-8.  Wellhead Assembly
(Prestridge and Mahoney, 1994)

Prior to conducting the job, the equip-
ment was rigged up for a test run on another well
slated for abandonment. Techniques for threading
the tubing into the injector were practiced over
several days. Several lessons were learned during
the test runs that saved time on the actual job.

The BOP stack included two sets of
rams and an annular BOP (Figure 11-8). Larger
rams (7!/,4 in.) were required so that tools could be
run through the BOPs into the 7-in. casing.

Completion design included a single
permanent packer, which was set by wireline after
the drilling rig was moved off location. A large
coiled-tubing unit was rigged up and a work stand
was fabricated over the wellhead. Drill-stem test
(DST) tools were run in on the coiled tubing and
sealed in the packer. Run-in speeds of 50-70 ft/min
and retrieval speeds of 70-100 ft/min were easily
achieved. After cutting and landing the coiled
tubing, a production test was performed. The coiled
tubing was later reconnected to tubing on the spool
and pulled out of the well. The process was then
repeated on the next zone to be tested.
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Some of the zones tested were perforated with guns conveyed with the completion string
below the packer (Figure 11-9). Other zones were perforated with through-tubing guns.

—— COILED TUBING
— LOCATDOR TYPE SEAL ASSY
W/EXTENDED SEALS

| DB PERMANENT PRODUCTION
PACKER

™ 7° CASING
— 15" SEAL BORE EXTENSION

— 3-1/2° COILED TUBING

r——DRILL STEM TEST EQUIPMENT
L— X-DVER
-~ 2.25 X-NIPPLE

~ 3-1/2* TUBING
~——10’'2-7/8" TUBING PUP
+— LOCATOR TYPE SEAL ASSY,

[|§ —~ HYDRO-MECHANICAL GUN RELEASE W/EXTENDED SEALS
.

T- 1 JT. 2-7/8" TUBING

B FB-1 PERMANENT PRODUCTION
B packer

'} —— PORTED fLOW SUB

— 2-7/8" TUBING PUP LSEAL BORE EXTENSION

L — X-0VER
FIRING HEAD

— X-NIPPLE
— SAFETY SPACER
1 JT. 2=7/8' TUBING
— TUBING CONVEYED PERFORATING

LLEY)

) WIRELINE ENTRY GUIDE
2
k4
Ly’

\ \J b-— 7* CASING

Figure 11-9. Completion Assemblies With Perforating Guns (left} and Without (right)
(Prestridge and Mahoney, 1994)

ARKN

The completion string was retrieved from the well after the production testing of each zone
was complete. On the first attempt, a splice consisting of 6 ft of coiled tubing with a fishing spear on each
end was used to join the completion string back to the tubing on the spool. A crack developed when
wrapping the splice around the spool. On the next retrieval, the tubing was butt-welded back together.
A welding jig was used to align the tubing. Chill blocks were used to dissipate heat (Figure 11-10). This
approach was successful.
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The tubing string was subjected to a pressure
differential of 6400 psi as a result of a screen-out during a
frac operation. However, tubing metallurgy allowed it to
withstand this stress without damage.

Tubing cost on location was $11.25/ft.
Comparable jointed tubing costs $10.25/ft on location.
ARCO spent $210,000 on specialized equipment for this job
(which can be used again in later efforts). Before the job
was performed, cost estimates indicated that for a one-well
campaign, coiled tubing would cost $10,000 more than
conventional. For a two-well campaign, coiled tubing
would cost $190,000 less than conventional.

Unfortunately, actual costs were about
$290,000 more than conventional. Future jobs are expected
to cost about the same as conventional due to the impact of

a rapidly developing learning curve. For longer production

tests, coiled tubing should be cheaper than conventional. ~ Figure 11-10. Coiled-Tubing Welding Jig
(Prestridge and Mahoney, 1994)

Project benefits that ARCO found to favor
3%-in. coiled-tubing completions include lower work-

over costs, lower production facility costs (if ESPs are

run), testing program flexibility, feasibility of longer well
tests in winter, and lower costs on exploration wells.
This first application was very successful. In addition,
this is the first time coiled tubing has been used as a frac
string.

11.1.3 Camco/Nowcam (Spoolable SSSV)

A spoolable surface-controlled subsurface
safety valve (SSSV) was recently designed and patented
by Camco/Nowcam (Teel, 1994). The SSSV (Figure
11-11) is manufactured in a housing of coiled tubing and

the valves can conform to reel radius during deployment.

Rigid components (flapper, hydraulic piston actuator) are

designed as short as possible so that they do not make
Figure 11-11. Spoolable SSSV

contact when the assembly is bent.
(Teel, 1994) ¥
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A stainless-steel control line is connected to the assembly before the valve is welded into a
string of coiled tubing. The valve closes when hydraulic pressure is lost.

A 2%-in. version of the valve has been tested. It is designed for a maximum working depth
of 2600 ft and working pressure of 5000 psi. The first string is to be installed in the Gulf of Mexico.

11.1.4 Petro Canada (Coiled-Tubing Liner}

Petro Canada (McMechan and Crombie, 1994) tested modified equipment and drilling
techniques by deepening, completing and fracturing a vertical gas well with coiled tubing. The operations
on a well near Medicine Hat, Alberta was the first phase in a larger project to evaluate balanced drilling
of horizontal wells in sour reservoirs with coiled tubing. This first site was purposely chosen as a safer
environment to test fluids handling systems, a new pressure sensor sub, and foam model accuracy.

The subject well (PEX WINCAN MEDHAT 10-9MR-17-3 W4M) was deepened from 448 m
to 530 m (1470 ft to 1740 ft) with a 3%-in. hole. Drilling was conducted at balanced conditions with foam
to avoid formation damage in the currently producing Milk River zone and the target Medicine Hat zone.

After drilling operations were complete, a production liner of 2%-in. 70 ksi coiled tubing
was installed. No injector could be found in Canada outfitted for 2%-in. tubing. A small-capacity (20 kip)
1-in. injector was obtained from the North Sea and converted for the task. Spools had to be mocked up
from shipping spools. Because there was no swivel joint on the shipping spool, circulation was not possible
while running in the liner.

The liner assembly (Figure 11-12) included a hydraulically actuated seal-bore permanent
packer as the liner hanger. The cement plug caused actuation of the setting tool after the plug landed in
the bottom of the liner. The top of the liner was left with a standard seal bore for use in stimulation
operations.
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Figure 11-12. Running Assembly for Coiled-Tubing Liner (McMechan and Crombie, 1994)

Installation and cementing
operations were completed in less that 3
hours. After the cement plug was bumped,
pressure was increased to 2030 psi, shearing
the coiled-tubing string off the lner.
Throughout the operation, the upper produc-
ing zone was kept in a balanced or under-

balanced condition.

After logging and perforating
operations, a 55,000-1b frac job was pumped
and the well put on production. The final

wellbore status is shown in Figure 11-13.

-

]

-

y

|9

Conductor pipe: 219.1 mm, 47.6 kg/m @ 10m

Production casing: 114.3 mm, 14.14 kg/m,
J-55 @460 mKB

Existing Milk River perforations:
421.8- 4228 mKB
424.6 - 425.5 mKB
426.7-427.6 mKB

Liner Hanger: 73.0 X 114.3 mm Cardiurn LPM
Perm Packer hydraulically set at 440 mKB

Liner: 73.0-mm, 6.74 kg/m coiled rbing
@ 530 mKb

Medicine Hat perforations:
476 - 510 mKB

Figure 11-13. Final Completion of 10-9MR-17-3 W4M
(McMechan and Crombie, 1994)
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11.2 VELOCITY STRINGS

11.2.1 Chevron USA Production Company

Adams (1993) of Chevron USA Production discussed several practical aspects of velocity
string design for keeping gas wells unloaded. He reviewed methods to select appropriate candidates, to
design the string, and to install the string. Improvements in coiled-tubing technology, manufacturing, and
equipment (surface and downhole) have enhanced the utility of coiled tubing in these applications.

The flow area of a gas well's production string impacts its ability to unload fluids. Surface
back pressure is another parameter that can be lowered to accomplish fluid unloading. However, this

approach, when feasible, is usually only a temporary fix.

It is often difficult to determine whether liquid loading is occurring. Symptoms strongly
suggesting liquid loading include dramatic drops in daily production, intermittent production, or the need
for pumps or swab units to maintain production. It is important to identify and remediate liquid loading
as quickly as possible since it can result in permanent damage to the reservoir.

A well’s production history is the most important tool for identifying liquid loading. This
can be a problem even in wells that have never produced fluid. Due to initial completion design, velocities
sufficient to unload fluids may have never been achieved. As an example, a well that appeared to have
a normal decline was actually suffering from liquid loading since 1971 (Figure 11-14).

104

3 idn

10

10 b Aﬁ/

A0-Ad4OcCcoOoxTY O [

10

65 T0 75 80 as 90 95

DATE

Figure 11-14. Well Production Decline With Liquid Loading (Adams, 1993}
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The most accurate data for pinpointing liquid loading are flowing and shut-in bottom-hole
pressures. P/Z data, production history, and offset well performance should also be considered.

The use of conventional theory (Turner, Hubbard, and Duckler equation) is not
recommended by Chevron USA. Significant error can be introduced into these calculations through
variations in temperature, pressure, and reservoir inflow effects. Nodal analysis is recommended. A
history match of the well's current configuration should be performed to verify parameters.

Design procedures for wells with unsteady flow are more complicated. For these cases, the
velocity string should be able to unload liquid at rates higher than reservoir inflow until accumulated fluids
are produced. Split-stream surface compression can be used (Figure 11-15) until fluids are reduced.

Ges Gales
_. Measursment Meter

Fluid/Gas Beparator Pressurs Control Velve

Figure 11-15. Single-Point Gas Lift to Unload Liquids
(Adams, 1993)

The properties of the velocity string should be compared to job requirements. The tubing
metallurgy must be suited for exposure to the downhole environment. Overpull, burst, and collapse should
be checked for each section of the string. Buckling should also be modeled if appropriate.

The coiled-tubing velocity string should be installed without using kill fluids or shutting in
the well. One installation method is to place a master control preventer between the flow spool and coiled-
tubing hanger (Figure 11-16).
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Figure 11-16. Wellhead Equipment for Installing Velocity String (Adams, 1993)

11.2.2 Cudd Pressure Control
Cudd Pressure Control (Wesson, 1993) outlined the steps in velocity-string design. As of

early 1993, Cudd had hung off more than 3 million ft of coiled tubing as velocity strings. Ninety percent
of these applications have been successful. The payout time for these operations is short: 4-6 months on
average. A listing of results from several typical jobs is presented in Table 11-2.

TABLE 11-2. Coiled-Tubing Velocity Strings (Wesson, 1993)

| |'Production String | - A R I CVeloety | -
Well :  Skze(In) Perforation Depth (Ft.) | Pre-Productlon | :String Slze.| - Post Praduction -

1 % 8,200 40 Mcfd-4 BLPD 1% 500 Mcfd-8 BLPD

2 2% 12,600 80 Mcfd-1-2 BLPD 1% 200 Mcfd-10 BLPD

3 2% 13,000 50 Mcfd-2 BLPD 1% 350 Mcfd-10 BLPD

4 27 13,300 150 Mcfd-3 BLPD 1% 300 Mcfd-B BLPD

5 278 13,300 Dead 1% 250 Mcfd

B 2% 11,380 150 Mcfd-6 BOPD 1% 155 Mcfd-12 BOPD

7 3% 11,860 8 Mcfd-2 BLPD — ;225 Mcfd-26 BOPD

8 2% 11,850 25 Mcfd—4 BOPD | 1% 2 419 Mcfd-19 BOPD
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11.2.3 Shell U.K. E&P/Nowsco Well Service U.K.

ﬁ j._ PRODUCTION TUBING
.
Le—————— PRODUCTION PACKER
-— EXISTING PRODUCTION
TAILPIPE * 7000
| B8] |
27/" COILED TUBING
PERMANENT PACKER
27" COILED TUBING
Jl L TAILPIPE
- N
-~ 5 LINEA
SIS T.0. * soop’

Figure 11-17. Recompletion with 27-in.
Tailpipe (Campbell and Bayes, 1994)

Coiled tubing was used as tailpipe extensions to
extend the life of gas wells in the Leman field offshore U.K.
(Campbell and Bayes, 1994). Use of coiled tubing for these
operations saved the operators about half of conventional costs
using jointed tubing and a rig.

Formation pressures in the Leman field have declined
such that wells cannot support a column of fluid during workovers.
This has resulted in formation damage from fluid losses during
workovers. Liquid loading has also become a problem in the field.
Tailpipes were needed, but could only be installed under live
conditions, A conventional wireline approach would handle a
tailpipe of about 50 ft maximum. Tailpipes were needed with
lengths in the range of 500-700 ft.

A modified recompletion using a 2%-in. coiled-tubing
tailpipe (Figure 11-17) below the existing production packers was
implemented to increase production rates and overall cumulative
production. The necessary length of tailpipe could easily be run
with available systems.

In addition to the tailpipe, the original 5%-in. production tubing was exchanged for 3% in.,

providing a higher velocity from the perforations to the surface. The recompletion procedure called for

installing the tailpipe first, setting plugs above the tailpipes to isolate the formation, and then replacing the

production tubing conventionally. This approach promised several benefits:

e Tailpipe installation prior to rigging up the workover rig saved costly rig time

e Tailpipe installation with a coiled-tubing unit could be performed under live

well conditions

¢  The use of plugs above the tailpipes would allow the wells to be left suspended
until the conventional workover.

Shell U.K. and Nowsco developed an efficient procedure for performing the two-part

recompletion. The surface rig-up for running the coiled-tubing tailpipe (Figure 11-18) included both 1%-

and 27%&-in. BOPs.
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11
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80P

2
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Figure 11-18. Surface Rig-Up for Recompletion
(Campbell and Bayes, 1994)

274" COILED TUBING

The required lcngth of Iailplpe was hung off in the COLD CUTAT SURFACE
2%-in. BOP. The tubing was then cut and a permanent packer —
installed on top (Figure 11-19).

PIPE/GLIP RANS 274" BOP
PPE/SLIP RAMS
-—— GOORENECK
i)
E —ee— PUJECTOR
-, WELLHEAD
k3
.
- WA
[~ 274" COILED TUBING
f———————— 1 V2 CONLED TUNNG
L—— PERMASTT PACKER

& RUlSENG TOOL
S BOTTOM HOLE ASSEMBLY

le——————— 1 73" cCouRD TUMNG

- |

}‘"" ~ Figure 11-19. 2%-in. Tailpipe Hung Off
at Surface (Campbell and Bayes, 1994)

—  WELLNEAD

e 2 W COMLED TUMNG

Next, the injector equipped for 27s-in. tubing was
T ey rigged down and exchanged for a 1'4-in. unit. Coiled tubing (14

in.) was connected to the tailpipe packer (Figure 11-20).

Figure 11-20. Tailpipe Connected
to 1%4-in. Coiled Tubing (Campbell
and Bayes, 1994)

11-17



The tailpipe was then run to depth (Figure 11-21). Depth was correlated by tagging the no-

go nipple. The packer was set, the running tool released, and the 1'4-in. coiled tubing pulled out.

PRODUCTION TUBING

1 12" COILED TUBING

fme—————— PROOUCTION PACKER

EXISTING PRODUCTION
TALPPE * 7000

29/ COILED TUMNG
PEANANENT PACKER

7

278" COILEO TUBNG
AILMPE

3 UNER
T.0.2 MOF

The coiled-tubing equipment can now be rigged down.
Later, the production tubing was replaced by a cantilever rig.

The injector used to run the 2%-in. coiled tubing was a
1-in. unit with modified gripper blocks. Since the maximum pick-up
load was estimated to be about 5000 Ib, this smaller unit could easily
perform the job.

The first campaign included three wells. These first three
applications required 5 days, 7 days, and 2 days, respectively. Over
the next few months, an additional five jobs were performed. Average
time for these wells was 3 days each.

After the original production tubing had been replaced,
in some cases the operator found significant debris on top of the tailpipe
packer. This was successfully circulated out with coiled tubing. In
later wells, debris was not a problem. The plugs were removed readily
with wireline and the wells put

back on production.

Figure 11-21. Tailpipe Run to
Depth on 1'4-in. Coiled Tubing
(Campbell and Bayes, 1994}

In one well, the tailpipe packer set prematurely and the
existing production tubing could not be removed without killing the
well, This was solved by installing a 2%-in. velocity “insert” string
inside the existing completion (Figure 11-22). Since welding sections
of coiled tubing together was not feasible, special connectors were
used to join three 2000-ft sections.
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Every well treatment successfully increased the production and productive life of the well.
A typical production decline (Figure 11-23) indicates the recompletion added from 4 to 9 years to the well’s
life.

with tubuler sc:nm tubular
Pl  change-out me-out
and ialipipe D and lafipipe
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%
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Figure 11-23. Typical Leman Well Production Forecast After Recompletion
(Campbell and Bayes, 1994)

11.2.4 Texaco Exploration and Production

Texaco Exploration and Production (Brown and Wimberly, 1992) presented a detailed
description of the theory and practice of using coiled tubing for velocity strings. Experiences within the
industry show this technique to be a viable and effective way to return wells to production that are
experiencing liquid loading.

Liquid loading is a problem in many older and some newer gas wells, particularly in
pressure-depletion type reservoirs. If steps are not taken to minimize liquid loading, it will severely limit
the producing capacity of the well, and eventually kill the well. Various methods are available to reduce
the severity of liquid loading, including the use of foaming agents, plunger lift, gas lift, intermittent lift,
venting or blow down, rod pumps, jet pumps, electric submersible pumps, and velocity strings.

Using coiled tubing as a velocity (siphon) string has proven to be an economical alternative
to allow continued production for wells with liquid loading problems. Coiled tubing run inside of the
existing production tubing reduces the flow area (Figure 11-24). The well can be produced up the coiled
tubing or up the coiled-tubing/production-tubing annulus.
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Figure 11-24. Coiled Tubing As a Velocity
String (Brown and Wimberley, 1992)

A reduction in flow area causes an increase
in flow velocity for a given flow rate. Provided that the
reservoir is capable of producing at this rate and resulting
bottom-hole flowing pressure, this increase in flowing
velocity will result in an increase in the well’s ability to
unload fluids.

Restoring wells to flowing condition at a
sustainable rate is achieved by choosing a tubing perfor-
mance curve that intersects the formation inflow perfor-
mance curve. Several factors influence tubing perfor-
mance characteristics. The most influential factor affect-

ing tubing performance is tubing diameter.

Figure 11-25 shows four Inflow Perfor-
mance Relationship (IPR) curves and two Tubing Perfor-
mance Curves (TPC). The IPR curve characterizes the
flow capacity of the reservoir. It depends on the reservoir

and fluid properties. The four curves correspond to four different stages in the life of the reservoir. As

the reservoir depletes, the IPR curve will shift toward the left until it is just tangent to the TPC curve. If

reservoir continues to deplete beyond
this stage, the well will cease production.
However, a tubing of smaller diameter
will restore the well to flowing conditions
as shown by the second TPC (1.25 in.).
The selection of tubing size depends on the
degree of the reservoir depletion and the
desired production rate.

As mentioned above, the
proper selection of tubing size depends
on the correct interpretation of the reser-
One of the
most common prediction tools is the

voir inflow performance.

back-pressure equation.

Q - cP? Pl

a

Fluwing, pai

P

Tubing performance curve
for a specific tubing size,
surface pressure, gas/liquid
ratio, and depth

IPR Curve ™
(Abandonment)
2%e-inch N

)
A0E
IPR Curve

~ (Abandonment)

: { 1.25-inch \\
LN '

1 N |

g, Mci/d

Figure 11-25. Example IPR/TPC Plot for Velocity

String Production (Wesson, 1993)
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where
Q = Rate (Mscfd)
P, = Average Reservoir Pressure (psi)
P,; = Well flowing pressure (psi)
C = Coefficient from well data (Mscfd/psi)
n = Exponent obtained from well tests

C and n can be calculated from a log-log plot of Q@ versus Pr2 - Pfl, a four-point back-
pressure test. This can be accomplished by:

InQ =1nC +nln(P’-P)

On the log-log plot, n is the slope of the line and 1n C is the Y-intercept. Future IPR curves
can be generated by reducing reservoir pressure.

Q = C(P/P)(P} -P.y

Using a method such as this allows any testing to be limited to a bottom-hole pressure build-
up test to determine what the current reservoir pressure is. Once the IPR curve has been determined, it
can be cross plotted on the tubing performance curve. The intersection of these two curves indicates where
the well will produce with that particular set of tubulars and conditions.

The point of intersection of the IPR curve and TPC indicates at what rate a well will flow.
An example intersection point is shown in Figure 11-26. If the IPR curve and TPC do not intersect, it
means that bottom-hole flowing pressure is too low and the well will not flow at the designated tubing
pressure. Also, even if the two curves cross, the intersection point may be at a rate below minimum
critical gas rate (to the left of the loading point). In this situation, loading will occur because flow is
unstable and the well will eventually die. Tubing performance curves for smaller tubing sizes need to be
prepared until an intersection located to the right of the liquid-loading point is achieved.

Inflow

1,000 — Figure 11-26. IPR and TPC Curves (Brown and
800 — Wimberley, 1992)

400 — Outfllow

200 | 1 | ! 1 1t
0 a0 80 120
Flowrate, Mctd

Boliomhola node pressu
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Undersized tubing can also be detrimental to the well's performance by creating excessive
friction drop. If more than one tubing curve intersects the IPR curve, an economic decision will need to
be made, weighing factors of increased production and tubing cost with larger tubing versus lower
production, but reduced subsequent tubing changeouts, with smaller tubing. Future tubing reduction may
be required as reservoir pressure declines.

The components of a coiled-tubing velocity string are the coiled tubing and tubing hanger.
tubing hanger consists of segmented tubing slips and packing elements with flanged or threaded connections.
A coiled-tubing hanger installed in a wellhead and a cut-away schematic are shown in Figure 11-27.

/tsuigrr.'nenled A detailed installation procedure is presented in
INg Sitps
@/ Siip bow Brown and Wimberley (1992).

' l Tubing guide

1} . f . . .
prate To remove a velocity string after its effective life,

\M‘_—‘ Urethane
= expansion seal . . .
%&\\mumg the well must be killed, the tubing hanger unbolted, and the string
(/%5 P\ gude plate pulled out with a coiled-tubing rig. If the well is not killed, the

i
Q Bottom piate

—ﬂ\,\l ;ﬁ@ Logk-pins
/

to energize used if paraffin sticking is a concern.
’ ]
f

pack-otf
W
N

Figure 11-27. Coiled-Tubing Hanger
(Brown and Wimberley, 1992)

string needs to be plugged off prior to removal. Hot oil should be

Optional side
utiet up to 2-in,
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12. Rigs

12.1 DREXEL COILED-TUBING PRODUCTS GROUP (SPECIALIZED DRILLING
EQUIPMENT)

New equipment is being developed and manufactured as a result of the record activity levels in
coiled-tubing technology. New services are being introduced, although drilling, completions, and flowlines
(the most exciting new areas) still represent a small proportion of all coiled-tubing jobs.

Drexel Coiled Tubing Products Group (Newman et al., 1994) has designed new rig equipment for
advanced operations including drilling and completion. Industry's needs with respect to new equipment
are not clearly defined. Several new types of equipment, much of it for larger sizes of coiled tubing, are
being developed and more is expected in the near future.

Coiled-tubing reels are being designed to maximize transportable lengths of larger tubing. In most
cases, a spooling diameter of 44-48 times the tube diameter is preferred. Lower spooling diameters have
been used for shipping and storage reels. It is possible to accommodate a reel of 146-in. outer diameter
with a recessed drum trailer. Maximum weight of tubing is usually limited to about 35,000 1b. Tubing
lengths transportable on this special trailer are summarized in Table 12-1.

TABLE 12-1. Coiled-Tubing Transportable on 146-in. Spool (Newman et al., 1994)

CT Diameter(ln) | NominalWall(ln) | Core Dlameter(ln) | Length Capacity(fty | Lengthby Welght(tt)
1.75 0.134 77 22,000 15,100
2.00 0.108 88 15,000 * 15,850
2.375 0.156 104 8,000 9,444
2.875 0.19 125 2,500 na
350 0.203 130° 1,500 | na
S i
* Smaller core than 44 multiple

Bending forces for spooling coiled tubing increase substantially for larger sizes of tubing. As an
example, Newman et al. mentioned that almost 10 times more force is required to spool 3%-in. tubing than
2-in. tubing. These increased loads require increased reel torque and a larger level wind. In addition, the
rig control cabin must be enlarged for more systems (and personnel), and the power pack for increased

power output.
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Figure 12-1. Coiled-Tubing Drilling Substructure
{(Newman et al., 1994)

Specialized equipment is required espe-
cially for drilling operations. Current drill-
ing practices normally require the ability to
run both continuous and jointed tubing.
Most recent drilling operations require that a
workover rig be used to complete the well.
This approach is inefficient.

A substructure that will allow both
types of operations has been recently fabri-
cated by Hydra Rig (Figure 12-1), The
structure contains a set of casing jacks capa-
ble of pulling 150,000 Ib with an 11-ft
stroke.

Another development is an integrated
mud skid for coiled-tubing drilling. This unit
combines a shaker, centrifuge, degasser,
mixing system, and mud tanks.

Underbalanced drilling operations are
one of the benefits of using coiled tubing.

Well control is an important consideration, as it is for most drilling operations. A new BOP capable of

operating with jointed or continuous pipe in the well has been developed (Figure 12-2). These systems have

sealing rams for both types of tubulars, variable-bore
rams, and side doors for easy ram change.

A radial stripper has been developed (Figure
12-3) that will work with all sizes of coiled tubing.
Stripper height is kept at a minimum by use of an
opposing actuator system similar to that of a BOP.

Figure 12-2. Coiled-Tubing/Jointed-Tubing BOP
(Newman et al., 1994)
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Figurel1-3. Radial Coiled-Tubing Stripper (Newman et al., 1994}

A safer deployment method can be used for operations that require the use of long BHAs (Figure
124). A wireline system is used to load the BHA into the BOP. Then the injector is rigged up, and coiled

tubing is stabbed into the quick connect.

Safe Deployment System

G Inpeciar Head

} | -~ Wireline Lubricatot

Conventional
Guad CT BOP

- Conneclion
= Aztustor Ram
— Landing Ram

Connect CT Lubricator and run in coiled
tubing to conrtect with toals

Aemove wireline , close Master Ram
tor Aam and remavs Wireline Lubricator

Use conventional wireling to land 1ools in the Landing
Aam and di with the C

Figure 12-4. Safe Deployment of Long BHAs (Newman et al., 1994)
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Future developments under consideration include drilling platforms with huge multisection reels built
in. These would be designed for coiled tubing operations as the primary mode, with jointed-piped
capability for special circumstances.

12.2 HALLIBURTON ENERGY SERVICES (80K RIG)

Halliburton built a large-capacity coiled-tubing unit for use in operations in Oman (PEI staff, 1993).
Referred to as an 80K unit, the injector has a capacity of 100 kip in tension and 40 kip in snubbing.
Initially to be used for cementing and stimulation jobs, the large unit will eventually be used for logging,
completion work, and drilling.

Two trailer-mounted reels were fabricated as part of the package. One spool has capacity for 15,000
ft of 2%6-in. coiled tubing, 9500 ft of 2%-in., or 7000 ft of 3'%4-in.

12.3 HALLIBURTON ENERGY SERVICES (EQUIPMENT FOR LARGE COILED TUBING)

Halliburton Energy Services (Courville, 1994) described the requirements for rigs and equipment
to handle large-diameter coiled tubing. Halliburton's reel trailer for large coiled tubing (Figure 12-5) is
built on a modified trailer and carries the reel, control house, a fold-down gooseneck, and hydraulic hook-
up hoses. The hydraulic power unit is mounted behind the truck cab on another trailer, and can be
powered by the 425-hp diesel truck engine.

— o 5)

DIC W @) (@

REEL TRAILER COILED TUBING UNIT

.
rd
/
!
t
A
\
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Figure 12-5. Halliburton Large-Diameter Coiled-Tubing Trailer (Courville, 1954)

Reel capacities for Halliburton's 80K and 100K rigs are compared in Table 12-2.
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TABLE 12-2. Halliburton Rig Tubing Capacity (Courville, 1994)

80K ' 100 K Unit
Tublng 0.D. FullReel  OneDiameterLow | Tubing0.D.  FullReel  One DiametérLow
1.75 26,793 25,079 1.7 34,415 31,907
2.00 19,956 18,464 2.00 26,639 24,423
2.38 13,300 12127 238 17,090 15,301
2.88 9,684 8,661 2.88 11,389 9,936
35 6,452 5,715 35 8,604 7,361

The tubing injector is driven by two 6000-psi variable-volume axial piston pumps. Halliburton's
V-shaped gripper blocks can be used to run tubing sizes from 1'% to 3% in.

Standard shipping spools (Figure 12-6) can store about 6500 ft of 3'4-in. tubing. This spool (15-ft
flange and 8 ft wide) may required special road permits for transportation.

g~ — ]
fae— b 75" ] _
li’}‘ .
Spool Tubing Spool Spool Tubing | Spool Spool Tubing Spool
Measurements [Capacities| Weight | Measurements | Capacities| Weight (Measurements |Capacities| Weight
(in.) (inA) (Ib) (in) (inAtt) {Ib) (in.) {in At (ib)
Flange height: 154 |1.50 25,000 |Empty: Flange height: 180 |1.50 489,000 |Empty: Flange height: 180 | 1.50 37,800 |Empty:
Inside width: 65 [1.75 19,200 5,700 | Inside wichh:  88.75 [1.75 35,800 13,500 |inside width: 88.75|1.75 28,100 13,500
Outside width: 75 |]2.00 14,300 |Exp Crtd: Outside width: 96 |2.00 28,200 Outside width: 96 ]2.00 21,000
Corediameter: 98 |2.375 9,500 7.000 | Coradiameter: 112 [2.375 19,000 Corediameter: 130 |2.375 14,400
Ceanterhole: 4.125 |2.875 6,300 Centerhole:  4.125 (12875 12,400 Centarhole: 4.125 |2.875 9,600
Drive holes:  2.225 Drive holes:  2.225 Drive holes: 2,225
Drive hole radii 10 Drive hole radii: 10 Drive hole radii: 10

Figure 12-6. Shipping Spool Capacity (Courville, 1994)

Fluid inside a spool of coiled tubing can significantly impact shipping weight. Even after evacuating
the spool with nitrogen or air, there is a significant chance of leaving some fluid inside the spool.
Consequently, allowance is needed for residual fluid weight when calculating total weight.

12.4 HALLIBURTON ENERGY SERVICES (LARGE COILED-TUBING
CUTTER FOR JACKUP RIG)

Halliburton Energy Services developed and tested a ball and seat safety valve for increased safety
during offshore well test procedures {Allred and Clark, 1994). During emergency conditions when it is
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desired to shut in the well, an operator normally must cut the coiled tubing in the well before he can close
the emergency valve. Pulling the tubing out of the well is usually too slow to be an option.

The method preferred by operators has been to cut the coiled tubing with cutters at the safety valve
and reserve the coiled-tubing BOP as a back-up system. Cutting systems at the safety valve have only been
capable of cutting up to 1% x 0.095-in. tubing.

Halliburton designed a 3-in. 15,000-psi ball and seat mechanism to cut tubing up to 1%4 x 0.125 in.
In one common application, the new mechanism has been incorporated into a 15,000-psi safety valve

(Figure 12-7) for use on a jackup or land rig.

OPERATING PISTON BALL
CONTROL ARM

SEAT \
[ ¢ i

T T I | -

Figure 12-7. Jackup Safety Valve With Cutter
(Allred and Clark, 1994)

CONTROL FRAME

- [

The safety valve used for floater rig- or drillship-

based operations is normally located in the subsea test ~ V J
tree (Figure 12-8). This set-up allows the operator to
unlatch from the test string in an emergency (drive-off
of the drillship).

For offshore environments using a jackup rig,

“A‘\J—__W ]
the safety valve is in the BOP below the rig floor ‘,J‘-_-%jai‘r MARINE RISER AN BOP SYSTEN
(Figure 12-9). The valve does not need to allow et
disconnecting from the test string since the rig will not Tase 5%‘1

EC T‘E/ SUBSEA TEST TREE
move. TS ‘

Figure 12-8. Subsea Test Tree for Floater Rig
(Allred and Clark, 1994)
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BOP STACK

SAFETY VALVE

WELLHEAD

Figure 12-9. Safety Valve for Jackup Rig
(Allred and Clark, 1994)

Larger-diameter coiled tubing has be-
come more common in these environments,
and enhancements to the safety systems have
become necessary. The enhanced ball and
seat mechanism consists of a ball, seat, and
two control arms, control frames, alignment
sleeves, and control pins (Figure 12-10).
Coiled tubing is cut after control line pressure
is bled off, and the spring and precharged
nitrogen force the ball and seat to the closed
position.

Figure 12-10. Ball and Seat Mechanism (Allred and Clark, 1994)
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A test fixture was developed (Figure 12-11} to test the new mechanism. The complete 3-in. 15,000-
psi jackup safety valve is being developed.

OPERATING PISTON
/

CONTROL (OPEN) [ BALANCE (CLOSE) BALL
LINE PORT LINE PORT /
\ / SEAT CONTROL ARM |/ CONTROL FRAME
\ ) /

y E— I .

| |

Figure 12-11. Ball and Seat Mechanism Test Fixture (Allred and Clark, 1994}

Test results are shown in Figure 12-12. Predicted and measured cutting pressures showed good
agreement for the first two tests. A divergence in the third test was attributed to internal damage sustained
during the second test. In the field, a cutter mechanism would not be reused after a cutting operation.

5,800 psi
6000 1 (39.99 MPa)
" 5000 1 4,270 psi
o ) (29.44 MPa)
5 3,730 psi 3,700 psi
n 4000 - 25.71 MPa) (25.51 MP
@ 3,075 psi ( )25 =)
o= (21.20 MPa) 2,800 psi
e | (19.31 MPa)
Q=
Z
E 2000 1
[&]
’
1000 |
) * +
TEST 1 TEST 2 TEST3
1.25-inch (3.18 cm) 1.50-inch (3.81 cm) 1.50-inch (3.81cm)
X .109-Inch (.277 crn) Wall X .109-inch (.277 cm) Wall X .125-in¢h (.318 cm) Wall
Legend

I:I Calculated Cutling Pressure

I:| Actual Cutting Pressure
Figure 12-12. Ball and Seat Mechanism Test Results (Allred and Clark, 1994)

Tests with this improved subsea cutter showed that it can provide greater assurance of operational
and environmental safety in offshore operations using coiled tubing as large as 134 x 0.134 in.
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12.5 HALLIBURTON ENERGY SERVICES (RIG DATA ACQUISITION SYSTEM)

Halliburton Energy Services (Eriken and Foster, 1993) described the design of a data acquisition
system for coiled-tubing units. This system is capable of digitally displaying real-time data from sensors
and transducers in engineering units. Stresses in the coiled-tubing string are calculated and displayed in
relation to the desired safety margin. Data for string management and fatigue life are gathered and stored

continuously.

In the past, pre-job planning for coiled-tubing operations has been done in the office. Assumptions
made in planning have been found in many cases to be inappropriate, based on conditions encountered Jater
in the field. A field-based system allows the operator to adapt job design in real-time based on ongoing

circumstances.

Halliburton sought to design a data acquisition system that would meet several criteria including easy
to operate, inherently safe, flexible, conveniently packaged, modular, battery operated, compatible with
other computers, reliable, low cost, and easily upgraded.

Their system consists of two major subsystems. Data are gathered by the Digital Panel Meter along
with sensors mounted on the reel and injector. Parameters monitored include tubing weight, tubing speed,
tubing depth, wellhead pressure, tubing pressure, flow rate and flow volume. The Data Acquisition
Control consists of a laptop PC, printer, and interface electronics for additional sensors. The system is
packaged in a single case for portability between the office and field.

A field example using the data acquisition system was presented by Halliburton. An acid-wash job
was performed in a horizontal well. The measured depth and weight (Figure 12-13) can be plotted at the

job site. 0

&_u._
ol

|

g Weight
lQ._
wl

Deplh
0 b . \ /\/\/\
‘) 12 ) 9 m 10 &0
Inausangs

Elapsed Time, sec¢
Figure 12-13. Acid-Wash Job: Tubing Weight and Depth Versus Time (Eriken and Foster, 1993)
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Tubing weight and depth are compared in Figure 12-14. These results show trends typical for a

horizontal well operation.
10

Figure 12-14. Acid-Wash Job: Tubing Weight Versus Depth (Eriken and Foster, 1993)

Computer predictions of weight at depth (Figure 12-15) compare favorably to measured loads. A
friction factor of 0.35 was used, giving good agreement.

1o
[T KOP

|
w b

; |
Pulling Out Ot Hole
wl pd

/Golng In Hole

[} [] 10 18
Theusands

Qapth, ft

Figure 12-15. Predicted Tubing Weight Versus Depth (Eriken and Foster, 1993)
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12.6 SCHLUMBERGER DOWELL (SIZE OF COILED-TUBING RIG FLEET)

Schlumberger Dowell (Adam et al., 1992) reported the distribution of the fleet of coiled-tubing rigs
as of late 1992. The fleet capacity was far greater than demand, as was the case for drilling and workover
rigs.

Demand for coiled-tubing rigs was expected to increase due to several factors:
® The rapid development for new applications for coiled-tubing technology

¢ Growth in the overall market for coiled-tubing services

e Industry's expectations of improved equipment capability and reliability will hasten
retirement of older units

e Large diameter-capable units are required for many new applications

Schlumberger Dowell's survey documented 533 units around the world. The geographic distribution
is summarized in Table 12-3.

TABLE 12-3. Coiled- Tubmg Rigs by Region (Adam et al., 1992)

Regional Coiled-Tubing Units s

NORTH AMERICA 245 | SOUTH AMERICA 59 | MIDDLE EAST 55

Alaska 13 | Argentina 3 | Egypt 9

Canada 43 | Brazil 8 | Iran 4

Lower 48 States 189 | Colombia 2 | Kuwait 2

Ecuador 3 | Oman 6

Mexico 28 | Qatar 3

Trinidad 7 | Saudi Arahia b

Venezuela 8 | Syria 3

UAE 19

Yemen 2

Qther 2

EUROPE 90 | FAR EAST 54 | AFRICA 30

Denmark 3 | Australia 6 | Algeria 7

France 3 | Brunei 1 | Angola 2

Germany 6 | China 15 | Congo 1

Helland 13 | india 7 | Gabon 3

Italy 2 | Indonesia 14 | Libya 3

Norway 6 | Malaysia 5 | Nigeria 10

Russia 6 | Pakistan 1 | Tunisia 2

UK 35 | Thailand 1 | Other 2
{ther 6 | Qther 2

TOTAL - - - 533

Coiled-tubing units were also broken down by ownership. Of the total fleet, 409 (75%) are operated
by integrated service companies (Figure 12-16). Small independents own 87 units. The remaining 37 units
belong to state-owned companies around the globe.
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Figure 12-16. Coiled-Tubing Rigs by Region (Adam et al., 1992)

Areas where operating costs are especially high, such as the North Sea, are prime targets for coiled-
tubing services. About 70% of Europe's units are engaged in North Sea operations.

The average diameter of coiled tubing in use has been steadily increasing. Less than 20% of the fleet
is designed for use with 1-in. and smaller tubing. About 50% of rigs are equipped for 1%-in. tubing. One-
fourth of world rigs are sized for 1'%4-in. tubing. The remaining 5% of the fleet runs 13%-in. and greater.

The fleet's tubing diameter is increasing. The rate of production of 1-in. tubing fell dramatically
between 1991 and 1992 (Figure 12-17). On the other end of the spectrum, the number of tubing work
strings 2 in. and greater is growing rapidly.
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Figure 12-17. Production of Coiled Tubing (Adam et al., 1992)

12.7 STEWART & STEVENSON SERVICES (INJECTOR FOR DRILLING/COMPLETION)

Stewart & Stevenson Services (Dearing, 1994) described the design features of their coiled-tubing
injectors that make them suitable for drilling and completion operations. Features that they believe are
important in these operations include operational flexibility, the capability to pass tools through the chains,
improved performance and reduced system weight.

Gripper block design can enhance flexibility of injector operation. Stewart & Stevenson's design uses
replaceable inserts that can be changed out by two men in about 30 minutes. This feature allows rapid
change-out of tubing size; for example, one size of coiled tubing for drilling operations and a larger size
for completion operations.

Coiled-tubing drilling and completion operations are also enhanced if tools can be passed through the
injector chains. Stewart & Stevenson's design allows the chains to retract toward the spines, providing an
extra 1.8 in. clearance with tubing up to 2% inches. Tools can be fed through the injector with insert
corner grip supporting the relatively light loads during tool installation. In some cases, this allows
operations without a lubricator and/or a reduction in rig-up height.

Improved pull/weight ratio makes transportation and field operations easier and safer. Stewart &
Stevenson's 80-kip injector has a pull/weight ratio of 14.5 1b/lb.
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Snubbing capability can be important in underbalanced operations. Required snubbing forces increase
substantially for larger coiled tubing (Figure 12-18).
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Figure 12-18. Snubbing Forces for Coiled Tubing (Dearing, 1994)

For snubbing, injector chains must be kept tight while pulling with the lower sprockets (Figure
12-19).
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Figure 12-9. Injector Chain Forces (Dearing, 1994)
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13. Stimulation

13.1 BAKER OIL TOOLS (SELECTIVE STIMULATION TOOL)

An inflatable selective stimulation tool has been developed by Baker Qil Tools (Coronado and Mody,
1993) for use on coiled tubing. The system can be used for stimulating multiple zones without pulling the
production string or killing the well. Through-tubing operations have led to significant cost savings for
operators, as well as other benefits.

Dramatic increases in pressure and temperature capability of inflatable elements have made many
new applications possible. One of the most critical was a system to stimulate selected perforated intervals
below the tailpipe (Figure 13-1), eliminating the need for mechanical or chemical diverting systems.

Injector Colled
Hoed ¢ Tubing
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Figure 13-1. Selective Stimulation with Coiled Tubing (Coronado and Mody, 1993)

System requirements for a selective stimulation tool (Figure 13-2) include dual packer elements to
isolate the zone of interest, the ability to be reset multiple times on the same trip, operation without tubing
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rotation, and the ability to be used in deviated wellbores. Baker Qil Tools launched several development

projects {e.g., elastomer development, valve design, etc.) to address the technologies required for the new

tool.
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Lower Packing
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Figure 13-2. Selective Stimulation Tool
(Coronado and Mody, 1993)

The packer elements are set with
coiled-tubing pressure after circulating a
ball. A spotting setting of the valve
assembly allows circulation above the set
tool. In this way, non-treatment fluids do
not need to be pumped into the formation
ahead of the treatment fluids. After
treatment fluids arrive at the tool, the
valves are switched to channel fluids only
into the formation between the packers.
Valves are controlled by tension in the
coiled tubing.

The tool is of modular design, in
sections of about 8 ft each. Lubricator
length may limit the amount of spacer
pipe that can be run between the two
packers. Current tool sizes are a 3-in.
tool for 4-in. production tubing and a
3%-in. tool for 4%4-in. production tubing.
Baker is developing a 2%s-in. tool for use
through 27%- and 3%-in. production
tubing.

The inflatable elements were specifically designed to be set in perforated casing. Testing has been

successful in perforations as large as 1% in. The 3-in. tool can be set 35 times at 3500 psi in 7-in. casing.

The 3%s-in. tool can be set 40 times at 4000 psi in 7-in. casing. One-time inflation pressure limits in 7-in.

casing are about 7000 and 8000 psi for the 3-in. and 3%e-in. tools, respectively.

Prior to field deployment, the selective stimulation tool was tested at simulated downhole conditions

(temperature, oil environment). The test fixture (Figure 13-3) has 1%-in. perforations at 4 shots/ft, and

is oriented horizontally to simulate worst-case centering conditions.
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Figure 13-3. Test Set-up for Selective Stimulation Tool (Coronado and Mody, 1993)

Working pressure limits for field operations are derived from these and other tests. Results for the
3- and 3%s-in. tools are shown in Figure 13-4,
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Figure 13-4. Pressure Limits for Selective Stimulation Tool (Coronado and Mody, 1993)

Field testing of the tools began in 1989 at Prudhoe Bay. Overall, these tools have been run 39 times
at a success rate of 44 %. Since early 1992, the success rate is much greater (16 runs with 81 % successful)
due principally to improvements in the tools’ design.

13-3



The most extensive field jobs required setting the tool 11 times in 7-in. casing and 20 times in 5%-in.

casing. The highest injection rate during stimulation was 4.2 bbl/min.

The flow paths through the tools’ valves are curved and restricted. As a consequence, the
manufacturer does not recommend using the tool for services with high-solids fluids, such as cementing

or fracturing.

13.2 CONOCO (BASIC COILED-TUBING STIMULATION DESIGN)

Sas-Jaworsky (1993) of Conoco presented an overview of the considerations for designing, planning,

and implementing stimulation treatments using coiled tubing (Figure 13-5).
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Figure 13-5. Stimulation Treatment Using Coiled Tubing (Sas-Jaworsky, 1993)

Four general mechanisms are responsible for formation damage: solids plugging, water blockage,
clay swelling, and fines migration. These mechanisms may act singly or in combination. Specific
mechanisms must be identified before the best stimulation program can be designed.
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Chemical stimulation treatments are especially suitable for coiled tubing. These treatments generally
do not require high pump rates or pressures. Coiled tubing has several advantages when compared to
jointed tubing for performing stimulation treatments. Coiled-tubing rigs require less space and conventional
rigs are not needed. Additional formation damage can be avoided if coiled tubing is used. Coiled tubing
can be deployed under pressure; thus, kill-weight fluids (potentially damaging to the formation) are not
needed. Also, production tubing can be left in place, thereby avoiding exposing the formation to fluids
and debris behind the production tubing.

Pumping debris from the wall of the coiled tubing into the formation can be avoided by pickling the
string with acid prior to performing the job. Acid volumes required to clean 12,500 ft of coiled tubing are
shown in Table 13-1.

TABLE 13-1. Acid Volume to Pickle 12,500 Ft of Coiled Tubing (Sas-Jaworsky, 1993)

Pipe 0D (in.) Pipe ID (in.) Area (sq ft) Rust (Ib) 15% HCI (gal)
1.000 0.826 2,703 130 378
1.250 1.060 3,469 167 486
1.500 1.282 4,195 201 588

Acid can also be placed selectively with coiled tubing. Coiled tubing can be used to unload the well
after stimulation procedures are complete, thereby minimizing the time spent acid remains in the wellbore.

Coiled-tubing diameter should be chosen after pump rates are determined. The largest practical
diameter should be used to minimize friction pressure drops during pumping.

Sas-Jaworsky listed general procedures for stimulation jobs using coiled tubing. These include:

1. Design wash tool based on required hydrodynamic action for proposed operation.

2. Circulate completion fluid and run in with coiled tubing to below zone to be
stimulated.

3. Pump pre-wash treatment fluid. Pull up coiled tubing while pumping at a rate to
provide complete displacement of borehole fluid.

4. After interval is displaced, stop coiled tubing movement, close off annulus, and
displace solvent into interval.

Pump primary acid stage while reciprocating nozzle to ensure uniform coverage.
Pump first diverter stage while continuing reciprocation.
Continue for remaining acid and diverter stages.

Pump flush volume to displace treatment fluids from coiled tubing.

L % N W

Run coiled tubing below treatment interval and displace downhole wellbore with clean
fluid.

10.  Pull up coiled tubing to depth as required for unloading well, else pull out of well.
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13.3 MOBIL E&P U.S. (COILED-TUBING-ASSISTED FRACTURING)

Mobil E&P U.S. (Harms, 1994) modified their completion operations at the Lost Hills field to include
the use of coiled tubing for cleaning out and placing sand plugs, and to monitor bottom-hole pressure during
fracturing. Overall completion costs were reduced 21 % as compared to a conventional approach using a

workover rig/snubbing unit.

Fracturing costs account for the majority (65 %) of total costs for the wells in this field. The reservoir
thickness ranges from 600-800 ft. Multiple fracturing procedures are required due to variation in
mechanical properties throughout the interval. Charges for an average well completion in 1992 (before
coiled tubing was used) are summarized in Figure 13-6.
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Figure 13-6. Completion Costs for Conventional Prqgram {(Harms, 1994)

Fracturing costs accounted for 73% of total completion costs. There were important inefficiencies
in the time required to perform the operations. Fracture pumping operations were completed in 1-1.5 hr.
Conventional procedures allowed only one interval to be stimulated each day. Consequently, 65-75% of
the 4-hr minimum pumping charges were wasted. A typical well with five fractured intervals required 8
days to complete.

Mobil’s completion operations were modified in 1993 to include the use of a coiled-tubing unit.
Coiled tubing was used in place of conventional tubing for cleaning out and placing sand plugs between
the intervals, and as a dead string during fracturing. The modified completion operation is summarized
in Figure 13-7.
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Step 1. Move in coiled tubing unit, install necessary eguipment,

Step 2. Perforate interval to be fracture stimulated.

Step 3. Run ceiled tubing in hole.

Step 4. Fracture stimulate down tubing/casing annulus {(with coiled
tubing used to monitor bottom hole pressure).

Step 5. Force close fracture with limited flowback and allow time
for sand to settle.

Step 6. Clean out sand to bottom of next perforated interval, or
place sand through coiled tubing if necessary.

Step 7. Pull coiled tubing out of hole.

Repeat steps 2 through 7 for each stage.

Step 8. Rig down coiled tubing unit and eguipment.

Step 9. Move in production rig, install necessary equipment.

Step 10. iﬁn i?nventional tubing in hole, circulate ocut sand to total
epth.

Step 11. Land production string.

Figure 13-7. Completion Procedure Using Coiled Tubing (Harms, 1994)

Costs for the modified completion procedure (Figure 13-8) were reduced for fracture pumping charges
(a 33% reduction from conventional). The costs of a coiled-tubing rig versus a workover rig did not have
a significant impact on project costs since both were small compared to fracturing costs.

40 -~ 100
B
o
. 80 ©
- [ =
g 30T 8
© ®
c a
2 £
= - 60 8
Q
5 %5
ST B 2
v, c
N r..‘ 1
S < K] —~ 40 U
- QB 5
< 50 Ko [ o
) S| (XA K<)
o P R R S
° 19 K 2
o 101 ke R e o
Ko oA KX —20 3
P K] B
XY 10 X4 E
(Y 154 [
0 K59 R4 3
Pq L5 Ke<d o
bSO KK P
sl B BB A
oL b BN KX 20 Ccnooea g
T a v 9 o g 2 © € v ¢ ®© &€ c©c ©W a j
P g3 e frsyg g gs3 et
2 35 & F = 2 &8 £ > 0 g 3 @ O 5 =
W g = 6 g 235 30 , £ % @ > - a ©
.~ = [ = [T} o
g v 8 B 2 F y 2 3 « TR
o 8 & a 2 o S ouw = x5 g g g
b © u b O w0 F L

Figure 13-8. Completion Costs Using Coiled Tubing (Harms, 1994)

Coiled tubing (1'4 in.) was used to clean out sand in 7-in. casing. Gelled KCI water was used as the
circulating fluid. Sometimes additional sand was required to complete a plug. Sand at 1-2 Ib/bbl was
pumped through the coiled tubing without problems.
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Coiled tubing was also used to monitor bottom-hole pressure during fracturing. A blast joint was
used in the wellhead (Figure 13-9) to protect the coiled tubing from erosion by sand entering the wellhead.

Post-job measurements showed that the blast joint was significantly worn and that the coiled tubing was
protected.

3.5" 8 Round internal upset threads
(to connect to Coiled tubing BOPE}

10" Hommer union
(same threads as lubricatar)

S TTTT———— 10" threaded to APl 7" flonged crossover

— 2.375" internal upset threads

T ———————__  2/375" blast joint

Figure 13-9. Blast Joint in Tree Cap (Harms, 1994)

A hammer-union tree cap was placed below the coiled-tubing BOP equipment. This design allowed
rapid removal of the tree cap and blast joint when switching over to a lubricator for other operations.

Operations with the coiled-tubing rig were more efficient. Placing plugs was much more rapid, so
that a fracture stimulation could be performed every 3 hours, as compared to once a day. A typical well
with five fracture intervals can be placed on production in 4 days (half of time required for conventional),
The ability to effectively use the minimum 4-hour pumping charges led to large cost savings.

The costs for conventional and coiled-tubing-assisted fracturing programs are compared in Table 13-2.
Overall completion costs were reduced by about $60,000 through the use of coiled tubing. Additional areas

of savings were reduced rental times, not using bridge plugs, and not renting the snubbing-assist unit.
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TABLE 13-2. Conventional and Coiled-Tubing Completion Costs (Harms, 1994)

Conventicnal Completion i Coiled Tbg Completion
(1992 Average) ; (1993 Average)
b
]
Cost H Cost

(M3} Percent H (M%) Percent
Pump/8lender ! 71.5 29.9 ! 35.2 20.3
$and i 43.6 18.2 H 49.1 27.5
Frac Fluid H 40.1 16.8 H 25.9 14.5
Milage/Delivery H 8.7 3.6 ' 6.5 3.6
Frac Van ! 5.3 2.2 ' 5.2 2.9
Other 1 5.1 2.1 , 5.2 2.9
Frac Subtotal H 174.3 72.84 ) 128.1 7.7

] 1

] 1
Rig H 11.5 4.8 H 2.8 1.6
Coiled Tbg : 0 0.0 ! 7.8 4.4
Equipment Rentals H 9.5 4,0 H 3.6 2,0
Perforate 1 9.2 3.8 i 8.7 4.9
Wireline ! 7.4 3 ! 7.5 4.2
Tubing H 6.3 2.6 ! 6.5 3.6
Pump ' 3.5 1.5 ] 2.6 1.5
Supervision ' A 1.7 ! 2 1.1
Wel lhead H 3.8 1.6 ! 3.8 2.1
Snubbing Unit i 3.2 1.3 ! 0.0
Completion Ftuid ! 3.5 1.5 H 1.8 1.0
Transportation H 1.3 0.5 H 1.1 0.6
Waste Disposal 1 1.1 0.5 ! 1.3 0.7
Location . 0.7 0.3 ! 0.9 0.5
Total 239 100 ! 179 100

Completion costs using coiled tubing are 21% lower than the average for the preceding five years
with conventional programs (Figure 13-10).
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Figure 13-10. Average Completion/Stimulation Costs by Year (Harms, 1994)
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13.4 PETRO CANADA (MEDICINE HAT RE-ENTRY)

Petro Canada (McMechan and Crombie, 1994) tested modified equipment and drilling techniques
by deepening, completing and fracturing a vertical gas well with coiled tubing. The deepening of the well
near Medicine Hat, Alberta was the first field operation in a larger project to evaluate balanced drilling of
horizontal wells in sour reservoirs with coiled tubing. This first site was purposely chosen as a safer
environment to test fluids handling systems, a new pressure sensor sub, and foam model accuracy.

The subject well (PEX WINCAN MEDHAT 10-9MR-17-3 W4M) was deepened from 448 m to 530
mMD (1470 ft to 1740 ft) with a 3%-in. hole. Drilling was conducted at balanced conditions with foam
to avoid formation damage in the currently producing Milk River zone and the target Medicine Hat zone.

After drilling was complete, a string of 27%-in. coiled tubing was cemented in place as a production
liner. The liner assembly included a hydraulically actuated seal-bore permanent packer as the liner hanger.
The cement plug caused actuation of the setting tool after the plug landed in the bottom of the liner. The
top of the liner was left with a standard seal bore for use in fracturing operations.

The target formation (Medicine Hat) is a tight gas sand that requires fracing to obtain economic
production rates. This is true even if formation damage is avoided during drilling operations. Energized
fluids were required for clean up of the low-pressure zone. The proppant schedule is summarized in
Table 13-3.

TABLE 13-3. Proppant Schedule for Coiled-Tubing Fracture (McMechan and Crombie, 1994)

]

Fluid per Out of Slurry per Total Proppant Total

Stage Tanks Stage Shurry Conc Proppant

m3 m3 m3 m3 kg/m3 tonnes  |Remarks

1.0 Acid spearhead
L 3.2 3.2 3.2 3.2 Displace/ISIP
L 190 22.2 19.0 222 Pad
|
C20 24.0 2.2 24.4 300 0.60  |20/40 mesh sand |
'\ 2.0 26.0 2.4 26.8 500 1.60 20/40 mesh sand |
P25 28.5 32 30.0 700 3.35 20/40 mesh sand
P25 310 33 333 900 5.60 20/40 mesh sand
! 2.5 335 35 36.9 1100 835 20/40 mesh sand |
30 36.5 4.5 41.3 1300 12.25  |20/40 mesh sand |
] 3.2 39.6 5.0 46.3 1500 17.00  |20/40 mesh sand
;53 449 8.4 54.6 1500 25.00  |12/20 mesh sand
f
i‘ 1.9 46.8 1.9 56.5 Flush
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The operator found that stinging the 27%-in. coiled tubing into the liner was difficult, due presumably
to residual curvature. This problem was solved by adding 16 ft of EUE pup joints to the end of the coiled-
tubing string.

The frac job was pumped at an average 21 bpm. Formation breakdown pressure was 1740 psi and
treating pressure ranged from 1160 to 3850 psi.

After the proppant was pumped, fluids were produced up the frac string until the well died due to
fluid loading. Next, the coiled-tubing frac string was pulled out of the liner hanger and nitrogen circulated
through the well to unload fluids and initiate production. The final wellbore status is shown in Figure 13-11.

Conductor pipe; 219.1 mm, 47.6 kg/m @ 10m

Production casing: 114.3 mm, 14.14 kg/m,
3-55 @460 mKB

k Existing Milk River perforations:
421.8-422.8 mKB
424.6 - 425.5 mKB
426.7 - 427.6 mKB

o LinerHanger: 73.0 X 114.3 mm Cardium LPM
Perm Packer hydraulically set ar 440 mKB

Liner: 73,0 mm, 6.74 kg/m coiled tubing

@ 530 mKb

-

Medicine Hai perforations:
476 - 510 mKB

L

Figure 13-11. Final Completion of 10-9MR-17-3 W4M (McMechan and Crombie, 1994)

13.5 SCHLUMBERGER DOWELL (CARBONATE MATRIX STIMULATION)

Schlumberger Dowell in Saudi Arabia (Thomas and Milne, 1993) performed laboratory and field
studies to develop improved techniques for acidizing horizontal wells with coiled tubing. Results suggest
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that, in carbonate reservoirs, acid placed via coiled tubing with foam diversion is the preferred method for

damage removal.

Matrix acidizing techniques are often more economic than other stimulation methods (hydraulic
fracturing, acid fracturing, etc.). Fracturing techniques have limited success in naturally fractured
formations, in which horizontal drilling is popular. Operators commonly use bullheading as well as coiled-
tubing placement techniques for matrix stimulation. The use of foam diverters has become more common

in these operations.

An example of the removal of formation damage by bullheading acid without diverter is shown in
Figure 13-12. The data represent a 1000-ft well in a sandstone formation with a 2 in. damaged zone in
the upper and lower zones. The mid 200 ft are the undamaged thief zone.

14

T

L = 1000 Ft
\ r, = 2 Inches
“"m,, Rate = 2 BPM

12 T, Lower Section

10

Upper Section

Thief Zone

_9 | | | |
1 2 3 4 5

Time Hrs

Figure 13-12. Treating Horizontal Well with Thief Zone by Bullheading Acid
(Thomas and Milne, 1993)

After 5 hours, damage is removed in the upper section preceding the thief zone. In the lower zone,
significant damage remains after treatment. This treatment can be improved by staging acid and diverter.
If ten acid/diverter stages are injected, the lower zone beyond the thief zone can be effectively treated
(Figure 13-13).
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= 1000 Ft
kke = 33
r, = 2 Inches
Rate = 2 BPM

Thief Zone

I | | I
-2
1 2 3 4 5

Time Hrs
Figure 13-13. Treating Horizontal Well with Thief Zone by Staged Bullheading of Acid
and Diverter (Thomas and Milne, 1993)

The flow rate into each zone varies over time (Figure 13-14). Flow into the thief zone is reduced
after the first diverter stage is pumped.

1.2
L = 1000 F
_ — Kks = 33
E 1.0 — r, = 2Inches
m
@ Upper Section e o
g 0.8 »,v»:ww"”‘w‘
Lower Section
0.6
Thief Zone
0.4
| | I |
1 2 3 4 5

Time Hrs
Figure 13-14. Flow Rates into Zones (Thomas and Milne, 1993)
Coiled tubing can be used effectively to place a staged acid/diverter treatment. For one simulation

(Figure 13-15), diverter is placed at the thief zone for the first 20 minutes. Next, acid/diverter stages are

run while the coiled tubing is slowly withdrawn starting from TD. Permeability is almost completely
restored.
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19 « ., Upper Section
.. L = 1000 Ft
10 N kg = 33
L t, = 2inches
8 ™~ Rate = 2 BPM
Skin 6 [~ A

4 — Lower Section

2 -
Thief Zone
0
.9 | \ I |
1 2 3 4 5
Time Hrs

Figure 13-15. Coiled-Tubing Treatment of Horizontal Well with Thief Zone
(Thomas and Milne, 1993)

Fractured formations can also be treated successfully with acid. A simulation was conducted of
bullheading acid into a horizontal well with three severely damaged fractures spaced 200 ft apart. Results
indicated that acid never reaches the lower fracture (Figure 13-16).

200 - Lower Fracture
150 —
Skin Middie Fracture
100
Upper Fracture
S50
0 l I ‘
0 10 20 30 40 50 60

Time (MN)

Figure 13-16. Treating Horizontal Well with Damaged Fractures by Bullheading
(Thomas and Milne, 1993)

Using staged acid and diverter is more effective for treating all three fractures in the horizontal
wellbore (Figure 13-17). However, bullheading the treatment normally results in poor coverage beyond
200-300 ft.
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Lower Fracture
150 -
- .,
Skin Middte Fracture q%\
K\.‘
100 »»K\
Upper Fracture
50
0 ] 1 1 1 1 i
0 10 20 30 49 50 60 70
Time (MN) '

Figure 13-17. Treating Horizontal Well with Damaged Fractures by Bullheading Staged
Acid and Diverter (Thomas and Milne, 1993)

In one field operation, coiled tubing was used to acidize a 1500-ft horizontal section with HCI at 25
gal/ft. Acid was pumped at 10 gal/ft while pulling the coiled tubing out of hole. Next, 15 gallons was
bullheaded into the section. The production logs after the treatment (Figure 13-18) show that most of the
improvement occurred in the first 300 ft of the well. Schlumberger Dowell suggested that a thief zone was
created in the first section of the wellbore by the wormholing effect of the acid.

After-Acid
Flow Rate

B/D 6000

Before-Acld
Flow Rale

D 6000

Depth, ft

! Another horizontal was treated with coiled tubing with foam
diversion. Production logs (Figure 13-19) showed that the heel and
toe of the well were not producing as expected. The post-treatment

200

temperature Jog shows that injection was improved in the treated
zones.

Figure 13-18. Production Logs
Before and After Coiled Tubing
Acidizing (Thomas and Milne,
1993)
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1405

True vertical depth, m

i - Fraciured 10ns’

1406

Productlon log

100 150 200 250 300

Horlzontal section, m

o

Pre-acid temperature log

S

Postacid temperature log

| oo Stimulation targets prmymy s

Figure 13-19. Acid Treatment with Coiled Tubing and Foam
Diversion (Thomas and Milne, 1993)

Schlumberger Dowell recommends that the most successful acid treatments in horizontal wells are

obtained with foam diversion and the use of coiled tubing placement.

- Colled tubing

_ Tool system

Waellbore

- Infiate packer

Treatment zong

Inflate packer

i ¥ ¥ 1 3

Figure 13-20. Stimulation BHA
with Real-Time Measurements
(Thomeer and Willauer, 1994)

13.6 SCHLUMBERGER DOWELL (REAL-TIME MEA-
SUREMENTS)

Schlumberger Dowell (Thomeer and Willauer, 1994) added
a special tool system to a selective stimulation tool (Figure 13-20),
improving the ability to optimize stimulation procedures based on
conditions actually encountered. Real-time measurements of
pressure and temperature at bottom hole are used to evaluate
reservoir and wellbore conditions before, during and after a
stimulation treatment. This ability to evaluate and treat in a single
run greatly increases efficiency.

Conventional approaches to designing job pressures and
fluid volumes rely on gauges conveyed on wireline or jointed pipe,
or on the use of surface data to predict downhole conditions.
Bottom-hole pressure is usually extrapolated from wellhead data
by accounting for friction pressure and hydrostatic head.
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Significant errors can arise through this approach, particularly when non-newtonian fluids are used.
Chemical reactivity of the treating fluids can change the surface roughness of coiled tubing, affecting friction

pressure.

In one example job, calculated bottom-hole pressures were compared to those recorded on memory
gauges during the job (Figure 13-21). Predictions were relatively accurate when the pumps were off.
During pumping operations, errors in frictional losses and tool pressure drops result in a significant variation

between predictions and reality.

6000 T T T
----- Computed BHP ,
5500 k‘ —0— Actual BHP 'ﬁ

14
3
J
[S

ol |

{
]

0 :

3 ! . i |

% ‘\-"\v\’i" "o. e "'

m “m = oy

L—PUMP'"G —> ;‘——M pumping ———»{
35m | ] | )
20:40:00 20:50:00 21:00:00 21:10:00 21:20:0(
Time (hr:min:sec)

Figure 13-21. Downhole Pressure Predictions and Memory-Gauge Measurements
(Thomeer and Willauer, 1994)

The real-time tool system can be used in the design of a stimulation treatment by identifying highly
permeable zones. One technique is to inject cool fluid down the annulus. Afierwards, the tool string with
temperature gauge is moved up the well. Theoretical results in a homogeneous horizontal wellbore are

shown in Figure 13-22.
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gradient

Temperature

after pumping

heel toe
Depth

Assumptions

« Pumping cold fluids in annulus

- Recording temperature irom toe end of well
- Moving sensor tool at constant rate

- Horizontal

Figure 13-22. Temperature Profile in Homogeneous Horizontal Wellbore
(Thomeer and Willauer, 1994)

If this procedure were performed in a horizontal well with a single permeable zone, the temperature
profile would contain a dip (Figure 13-23). The center of the zone can be located by plotting the rate of
change of temperature. The center of the zone has zero slope.

Center of permeable 2zone

Temperature

]
|
|
|
l
I
|
|
|
1
|
|
|
|
|

_%_

H Rate of change

Depth

Assumptions

- Pumping cold fluids in annulus

- Recording temperature from toe end of well
- Moving sensor tool at constant rate

- Horizontal

Figure 13-23. Temperature Profile in Horizontal Wellbore with Permeable Zone
(Thomeer and Willauer, 1994)
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The entire data acquisition system is shown in Figure 13-24. These data can be obtained on
monoconductor cable. For stimulation jobs, the cable and tools must be acid-resistant.

Irtarinc) moduid

- Grappe

b= e it s
L L)

- Acuey
mueng

[,

Figure 13-24. Real-Time Data Acquisition System (Thomeer and Willauer, 1994)

Pump uck

Schlumberger Dowell presented results from an acid stimulation of a horizontal oil well in Canada.
Objectives were to locate permeable zones before treatment, treat the well, and verify results by locating
new permeable zones. A temperature survey run before treatment is shown in Figure 13-25. The smoother
line is the temperature survey; the rougher line is the rate of change of temperature.

Well profile
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| l— Temperature == Rste of chmoLI
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Depth (m)

Figure 13-25. Temperature Profile Before Acid Stimulation (Thomeer and Willauer, 1994)
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After stimulation, another temperature log was run (Figure 13-26). It is clear that new permeable
zones were created by the stimulation treatment. Actual temperatures vary from pre- to post-treatment
because water was injected at the heel initially and at the toe after stimulation.
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Figure 13-26. Temperature Profile After Acid Stimulation (Thomeer and Willauer, 1994)

The selective treatment tool was used without real-time measurement capability in an African oil well.
Downhole data were recorded on memory gauges (Figure 13-27). The packer pressure trace revealed that
the packer's working differential pressure was exceeded during the job. Surface data did not indicate that
bottom-hole pressure was dropping. Experiences with this well emphasize the importance of real-time
monitoring of bottom-hole conditions.
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Figure 13-27. Stimulation Job Without Real-Time Measurements (Thomeer and Willauer, 1994)
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14. Tools

14.1 ARCO ALASKA (SPECIAL TOOLS)

Along with the development of higher-strength, more reliable, and larger coiled tubing and surface
equipment, tools are being developed and perfected for new applications and techniques. The coiled-tubing
applications that are receiving the most attention include drilling (sidetracking and wellbore extensions),
cleanouts, one-day recompletion workovers, and exploration.

Blount (1993) of ARCO Alaska discussed many of the most interesting coiled-tubing tools recently
developed. Additionally, he described several tools needed by the industry to perform a variety of coiled-
tubing operations more efficiently.

Blount mentions the need for lightweight power tongs for making up motors onto coiled tubing. In
the past, North Slope operators have used a thread sealant to prevent the connection from slipping. The
difficulty in breaking the seal after the operaticn is completed makes this approach less than ideal. Power
tongs for this operation would not need to be especially fast since only a small number of connections need
to be made each trip.

The push toward the use of larger coiled tubing equipment raises conflicting requirements. Larger
tubing requires larger rigs, larger footprints at the site, more rig-up time, and higher operating costs.
These requirements serve to erode the basic advantages of coiled-tubing operations. Blount warns that
equipment design should be carefully planned and matched to essential requirements to maintain the basic
benefits of coiled tubing.

Hydraulically operated re-engageable tools are recent innovations in coiled-tubing fishing operations.
These tools operate by a visco-jet orifice that cycles the tool between engage and disengage. Increased
pressure (above a preset limit) causes the tool to release from the fish. More of this type of tool is needed
for fishing operations.

Tools that have proved useful in fishing operations include the orienter and the adjustable bent sub,
which were initially developed for drilling applications. The orienting tool can be used to rotate the fishing
assembly by 30-45° each time the circulating pumps are cycled. The adjustable bent sub bends to a preset
or variable angle when pressure is applied. These tools have been shown to be extremely useful for
engaging fish.

Abrasive jet drilling with coiled tubing is under serious consideration. Many new tools need to be
developed for this technology. Coiled tubing strings of high-strength alloys or composites may have a
substantially increased life in high-pressure abrasive drilling.
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New packers have been designed for coiled-tubing operations. These can allow pumping while
running in the hole and after setting. They are expandable for use below restrictions, such as landing
nipples.

Spoolable equipment is expected to increase in variety in the future. Surface equipment that is more
flexible will be able to run tubing with external upsets. Spoolable gas-lift valves were recently installed
successfully in a string of 2%s-in. coiled tubing.

14.2 BOCK SPECIALTIES INC. (COILED-TUBING PACKERS)

Bock Specialties Inc. (Lacy, 1994) described the design and use of coiled-tubing packers, bridge
plugs, and cementing tools. These tools are activated by hydraulic pressure or reciprocation of the coiled
tubing.

A newly-designed setting mechanism was used in a multiple-set coiled-tubing tension packer. The
packers setting mechanism engages every time the tubing's direction of motion reverses. The packer is
set by running in hole and then picking up at the desired depth. The mechanism is released by slacking
off on the packer and then picking up again.

Another design that includes an equalizing valve was derived for testing applications. This system
is set initially with tension. After being set, the tool holds pressure from above or below without moving.
The equalizing valve equalizes pressure across the tool before the tool is released and retrieved.

14.3 HALLIBURTON ENERGY SERVICES (HORIZONTAL COMPLETION TOOLS)

Horizontal drilling technology has been well served by coiled tubing. Industry's focus has shifted
toward development of technologies that allow more control over production. New tools designed to be
run and operated on coiled tubing are being developed to address these needs (Robison et al., 1993).

Zonal isolation is now practical in horizontal wellbores due to the availability of coiled tubing
services. It is now routine to complete horizontal wells with zonal isolation capability and within a
reasonable cost.

Open-hole completions have been the most common and least expensive option for horizontal wells.
The principal disadvantage is the lack of control this provides over the producing interval. External casing
packers can be used in these wells. Coiled tubing can be used to set inflatable elements that have a low-
pressure seal, usually adequate to isolate adjoining zones. Between the packers, either slotted liners or
sliding sleeves (Figure 14-1) can be installed.
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RETRIEVABLE SLIDING SLEEVE CIRCULATING DEVICES PUP JOINT
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INFLATABLE ELEMENTS FLOAT COLLAR FLOAT SHOE

Figure 14-1. Open-Hole Zone Isolation With Packers and Sliding Sleeves
{Robison et al., 1993)

Sliding sleeves provide more positive control of the production interval. They can be opened or
closed by a simple coiled-tubing procedure.

Sliding sleeves are also an option in cased-hole completions (Figure 14-2). For these cases,
conventional production packers can be used for zone isolation.

SLIDING SLEEVE CIRCULATING DEVICES PUP JOINT
/__//
Wee 1 e [T - o] ] - :
FLOAT SHOE

I
FLOAT COLLAR
RETRIEVABLE PACKER L co

Figure 14-2. Cased-Hole Zone Isolation With Packers and Sliding Sleeves
(Robison et al., 1993)

The hydraulic capability of coiled tubing adds significantly to the operational options available.
Downbhole tools can be manipulated hydraulically without needing to rely on set-down weight. A special
hydraulic shifting tool (Figure 14-3) provides more positive control than a conventional shifting tool with
set-down weight. No tubing manipulation is required. When shifting is accomplished, flow ports open,
signaling successful operation.
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Figure 14-3. Hydraulic Shifting Tool (Robison et al., 1993)

Significant forces can be generated by the hydraulic shifting tool for shifting sliding sleeves (Table
14-1). Wireline inside the coiled tubing can relay data describing the forces applied and the position of
the sliding sleeve.

TABLE 14-1. Hydraulic Shifting Tool Force (Robison et al., 1993)

* Tublng Stze(ln) - Shifter0.0{in) | Piston Area (Suin) | ForceAvailable (LBF)
2% 1.84 1.57 7,800
2% 2.23 1.90 9,500
3k 2.72 2.32 11,600
44 3.50 2.98 14,900
5 3.89 3.31 16,500

Advanced shifting tools have multi-position settings that allow fine control of the flow area
(Figure 14-4) and the flow profile along the wellbore. This ability can be very useful in water coning
avoidance and injection wells where precise flow control is required.
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Figure 14-4. Multiposition Sliding Sleeve (Robison et al., 1993)

14.4 SONOMA CORPORATION (IMPACT DRILL)

The HIPP-TRIPPER® is a rotating impact drill that operates with any
fluid including diesel and xylene. This patented tool combines bit rotation,
impact force, and a high-pressure pulse at each cycle for effectively drilling
fill, removing obstructions, freeing stuck tools, and a variety of other tasks.
A basic tool schematic is shown in Figure 14-5.

The tool is used primarily in coiled-tubing operations to remove scale,
gravel, resin sand, and paraffin; to drill out cement; and to break ceramic
disks in zone isolation systems. A bidirectional version of the HIPP-
TRIPPER® can impact both up and down, and is used for fishing operations,
removing tubing obstructions, and shifting sliding sleeves. Typical tool
specifications are shown in Table 14-2.

14-5

Upper sub

Dart

—— Seal

Impact cap

Figure. 14-5. HIPP-
TRIPPER® Impact Drill



TABLE 14-2. Specifications of HIPP-TRIPPER® Impact Drill

Typical Specifications**

Tool Size {In.) | 1, Single Directional | 2v» Bidirectional*
Diameter {In.) 1.688 2125

Flow Rate (bbi/min) 0.25-1.00 0.25-1.50
Torgue Range |ft-Ibf) 100 - 250 120 - 360
Rotation Speed {rpm) 7-30 7-30

Blow Frequency (blows! min} 50 - 800 50500
ToolSize(ln): = | 4% Single Directional | 3% Bidirectional*
Diameter {In.) 4.75 3.125

Flow Rate {bblfmin} 0.25-3.00 0.25- 1.50
Torque Range {ft-bf) 50 - 750 50 - 750
Rotation Speed {rpm} 7-30 7-30

Blow Frequency (blows/ min) 50- 200 50 -500

* Also available in single-directional version

**All tools operate at @ maximum temperature of B00°F and 5000 psi

The HIPP-TRIPPER® does not rotate or reciprocate unless the bit meets resistance; thus, fluid can
be circulated while the tool is run in and out of the well without damaging wellbore tubulars. The impact
frequency is dependent on the weight on bit and fluid pump rate, and varies between 50 and 800

blows/min. The stroke length varies between % and 1'% in., and depends on tool size and weight on bit.

Various bits and tools are available for the tool for drilling different materials and performing other
tasks. Several operators and service companies have reported good success with the HIPP-TRIPPER®.

14.5 REFERENCES
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15.1 GENERAL

15. Workovers

15.1.1 BP Exploration (Success of Coiled-Tubing Workovers)

BP Exploration (Pucknell and Broman, 1994) assessed the success of horizontal wells in the
Prudhoe Bay field. They analyzed five years of production data and compared fourteen horizontal and
high-angle wells to conventional offset wells. Completed intervals in these horizontal wells ranged from
430 to 2166 ft. Additionally, they described the success of coiled-tubing workovers on these non-

conventional wells.

|
4
{ L
}
7
L
3
1
£
CAL-4
!
p— I
1 1
CAL-3
1—
¢ !
CAL-1 § CAL-2
.
9800 ¢ Y
o
687 e
[4 [4
[4 14
{
N\ { {
—
~
\
I
9850 T
_—
>
=
Pl | 1
L et +
i L1 1 1 L

Figure 15-1. Caliper from Cement Evaluation Log
in Horizontal Well (Pucknell and Broman, 1994)

North Slope operators have exten-
sive experience with coiled-tubing work-
overs. In these nonconventional wells,
coiled tubing has been used successfully to
run flow meters and other logs. Problems
have occurred in running a bridge plug to
shut off gas and in opening/closing sliding
sleeves. BP Exploration believes these
problems are the result of debris in the

hole and completion jewelry in doglegs.

Junk has been seen to accumulate on
the low side of the hole in wells with
deviations greater than 60-76°. In one
well, a cement caliper log (Figure 15-1)
indicates the presence of junk starting
about 15 ft before the tool stopped ad-
vancing. Caliper 2 showed the debris on
the low side of the hole.

Problems with debris in 4.9-in. liners occurred most often with tools larger than 3 inches.
Coiled-tubing jetting was successfully used to clean out the debris. BP Exploration recommends
performing a clean-out operation before running large-diameter tools in horizontal wells.

~
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Another problem encountered in coiled-tubing workovers in horizontal wells was tools
hanging up at specific locations even though the well was clean. Analysis pointed to tools hanging in the
seal assembly (Figure 15-2). The tools can normally pass through this geometry; however, when the
assembly is located in a dogleg, the tool edges can catch. BP Exploration suggested that this problem could
be avoided by locating completion jewelry in positions other than doglegs.

Shifting Tool

Figure 15-2. Logging Tools Catching in Completion Jewelry (Pucknell and Broman, 1994)

15.1.2 Maurer Engineering Inc. (Ad d Workov lication:

Maurer Engineering (Adkins and Deskins, 1994) reviewed coiled-tubing workover
applications, discussing job distributions in the past and future. About two-thirds of the entire coiled-tubing
market relates to workover/stimulation activities (Figure 15-3). In fact, approximately 60% of worldwide
coiled-tubing units are owned by pressure-pumping companies.

CLEAN-OUT 58%

|—— CEMENTING 2%
...... —FISHING 3%

. ST LOGGING/PERF 4%
S N
\ |
/
DRILLING 5%
DOWNHOLE TOOLS 1% NITROGEN LFT 7%

STIMULATIONS 10%

Figure 15-3. Coiled-Tubing Workover Applications (Adkins and Deskins, 1994)
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Coiled-tubing rigs have found widespread use in the oil field for workovers, drilling, and
completion operations. Reduced rig costs and trip times with coiled-tubing rigs have reduced costs by as
much as 50-70% when compared to conventional workovers. Coiled tubing has also proven to be more
versatile than other conventional systems. The advantages and disadvantages of coiled-tubing systems as
compared to conventional systems (i.e., jointed pipe and wireline) are shown in Figures 15-4 and 15-5.

VS. é
JOINTED PIPE
FASTER TRIP TIME ROTATION FROM SURFACE
CONTINUOUS PUMPING LOW PIPE FATIGUE
LOW MOBILIZATION COSTS GREATER PUSH/PULL
LIVE WELL OPERATIONS HIGHER TORQUE
SLIM-HOLE WORKOVERS PROVEN / ACCEPTED

Figure 15-4. Coiled-Tubing Versus Jointed-Pipe Operations (Adkins and Deskins, 1994)

ra VS.

COILED TUBING WIRELINE
GREATER PUSH/PULL LOW COST
HYDRAULIC CAPABILITY DEPTH MEASUREMENT
PROTECTED CABLE PROVEN / ACCEPTED

CIRCULATION POSSIBLE
HIGH ANGLE / HORIZONTAL

|

Figure 15-5. Coiled-Tubing Versus Wireline Operations (Adkins and Deskins, 1994)

In addition to “conventional” workovers with coiled tubing, new applications are under
development. One of these is the use of coiled tubing as a production flow line. One of the earliest of
these jobs involved laying a pipeline in the Gulf of Mexico between two platforms. Substantial cost savings
resulted from significantly less installation time as compared to welded pipelines. The market for the
newest applications is expected to gradually expand as the industry becomes more comfortable with the
quality of the new generation of coiled-tubing tubulars, equipment and services.
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15.2 SAFETY
15.2.1 Introduction

The full potential of the technical and economic advantages of live-well operations will never
be achieved unless these operations are conducted safely. The coiled-tubing service industry has
recognized this fact and has improved operational safety rapidly and dramatically in recent years. Coiled-
tubing technologies are also being increasingly adopted by safety-conscious operators and integrated into
their operations.

In early coiled-tubing field operations, tubing reliability was the principal area of operator
concern. Fortunately, recent developments in manufacturing quality and improvements in tubing materials
have largely alleviated the industy's concern. Along with improvements in the tubing itself, a large body
of research has been conducted to increase the industry's understanding of the mechanical and fatigue
performance limits of the product.

Tubing-life prediction models have been developed based on theoretical analyses and
empirical data. These models can normally predict with good accuracy the life of a string of coiled tubing.
Input data for the life models are taken in real time during each operation with a particular string of tubing.

Pressure, tension, and compression limitations are now understood much more accurately.
Operations are now designed to be completed safely within these limitations, further reducing the chances
of unexpected failure. Some operators’ perceptions about tubing safety lag behind the industry's advance-
ments, but should converge as information and data are made widely available.

Well-control systems and BOPs have been improved to safely handle any emergency
condition. Larger coiled-tubing BOPs with improved capabilities are being developed to handle larger
tubing diameter and wall thickness. Special surface equipment and techniques have been developed for

running long BHAs. These new techniques allow a lower, safer injector height.

Injector designs are becoming refined to minimize stress, scarring, and deformation of the
tubing as it passes through the grippers and gooseneck.

The experience and competence of the equipment operator have a strong impact on job
safety. Major service companies have instituted major training programs for basic and advanced
operations. Sophisticated simulators (Figure 15-6) raise the safety awareness and response of operators
for a variety of emergency conditions. Responses can be practiced under controlled conditions for

normal, unusual, and emergency sitations.
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Figure 15-6. Coiled-Tubing Simulator {Adam et al., 1992)

An additional important development is the establishment of an API committee to study and
formulate recommended practices for coiled-tubing operations. Five divisions are under consideration:

Coiled tubing

Surface equipment

Downhole equipment

Safety and environmental issues

et

Operating procedures

Environmental safety has become a critical concern for both operators and service
companies. Coiled-tubing operations have advantages over other technologies, including a smaller well-
site footprint, less equipment to transport, lower fluid volumes, and less waste requiring disposal.

15.2.2 Schiumberger Dowell (Operational Limits)

Operational limits for coiled-tubing usage should ultimately be determined based on the
specifications and condition of the string. Schlumberger Dowell (van Adrichem and Adam, 1993)
formulated suggested overall operational limits for coiled tubing jobs (Table 15-1).
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TABLE 15-1. Suggested Operating Limits for Coiled Tubing (van Adrichem and Adam, 1993)

Maxmvou
... Girculating pressure with tubing static: | ! 5000psi
_.......Circulating pressure with tubing moving: 4000psi
,,,,,,,,,, Outside to inside pressure differential: |~ 1500psi
. Welthead pressure: 3500psi
. Tubing speed RIH: | ISfthmin
. Tubing speed POOH: 100 ftfmin
,,,,,,,,, Tubing speed RIH @ 100 feet from bottom f  10ftfmin
.. Yensile stress in coiled tubing: | 80% of yield point
Dvality of coiled tubing: 6%
MINIMUM
,,,,,,,,,, Clearance for tools to pass restrictions: ~~f  4w@ofOD)
__________ Clearance for tools while sand washing: | 1%
H,S producing wells: No butt welds

Operational limits become increasingly important as coiled-tubing applications become more
rigorous and equipment capacities increase. The pulling capacity of many injector heads can exceed the
tensile strength of tubing. Pumping equipment may also be capable of exceeding tubing limits.

Some of the limits listed in Table 15-1 seem to be conservative when considered
independently. However, some parameters interact synergistically, and conservative limits are a practical
way to address their interaction. As an example, a slight increase in tubing ovality leads to a decrease in
collapse pressure. Consequently, a collapse pressure rating of 1500 psi takes into account the presence of
some tubing ovality.

Interaction of Von Mises stresses in setting tension, burst, and collapse limits is depicted in
Figure 15-7. The operating range (the cross-hatched portion) is based on limiting tension and burst to 80%
of yield and collapse to 65% of yield (again taking into account the effect of ovality on collapse).
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Figure 15-7. Example Operating Range for Tension, Burst, and Collapse

Safety is an increasingly critical factor in the job-design equation. Coiled-tubing operations
are generally considered as inherently safer than operations with conventional workover rigs or snubbing
units. The primary advantage of coiled tubing is the absence of joints, which eliminates hazardous pipe-
handling operations. However, other aspects of coiled-tubing operations can pose hazards and must be
given appropriate attention both before and during job execution.

Live-well operations always present the potential for danger and must be handled with
appropriate respect. Coiled-tubing operations require the use of heavy equipment by personnel who must

often work extended hours.

Engineering efforts to understand and predict tubing fatigue and behavior have resulted in
a significant decrease in the incidence of tubing failure. However, a frustrating aspect of tubing behavior
is the lack of any repeatable warning sign as an indicator of imminent failure. For example, a work string

can rate “as new” by pressure testing, and fail during job execution soon thereafter.

Coiled-tubing technology shares pitfalls in equipment design, as does any rapidly developing
technology. As new applications are constantly developed, existing equipment is often extensively
modified and adapted. Occasionally during these efforts the design limitations of the original tools are

inadvertently exceeded.
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Early fishing tools run on coiled tubing were adapted from commen wireline tools. To allow
circulation in these tools, holes were drilled in mandrels, resulting in weakening of the tool body. Higher
forces could be applied by the coiled tubing for fishing operations. The combination of higher forces and
weaker tools resulted in lower reliability of coiled-tubing fishing operations. Fortunately, purpose-designed
coiled-tubing fishing tools are currently available and reliable.

Preventative maintenance of coiled-tubing equipment must include monitoring and recording
equipment usage. Three factors prescribe maintenance and replacement procedures:

1. Time. Coiled-tubing rig systems are monitored by operating hours. Additional
influences must also be accounted for, including equipment life, climatic
conditions, and logistics.

2. Footage. The footage of coiled tubing run by the rig is a strong indicator of
wear and fatigue in the gripper components of the injector and the tubing reel.
Footage records and periodic inspections can provide early warning of failure.

3. Cyclic stress. The safe working life of a coiled-tubing string is dependent on
the plastic stresses to which it is subjected. Plastic stress with internal pressure
increases tubing damage. Computerized monitoring of tubing life is becoming
more common on rigs to ensure safe operations.

Human error remains an important part of the safety equation in coiled-tubing operations as
it does for other technologies. Minor incidents resulting from human error have snowballed into major

job failures. Education and training are seen as the principal methods for reducing this problem.

15.2.3 Schlumberger Dowell (Deployment of L.ong BHAS)

As the use of coiled tubing has expanded into logging, selective stimulation, drilling, coiled-
tubing completions, and artificial lift, long specialized BHAs exceeding 30 ft in length have become more
common. Conventional deployment of coiled-tubing strings in live wells poses several safety hazards.
Placing the injector on top of the lubricator (Figure 15-8) is hazardous because a large crane is required
and the injector often cannot be seen easily from the control house.
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7000 Ib Injector Head

SpecializedTool String

Figure 15-8. Conventional Deployment of
Long BHAs (Thomeer and
Eslinger, 1992)

Any repair or service to the injector
would require working at an unsafe height.

Schlumberger Dowell developed a
deployment method that avoids unsafe injector
heights (Thomeer and Eslinger, 1992). Their method
makes use of a special deployment bar that is posi-
tioned on top of the long tool string. The deployment
bar has a section whose diameter is identical to that
of the coiled tubing.

The modified deployment method is
described in Figure 15-9. Step 1 involves lowering
the BHA into the well through a wireline lubricator.
The string is lowered until the deployment bar is
located across from the BOP tubing rams.

The tubing and slip rams are closed
around the deployment bar to support the BHA and
seal off wellhead pressure (Step 2). Then the wire-
line lubricator and connector are removed, and the
end of the deployment bar is accessible.

The injector is fitted with a short riser and wireline or fluid connector and positioned above

the wellhead (Step 3). The connectors are then made up to the deployment bar. The injector is lowered

so that the short riser can be made up (Step 4). Pressure testing is performed. Finally, the BOP is opened

and the tool string is RIH.
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Figure 15-9. Safer Method of Deploying Long BHAs (Thomeer and Eslinger, 1992)

Additional improvements were made to the design of this deployment technique
(Figure 15-10). The surface equipment was modified to include a quick-latch connector, side-door deploy-
ment tool, annular BOP and hydraulic control panel. The quick-latich connector is self-aligning and
requires no operator to help stab or make up a threaded union.

15-10



——— inyecior Head

Figure 15-10. Improved Coiled-Tubing Deployment

System (Thomeer and Eslinger, 1992)

The side-door deployment tool provides a way to ground the injector to the wellhead before
the coiled tubing is connected. The annular BOP provides a redundant wellhead seal for the conventional
quad BOP.

The hydraulics control panel (Figure 15-11) operates the side-door deployment tool, the

quick-latch and the annular BOP. Stripper pressure is monitored to disable the control valves and prevent
unintentional opening of the side-door and quick-latch.
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Figure 15-11. Improved Hydraulics Control Panel (Thomeer and Eslinger, 1992)

Downhole tools in the improved design include the deployment bar, a dual-ball deployment

valve, and quick-union connector.

Running a long BHA with the improved deployment system begins with latching the wireline
lubricator to the quick-latch and closing the side-door deployment tool. After the blind ram is opened and
lubricator pressure equalized, the string is lowered to the tubing and slip rams (Figure 15-12, Step 1). The
rams are closed on the deployment bar and, after the pressure in the lubricator is bled through the kill line,

the annular BOP is closed.

Next, the side door is opened and the male quick-union connector is removed. After the

Stripper

QL

SDDT

ABOP

quick-latch is unlocked, the wireline lubricator is removed from the wellhead (Step 2).
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Figure 15-12. Improved Deployment Procedure (Thomeer and Eslinger, 1992)
The male quick-latch and riser are installed on the injector, and the coiled-tubing connector,

check valves, release joint, and quick-union are made up to the coiled tubing. The injector and riser

assembly are latched to the female quick-latch and stabilized (Figure 15-13, Step 3).
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“Figure 15-13. Improved Deployment Procedure (Thomeer and Eslinger, 1992)

An operator now moves in under the secured injector, opens the side door, removes the guide
tool, and threads the quick-union connector (Figure 15-14).

15-14



J’ S0OT

Malg Crnck Stab
2, Conneclor

Ginde Too

Figure 15-14. Deployment Guide Tool and
Connector (Thomeer and
Eslinger, 1992)

After the side door window is closed and
locked, the annular BOP is opened. The stripper is
pressured and tested (Figure 15-13, Step 4). The riser
pressure is equalized with the well and the quad BOP
rams opened.

Schlumberger Dowell states that this
improved system is safer, more reliable, and faster.
Minimum operator involvement beneath the injector
results in improved safety. Wellhead pressure is
controlled by a dual barrier throughout the job with the
annular BOP as the second seal.

15.2.4 Schlumberger Dowell (High-Pressure Wells)

Coiled-tubing services are being increasingly performed in high-pressure wells, i.e., those

with wellhead pressures above 3500 psi. Safe operations in these wells are possible with coiled tubing.

A few special considerations are required for these jobs, however. These considerations were reviewed

by Newman and Allcorn (1992).

A standard quad coiled-tubing BOP has four sets of rams (Figure 15-15). Blind rams seal

the wellbore when the string is not in the BOP body. Shear rams are used to cut through the tubing in

emergencies. Slip rams support the string weight. Pipe rams close and hold pressure when coiled tubing

is in the BOP.
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BOPs are rated for 10,000 psi maximum working pressure. This rating does not, however, ensure that the
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Figure 15-15. Typical Quad Coiled-Tubing BOP (Newman and Allcorn, 1992)

The BOP can be activated both hydraulically and manually in case either system fails. Most

BOP can perform its functions with a 10,000-psi wellhead pressure.

pressure decreases after each close-open cycle (Figure 15-16), with four cycles required to close and open
all rams. Accumulator capacity must be sufficient based on required closing pressure on high-pressure

wellheads.

Accumulator Pressure at End of Cycle (psi)

Figure 15-16. Accumulator Pressure After Closing BOP Ram (Newman and Allcorn, 1992)

If the hydraulic systems fail, the accumulator is used to operate the BOP. Accumulator

3.000

Accumuiator Capacity

30 gal.

2,000 —

Hydraulic system operating pressure - 2,800 psi
1.500
( [nitial nitrogen charge pressure - 1,500 psi

Close - open volume for one ram set - 59.3 cubic inches

1.000 — . :
0 s 10 . 15
Close - Open Cycles with One Ram Set
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The required hydraulic system pressure to shear coiled tubing increases with higher wellhead
pressures. Table 15-2 gives examples of shearing pressure at various wellhead pressures.

TABLE 15-2. Hydraulic Pressure to Shear Coiled Tubing (Newman and Allcorn, 1992)

CTOD | Wall Thickness | Pressure Required | Pressure Required to [ Préssure Required to
(In.) (In) to Shear 0 psi WHP | Shear 5,000 psil WHP. | Shear 10,000 psi WHP
u.zs 0.109 ‘ 1,500 2,056 : 2,611
1.25 | 0.134 2,400 2,956 3,511
1.50 0.109 1,900 2,456 3,011
1.50 0.125 ‘ 2,100 2,656 : KVAR
1.50 | 0.134 2,750 3,306 3,861

Schlumberger Dowell recommends that threaded connections not be used in coiled-tubing

BOP equipment. Their structural and sealing capacity is less than those of flanged connections or integral
pin/collar unions.

Considerations for the stripper in high-pressure operations include the magnitude of frictional
force placed on the coiled tubing by the stripper, the durability of the sealing element in high-pressure use,
and redundancy of the annular sealing system.

In normal operations, the stripper element can be replaced by closing the pipe rams. A back-up
seal is recommended in high-pressure situations, such as the back-up stripper shown in Figure 15-17. The
backup stripper and pipe rams provide a dual annular seal while the primary stripper element is being replaced.
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Figure 15-17. Standard and Back-Up Coiled-Tubing Stripper (Newman and Allcorn, 1992)
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Concerns of tubing collapse are increased in high-pressure operations. Tubing that has
become oval through fatigue cycling is more susceptible to collapse (Figure 15-18). Three techniques can
be used to minimize the possibility of tubing collapse:

1. Use small-diameter heavy-wall tubing

2. Adjust pressure inside the tubing so that differential pressure is above collapse
pressure

3. Run the coiled tubing without a check valve on the BHA so that the tubing is
pressurized by the well pressure
The third option is normally not recommended, since it requires that the tubing on the reel
and the reel manifold become well-control equipment. Should a leak occur, BOP shear and blind rams

would be the only way to control a failure in the coiled-tubing surface equipment.

5000
1.5 Dia CT 0.095" Wall in 3" Hole
8000 _”——\ Ovality
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Figure 15-18. Effect of Ovality on Collapse Pressure (Newman & Allcorn, 1992)

Injector snubbing capacity is another consideration in high-pressure wells. The compressive
force pushing the coiled tubing out of the well increases with well pressure and coiled-tubing diameter
(Figure 15-19).

15-18



35,000

20°CT
) ]
< 30,000
3
Y]
T 25,000 / y
z
& 20,000 e '/ 15" CT
5 5,000 — —
v 15, .
g // 1.25" CT
uO-‘ /
2 10,000 // Lot cT
[
2 / /
E 5.000 o
Q /

° o 2,000 6,000 8,000 10,000

4,000 ,
Well Head Pressure (psi)

Figure 15-19. Wellhead Pressure and Snubbing Force (Newman and Allcorn, 1992)

Most injector heads have a lower snubbing capacity than pulling capacity due to limitations
in the chain tensioning system. A typical 40,000-1b injector is capable of generating about a 14,000-1b

snubbing force.

High snubbing forces have created another problem in some high-pressure operations:
buckling of the tubing between the chains and the stripper (Figure 15-20). This tendency can be increased

when a single-acting load cell is used.

Figure 15-20. Buckled Tubing Between Injector
and Stripper (Newman and Allcorn, 1992)

Buckled tubing in
unsupported section.

%

The buckling load varies as a function of the distance between the chains and stripper, the
amount of misalignment, and the tubing wall thickness. A buckling guide (Figure 15-21) lessens the
possibility of tubing buckling in operations with high snubbing loads.
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Figure 15-21. Buckling Guide Between Injector and

CT Bucking Guide Stripper (Newman and Allcorn, 1992)

== =1

15.3 SAND CONTROL
15.3.1 AR il & iled-Tubi ntrol

ARCO Oil & Gas (Rich and Blue, 1993) presented an overview of sand control techniques
using coiled tubing and through-tubing techniques. Improvements in coiled tubing, equipment and tools
have led to increased acceptance and wider application of through-tubing sand control.

Through-tubing sand control was first developed in the 1960s before the development of
modern gravel-packing techniques. The success with modern methods resulted in the abandonment of the
early through-tubing techniques. Improvements in coiled-tubing technology have revived interest in
through-tubing methods. The most appropriate applications for this approach include:

e Locations with remote or harsh conditions that make conventional methods
impractical

¢ Wells with reserves insufficient to pay back conventional gravel-pack costs

e  Wellbores consisting of multiple or thin zones

¢ Wells that require heavy-weight kill fluids to control reservoir pressure, with
the consequent danger of formation damage

The principal types of through-tubing sand control are mechanical gravel packs (small-
diameter and prepacked screens), chemical formation consolidation, and resin-coated sand slurry packs.
Basic techniques and applications are summarized in Table 15-3. Each method has both advantages and

disadvantages, as discussed in the following paragraphs.
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TABLE 15-3. Through-Tubing Sand-Control Techniques (Rich and Blue, 1993)

RECOMMENDED TREATMENT

Through-Tubing Mechanical Gravel
Packs

Chemical formation application

Resin-coated sand slurry packs

COMMENTS

Often must kill well, Pressure drop through
small IDs can limit flow rates and it may be
hard to prevent pack voids in long {over 20 ft|
intervals. Future wellbore utility may be
restricted.

Simple with a good success record for short
intervals {under 10 ft)

Drilting a pilot hole may be required to fully
deplete lower zones. Not drilling a hole in-
creases the chance of successful sand cantrol,
but fimits flow rates. Good grain-to-grain
contact and adequate compressive strength
throughout the pack is difficult to obtain.

APPLICATIONS

intervals up to and greater than 20 ft and
repair of conventional mechanical gravel pack
screens that fail

Intervals less than 10 ft and repair of conven-
ticnal mechanical gravel pack screens that
fail.

Intervals up to and greater than 20 ft and
repair of conventional mechanical gravel pack
screens that fail.

The over-the-top squeeze pack utilizes a gravel-pack screen, blank pipe, and a wireline set

plug to place the assembly. The procedure (Figure 15-22) as described by ARCO is as follows:

e Set screen and blank pipe on hard bottom, plug back if necessary with or
without tieback to EOT or hang BHA from a production tubing nipple.

¢  Set a retrievable plug in top of blank pipe.

e Establish injection and bullhead gravel-pack sand slurry down production or
coiled tubing into perforations and annulus around screen until sandout occurs.

*  Wash out excess sand to top of blank pipe using coiled tubing.

¢  Dump bail cement to seal sand top if BHA is not tied back into the production

tubing.

* Retrieve plug from top of blank pipe.

¢  Set packoff and hold-down to seal top of blank pipe in production tubing if BHA
is tied back into production tubing or hung-off in a nipple.
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Figure 15-22. Over-the-Top Squeeze Pack Method (Rich and Blue, 1993)

A wash-down pack (Figure 15-23) places the gravel-pack sand or, more commonly, ceramic
beads across the perforations before running the screen into the well. Once the ceramic beads are placed
across the perforation interval, the well is killed and the bottom-hole assembly is run to the top of the
ceramic beads. A wash pipe and circulating shoe are used to wash the screen assembly down into the
ceramic beads until it reaches bottom or the tubing hangoff location. This method is limited to treatment
intervals of 50 to 60 ft due to the need to keep the prepack fluidized during washdown.

| 2 7m-in.
production
tubing

[~ Release tool

1 or 11/4-in,
blankpipe

|- 1 or 11/4-in.

wash pipe
|- 1 or 11/4-in.
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ull production
tubing

L/ Coiled tubing

| o]~ Wireline set hold
down tubing
packofl

|- Receptacle
sub

|- Gravel pack
sand or ceramic
beads

Perforations

PBTD
(hard bottom)

Figure 15-23. Wash-Down Pack Method (Rich and Blue, 1993)
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Chemical methods of through-tubing sand control offer an economic option for wells with

the following attributes: small reservoirs (1-2 BCF), minimal wellbore ID, bottom-hole temperatures in

the range 60-400°F, and bottom-hole pressures of less than 11.6 ppg.

Furan resins have been used effectively for formation consolidation (Figure 15-24) out to a

radius of over 3 ft. After the wellbore is cleaned, salt water is pumped into the formation, followed by the

resin, a saltwater spacer, an acid catalyst, and a final brine flush. After the resin is cured, a solid sand

filter is formed with a permeability of about 85-90% of the native permeability.

The main advantage of this type of system is that
no specialized downhole equipment is required and the job can
be pumped without killing the well. Recent advancements in
coiled-tubing equipment and services now allow good resin

Unconsolidated -
tormation sand o

Coiled tubing

Production
tubing

Resin solution

placement, better zone coverage, and easy wellbore cleanout.

Generally there is a minimal loss in productivity associated with
these types of operations.

Because there is no sand or “junk” equipment in
the well, this type of sand control makes it much easier to
The lack of
obstructions also make high sand-free flow rates more easily

perform routine remedial workover operations. Figure 15-24. Chemical Formation
Consclidation (Rich & Blue, 1993)

attainable than with the small diameter gravel packs.

The main disadvantage of this technique is that it is generally considered the least effective
of any of the through-tubing sand-control metheds available. Volatile chemicals and complicated pump
schedules are required and diversion is considered a significant problem since several stages are required
for successful resin setting.

Although there are other resins available (epoxies and thenolic resins), the furan resins have
proven to be most effective. Simpler pump schedules, pre-mixing ability, and external catalyzation make
the furan resin much more operationally attractive. Additionally, laboratory work has indicated that furan
systems can achieve compressional strengths of 2200 psi as opposed to 1700 psi or less for the other types
of systems. Generally a 15-25% reduction in permeability is used for calculating post chemical-
consolidation flow rates.

A hybrid of the mechanical and chemical consolidation methods is a method called resin-
coated sand slurry packs. This method as shown in Figure 15-25 involves pumping a resin-coated sand
across a perforated interval in a manner very similar to the initial step of the wash-down method. Time
and temperature cause the resin-coated sand to set up as a permeable plug. If it performs as designed, this
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plug has excellent strength and very high permeability. Once the sand pack has set up, then it can be left
as is or drilled out as flow rates require.

S| | K =

.||~ Coiled tubing

Resin coated
sand slurry
pack

- 2-in. pilot
hole

1 11A6-in.
mud motor

2-in. bit

Figure 15-25. Resin-Coated Slurry Pack (Rich and Blue, 1993)

The resin-coated sand pack method has all the advantages of a chemical consolidation method
and yet is generally considered a much more effective method of permanently controlling sand production.
Advantages include:

1. No screen, blank pipe, or junk left in the hole
2. Easy remedial operation

3. No need to kill the well
4

. High flow rate potential with minimal frictional pressure drop

The main disadvantage of this technique is the expense associated with drilling out the plug
if flow rates are unacceptable. Another disadvantage is in the placement technique used to ensure a dense
pack with sufficient grain-to-grain contact for high compressor strength throughout the entire interval.
This is a significant concern because, as a resin-coated sand slurry is pumped across the producing interval,
certain perforations will preferentially take fluid. As the slurry packs off against these high rate perfora-
tions, it will begin to dehydrate and bridge off (like a cement squeeze), leaving the lower perforation
ineffectively covered.

When drilling out a “donut” within the resin-coated sand, the vibration forces can
compromise the pack's compressional strength, thus leading to pack failure. Also, any well deviation can
cause the plugs to be drilled out along the low side of the casing, thus exposing the perforations and
causing a pack failure. For this reason it is often recommended that the pilot holes be drilled only to within
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several feet of the top perforation. If the production interval is very long, however, the large frictional
pressure drop caused by the sand pack may result in unacceptable flow rates.

15.3.2 Chevron Production Company USA (Single-Trip Gravel Pack)

Chevron USA and Western Sand Control {Dorman et al., 1994) developed and installed a
single-trip gravel pack through tubing in a well offshore Louisiana. The well was completed initially with
a conventional circulating gravel pack in 1983. Sand production began in 1992. The high angle of the
completion interval (Figure 15-26) would not allow the use of slickline or wireline operations for sand
isolation.

TvVh
0

CIHHEVRON, USA

21 br @ D90 GARDEN BANKS 236G A-12
W/17.5 DRIFT

CTIR — WELLBORE DIRECTIONAL SCHEMATIC

18%" B7.54/FT
K-55% @ 1B55
W/46" DRIFT

L0000 - [ —

\ 13%" 724/FT
3000 - W/78° DRIFT

MAXIMUM DRIFT
B1.5° @ 10423 MD

K-55 @ 6283’ MD

7" LINER TOP
284 /FT N-80
@ 9953° W/79° DRIFT

9% 474 /FT
: N-80 @' 10508° MD
o - W/B1' DRIFT
i
7 LINER @ (4121
‘ \\szﬁ,y/r‘“r N-B0
o] W/65° DRIFT
COMPLETION T res
INTERVAL S
00 -
TRUE VERTICAL g
E VE DRILLED TO 14152 MD —
DEETH 5004.42 ¥ /65" DRIFT

Figure 15-26. Chevron Well Offshore Louisiana (Dorman et al., 1994)

The original gravel pack failed after a path was opened through the 4-in. production screen
near the upper lobe of the low-side perforations. Several cleanouts were attempted with 1%- and 1%-in.
coiled tubing. These were unsuccessful. Resin-coated sand was next placed via coiled tubing, again with
little success.
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A through-tubing gravel-pack treatment was considered as the next option. Gravel would
be placed inside the original screen outside of a new screen. A special design was deemed necessary,
which included a packer for the top seal of the pack rather than a wireline- or coiled-tubing-set pack off.
The through-tubing gravel-pack assembly for this application is shown in Figure 15-27.

SINGLE TRiP TIRU-TUBING GRAVEL PACK ASSEMBLY |

NO[ _ _FROM TO DESCRIPTION

1] 13241.02 | 13241.71 RELEASE SuB

2 [ 19241.71 [ 13244.66 | CT—1 PACKER ASSEMBLY |
3 |13244.66 | 13247.03 | CT-1 CLOSING SLEEVE

4 | 1324783 | 13256.33 | LONG STROKE EXTENSION

5 | 13258.33 | 13258.85 | 1.990 AFJ X 1.5 CS BOX CROSSOVER
\ 8 | 1325B.85 13470.12 1.990 AFJ BLANK PIPE

7 | 13470.12_| 13470.60 | 2.375° FJ X 1.990° AFJ CROSSOVER

8 | 13470.60 | 13560.58 | SCREEN ULTRA PACK 40-80 PRE-PACK
'8 | '13560.58 | 13561.00 | BULLPLUG

Figure 15-27. Through-Tubing Gravel Pack (Dorman et al., 1994)

Buckling models indicated that coiled tubing would be unable to convey the required 330-ft
assembly into place in this high-angle well. For this particular well, a snubbing unit and concentric work
string were required.

A service assembly (Figure 15-28) was used to run the completion assembly into the well.
The service assembly allowed setting the packer hydraulically, provided a path for pumping sand slurry,
and closed the sliding sleeve after the pack was complete.
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Figure 15-28. Gravel-Pack Service Assembly (Dorman et al., 1994)

The completion assembly (Figure 15-29) was attached to the service assembly by a release
sub. The packer used was a mechanical-type packer activated by tubing pressure. A sliding sleeve below
the packer seals the gravel-pack ports and locks closed after completion.

l HYDRAULIC PACKER J SLIDING SLEEVE \“ SCREEN

ez e ———am ______mamma e Ty i \
X . [INNIE IR == . | I (AR

t RELEASE SUB [’ GRAVEL PACKING FPORT

Figure 15-29. Gravel-Pack Completion Assembly (Dorman et al., 1994)

After the assembly is run into position, a ball is circulated downhole. The hydraulic packer
is activated at 3000 psi. At 3200 psi, the release sub is activated, disconnecting the service and completion
assemblies. At 3500 psi, the ball seat is sheared and a communication path is opened through the port
(Figure 15-30), allowing gravel packing.

WORK STRING

M= e —
i — —
L] |INNIEE DL S — | I R
— SERVICE AND COMPLETION T- GRAVEL PACK
ASSEMBLIES LATCHED PORT OPEN

TOGETHER

Figure 15-3C. Run-In Configuration for Completion and Service Assemblies (Dorman et al., 1994)
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This through-tubing gravel pack successfully eliminated sand production. In future activity,

Chevron plans to work over several wells at smaller angles and intends to run this system on coiled tubing.

15.3.3 Now ervices (Through-Tubing Gravel P

Nowcam Services (Pursell et al., 1993) has had excellent success running gravel-pack

assemblies on coiled tubing through production tubing (Figure 15-31). Of a reported 119 jobs performed

with their system, over 71 % were completed successfully. Most of the failures were due to tight spots in

the tubing. Of those placed successfully, 95% were successful producers, that is, exhibited sand-free

production sufficient to pay for the workover.

|

[HIRRERNIARA0] |

| 1

Figure 15-31. Coiled-Tubing
Gravel-Pack Assembly
(Pursell et al., 1993)

Gravel-pack installation through tubing can be a viable
option for wells completed conventionally that later suffer from sand
production. In some cases, gravel packs run through tubing are economi-
cally justifiable where a conventional gravel-pack installation is not.

Specific parameters must be customized for each installa-
tion, based on bottom-hole pressure, existing completion, gravel material,
fluids and screen design. Prior to installing the system, the wellbore is
cleaned, formation damage is evaluated, and any necessary stimulation
performed.

Gravel-pack material is often composed of ceramic beads.
Their spherical shape increases mobility of the material and reduces the
potential for bridging. The appropriate gravel-pack material is placed
across from the formation with either a gel slurry or a downstream
injector (Figure 15-32).
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Figure 15-32. Coiled-Tubing Gravel-Pack Surface Equipment (Pursell et al., 1993)

If gel is used to place the material, gel properties should be designed to allow the material
to settle in a reasonable time. A downstream injector is another possibility, such that the gravel material
is added to the high-pressure fluid before entering the coiled-tubing spool. This method is possible if
sufficient velocities can be maintained within the tubing. Significant advantages of the downstream
injection method are greatly decreased time waiting for the gravel pack to settle, and reduced formation
damage potential.

One of the first steps to install a through-tubing gravel pack on coiled tubing is to make a
dummy run to ascertain that the assembly can be run to depth. Next, the gravel-pack material is placed
across the perforated interval (Figure 15-33) and squeezed.

’— COILED TUBING
SWIVEL

HYDRAUL IC
RELEASE TOOL

Figure 15-33. Placing Gravel-

Pack Material (Pursell et al., Figure 15-34. Washing
1993) Gravel-Pack Assembly into

Place (Pursell et al., 1993)
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The gravel-pack assembly is then picked up and washed into the gravel (Figure 15-34) until the
prepacked screen is across from the perforations. After the assembly is seated, the hydraulic release is activated
and the wash pipe is retrieved from the well.

A pack-off and hold-down are then run and stung into the assembly (Figure 15-35). The
hold-down serves to keep the assembly in the correct position.

Hotd Down

Pack-of T

stinger Receptacle

Pup Joint

Locator (Coptleonall

Blank Pipe

Pre-Packed Screen

O-RIing Sub

Pup Jolint

wash Shoe

Figure 15-35. Final Gravel-Pack
Assembly (Pursell et al., 1993)

15.3.4 Orvx En an ravel P: in

Oryx Energy Company and Santa Fe Minerals (Plummer et al., 1994) described the success
of coiled-tubing gravel-pack operations on several wells in the Gulf of Mexico. Reservoirs in the area have
proved to be prone to sand production and often require sand-control treatment. Options available to Oryx
include limiting production below sand threshold, conventional workovers for which production tubing is
removed, and through-tubing operations using a coiled-tubing rig, hydraulic workover unit, or wireline
system.

Oryx worked over twelve wells in 1992 and 1993 using coiled-tubing sand control (Table
15-4). Results were generally positive. Six of these operations wete economic successes; two more were
mechanical successes. The total project costs were paid out in 40 days. The most cost-efficient offshore
job was performed for less than $58,000.
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TABLE 15-4. Oryx Coiled-Tubing Gravel-Pack Jobs (Plummer et al., 1994)

BEFORE AFTER INCREMENTAL
WELL COST PAYOUT
M$ | MCFPD | BOPD | BWPD | MCFPO | BOPD | BWPD | MCFPD | BOPD | (pays)
VERM 320A-5 [ 145 | Shut-in Shut-in -
WCE39A-200 | 85 750 0 17 | Shut-in -750 0 -
HUMPREYS#7 | 18 | Shut-n 120 10 53 120 10 46
El 380 A-32 63 500 0 ¢ | 1,000 0 0 500 0 7
El 380 A-10D B4 200 0 1 | Shut-in -200 0 -
WCE48A10 | 175 | Shutin 1,400 29 1 1,400 29 62
H1 166 A-4 58 | Shut-in 6,500 53 590 6,500 53 5
Hi 120 A-1 160 | Shut-in 5,500 19 ] 5,500 19 17
HI 167 A-2 200 | Shut-n 5,600 17 13 5,600 17 22
H1 167 A-3 5 | Shul-in Shul-In -
HI 134 A-3 105 | Shut-in Shut-in -
HI 166 A-4 155 | Shut-in Shut-in -
TOTAL 1,303 1,450 0 18 | 20,120 | 128 665 | 18,670 | 128 4
PAYOUT CALCULATIONS BASED ON $1.60/MCF AND $20/80
The through-tubing gravel-pack (Figure 15-36)
installation technique used was the wash-in method. This ' | — Hoid Down
technology was chosen based on mechanical reliability and — Pack-OH
integrity, cost, and flexibility. Additionally, uniform treat- — Stinger Receplacle
ment of the interval is not essential. — Pup Joint
The primary advantage of through-tubing gravel
. . — Nipple Locator Mandrel
packs is cost. In some cases, the total cost to install a gravel
) . L e 6 e —— Shear Sub
pack with coiled tubing is less than mobilization costs for a — Blank Pipe

workover rig. Disadvantages of through-tubing packs include
sensitivity to wellbore conditions and flow restrictions caused

by small screens.

The wells chosen by Oryx and Santa Fe for
through-tubing gravel packs were sanded up or severely
restricted due to sand. These wells represented a broad range
of reservoir and wellbore conditions. Reservoir pressures
ranged from about 1000 to 4600 psi; equivalent fluid weights
were between 3.7 and 10.4 ppg.
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Specific results for several of the through-tubing gravel pack jobs are detailed in Plummer

et al, (1994). A few example results are presented below.

Humphreys #7 {see Table 15-4) had been shut in due to sand production. A resin
consolidation treatment was performed but failed within a few weeks. Bailing runs before a through-tubing
gravel pack showed that the casing was full of the gravel pumped in for the resin procedure. The operator
decided to wash the gravel pack into the sand already in place. Total workover cost was $18,000 and the
procedure was successful (Figure 15-37).
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Figure 15-37. Humphreys #7 Through-Tubing Gravel-Pack Results (Plummer et al., 1994)

In another well, a through-tubing gravel pack initially increased production by 500 Mscfd
(Figure 15-38). Later, a pressure transient test showed a relatively high pressure drop across the
completion. After the formation was acidized, production increased substantially.
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Figure 15-38. EI 380 A-3Z Through-Tubing Gravel-Pack Results (Plummer et al., 1994)
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The well HI 166 A-4 had been shut in due to sand production. Intermediate strength

proppant was placed in the well and a sintered metal-wrapped screen was washed into place. Production
was significantly improved (Figure 15-39). Later, the screen failed after cumulative production of 2.9 Bef.
The through-tubing gravel pack was pulled and another assembly run in.
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Figure 15-39. HI 166 A-4 Through-Tubing Gravel-Pack Results (Plummer et al., 1994)

15.4 SCALE REMOVAL

15.4.1 BP Exploration (Coiled Tubing in Magnus Field)

BP Exploration (Bedford and Divers, 1994) have increasingly used coiled-tubing workovers
in the Magnus Field in the northern North Sea. The field was developed initially between 1983 and 1986.
Twenty wells have been drilled to date. Most wells are prolific, ranging from 20,000 to 60,000 BPD. A

typical completion for the field is shown in Figure 15-40.
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Figure 15-40. Magnus Field Typical Completion (Bedford and Divers, 1994)
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During the past several years, the number and variety of well interventions in the Magnus
Field using coiled tubing have increased dramatically (Table 15-5).

TABLE 15-5. Coiled-Tubing Operations in Magnus Field (Bedford and Divers, 1994)

Start Depth Runs Objectlves Oil Recov.
Well Job Date m/MDBRT Plan Actual Met Set {BBL)
B7 Diesel Lif 22/11/87 3000 1 1 1 1
81 Diesel Lt 20/03/88 3750 1 1 , 1 0
Acxd Wash 1 1 1 0
AS Nitrogen Cushion 08/12/88 3034 1 1 1 1
AZ Nitrogen Litt 27/02/89 1829 1 1 1 1
ce Nitrogen Lift 06/12/89 2100 1 1 1 1
o} Nitrogen Lift 31/05/90 2000 1 1 1 1
BS Nitrogen Lift 17/12/90 2070 1 1 1 1
Ad Nitregen Cushion 15/02/91 1 2 1 1
A4 Nitrogen Lih 19/02/91 1 1 1 1
B5 Nitrogen Lift 21/02/91 2000 1 2 1 1
AB Sand Cleanout 20/04/81 3830 1 3 1 1
At Sand Cleanout 22/06/91 5257 1 1 1 1
BS Nitrogen Lift 10/09/91 3289 1 1 1 1
Cement Plug 12/09/91 3289 1 1 1 1
Millout Cement 14/09/91 3174 1 3 1 1
Nilrogen Lift 21/09/91 2500 1 1 1 1
A7 Nitrogen Cushion 16/03/92 1600 1 3 1 1
Nitrogen Lift 30/03/92 2700 1 1 1 1
g1 Cement Plug 12/04/92 4394 1 1 2 2
B1 Reverse Cleanout 28/08/92 4394 1 ] 1 1
Nitrogen Cleanout  31/08/92 4000 1 1 2 2
87 Barium Milout 12/02/93 4470 1 2 1 1 1,300,000
B1 Sand Cleanout 23/02/93 48231 1 1 1 1 64,100
Fish Perf Gun 25/02/93 4831 1 2 1 1
B7 Barium Millout 16/05/93 5120 1 1 1 1 281,430
Al Barum Millout 22/05/93 5158 1 1 1 [} -70,000
Isolate Wrpacker 31/05/93 5120 1 1 1 1
Nitrogen Lift 01/06/93 4000 1 1 1 1
A1l Nitrogen Lifi 18/07/93 4000 1 1 1 1
BS Abandon 15/08/93 3148 2 2 3 3
BS Perforate 01/11/93 5187 4 4 3 3
B7 Scale Millout 14/11/93 1 4 2 2 200,000
c7 Scale Cleanout 03/12/93 3120 1 1 1 1
Fish Lock 05/12/93 3120 1 4 1 0
{solate W/Packer 10/12/93 3246 1 1 1 1
Punch & Kill Well 11/12/93 3098 1 1 1 1
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Most of these jobs have been at considerable depths, ranging from about 3000-5257 m
{9840-17,247 ft). A total of 37 jobs have been performed with a combined total of 59 runs. Within these
37 jobs, 45 objectives were defined. Of these objectives, 91% were met successfully.

Water injection is used for pressure maintenance. Thermal fracturing and variations in
permeability have resulted in water breakthrough in discrete intervals. Water breakthrough has also caused
increased sand production, which loads the liner and surface facilities and erodes piping.

Water production also leads to the formation of barium sulphate, which collects across the
perforations and at flow restrictions (SSSVs, wireline profiles, etc.). Scaling can cause production to drop
from 30,000 to 5000 BPD in the space of a few days.

Water production also increases the hydrostatic pressure of the wellbore fluid column. If the
water cut exceeds 40-60%, the well can become loaded and die. Corrosion and erosion have also been
problems, especially in injection wells. All injection wells have developed holes in the completion tubing,
and wall loss in the upper half can range from 20-60%.

These production problems have been addressed by an increasing number of coiled-tubing
workovers (Figure 15-41). Significant working depths and crane limitations have led to the use of
relatively small coiled tubing: 1%- and 1%-in. 70- and 80-ksi tapered strings.

15- — -
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Figure 15-41. Frequency of Coiled-Tubing Operations (Bedford and Divers, 1994)

The formation of barium sulphate scale has proved to be at times a problem and at other
times of benefit. In some cases, zones where water has broken through have been naturally shut off by
scale formation. In other wells, scale has shut off oil production.
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The first scale underreaming job was performed in February 1993. Four jobs have been
performed in two wells. In one well, production became erratic following water breakthrough in 1989.
Production fell dramatically in October 1992 (Figure 15-42).

o T ’_—\ Well Test After
50,000 ] | Millout 50
|
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! - 40
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Month KEY
— Gross Production
— — - Percentage Water Cut

Figure 15-42. Production of Well With Barium Sulphate Scale (Bedford and Divers, 1994)

A production log was run to plan remedial action. The log showed that all production was
coming from the uppermost zone (Figure 15-43). Barium sulphate was identified at a nipple.
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Figure 15-43. Scaling From Water Breakthrough
(Bedford and Divers, 1994)

To remove the scale, a 2%-in. bottom-hole assembly consisting of connector, dual flapper
valves, hydraulic disconnect, 276-in. motor and 3.2-in. diamond bit was run on a 1%-in. string of 80 ksi
coiled tubing with four tapers. After tagging the scale, the coiled tubing was pulled up 5 m. Production
was established at a rate of about 10,000 BPD. The assembly was then run slowly through the scale,
alternating with frequent wiper trips.

Underreaming was performed along about 400 m of the wellbore. About 32 m were
classified as hard milling. The operation was very successful. The well flowed at over 53,000 BPD during
a well test after the job (see Figure 15-42).

After the scale removal, the well produced at 28,000 BPD for two months. Scale formed
again and production was cut off. Two more scale removal jobs have been successfully performed in this
well to re-establish production.
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BP Exploration reached several conclusions as a result of the coiled-tubing operations at
Magnus Field:

e  Rather than using nitrogen injection to assist with hole cleaning, BP found that
well production of 10,000+ BPD combined with pills have been successful.
Nitrogen was seen to dry out motor bearings on one of the earliest jobs.

¢  Barium sulphate returns have caused no problems at surface or in processing
facilities.

¢  Performance of downhole motors has been erratic.
Economics of these coiled-tubing workovers has been very favorable. The impact of these

jobs on the field's production has been dramatic due to the relatively small number of high-productivity
wells. Rig costs deferred by coiled-tubing operations have been substantial (Figure 15-44).

LOSS GAIN
, . 0,000 2,352,000
Gil Production BBL
. £4,200,000
Expenditure Deferred
Note:  Spend is wtal for the intervention including non coiled tubing work i e, stickline and elecrric line

Figure 1544. Economics of Coiled-Tubing Workovers (Bedford and Divers, 1994)

An analysis of cost data indicates a cost/benefit ratio of about $0.37/bbl oil production added.
Lost production in Figure 15-44 was caused by high water production following a barium sulphate
underreaming job. The mill uncovered a previously scaled-over water interval, which then produced
enough water to kill the well.

15.4.2

High-strength coiled tubing was successfully used to clean out scale from three high-pressure
gas wells in the Gulf of Mexico (Coats and Tatarski, 1993). Zinc sulfide had plugged off the wells and
was removed using jetting and impact drilling operations run on coiled tubing. Significant cost savings
were enjoyed by the operator (Amoco) for these workovers.
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Due to the high shut-in pressures (> 7000 psi), high-strength coiled tubing was required for

these jobs. Tubing specifications are summarized in Table 15-6. Prior to the field work, jetting parameters
were modeled, which indicated that injection pressure would be in the range of 7500 psi. For reasons of -

safety, 100-ksi coiled tubing was required.

TABLE 15-6. Properties of High-Strength Coiled Tubing (Coats and Tatarski, 1993)

0. CWal- | Inc ‘Welght | Area | YieldLoad | TieldPress | BurstPress:
(in) ) 4 () Wty . | Gedn) -] (th) (PsD) (BSD)
1.250 0.087 1.076 1.081 0.318 31,790 13,900 14,500 J
R g Collapse Pressure (S ;G
"Torque [ ‘Capacity : |~ Capacly = | — i - : ® [)_ - -
FtLh) | Gay1000' - | ‘BBLIOO0' | AvialLoad | %Vield | Round - | 1%O0DTIR | 2% 0DTR:
721 47.24 1125 None 0% 13,300 8,600 4,400

Surface equipment for these three jobs (Figure 15-45) included some modifications to the
basic set-up due to the expected high pressures. A guide tube was added below the injector to provide

support for the tubing between the bottom of the chains and the stuffing box.

INJECTOR

GAIPFER CHAINS

L__, GUIDE TUBE

BLOWOUT

_— STUFF)
PREVENTERS B 5 NG BOX

-0

POWER PACK

LT

CHOKE MANIFOLD

OFERATORS CAB

TOOL BOX
CHOKE MANIFCLD

HT400 PUMP

GAS BUSTER
CIRCULATING TANK

Figure 15-45. Surface Equipment for High-Pressure Workover (Coats and Tatarski, 1993)

A standard 10,000 psi coiled tubing BOP stack was used as a secondary BOP system in
conjunction with a 15,000 psi stack placed on the tree (Figure 15-46).
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Figure 15-46. Surface Well-Control Equipment (Coats and Tatarski, 1993)

The first well treated had declined in production from 13 MMscfd to O during a 2-week

period. The wellbore schematic is shown in Figure 15-47.
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Figure 15-47. Wellbore Schematic (Coats and Tatarski, 1993)

As a first step, the well was loaded with 9.2 ppg NaCl
water, which lowered the shut-in surface pressure to 2500 psi. A jetting
assembly was run in to clean out scale. Pumping rates of about 1 BPM
at 7500 psi were used. Next, an impact drill (Figure 15-48) was used to
speed scale removal.

HCI was spotted across the formation for final clean-up. [ MPACT DAIRL

After the well was put back on production, a stabilized rate of 26 MMscfd
was measured with a flowing tubing pressure of 6150 psi.

The second well that was treated had been gravel packed and
pulled back from 40 to 20 MMscfd to decrease sand production. Later, the
well scaled over with zinc sulfide and required a workover. A major
conventional workover was considered at an estimated cost of $3.3 million.

A coiled-tubing workover was performed instead. This well
could not be loaded by bullheading. Fluid had to be circulated with coiled
tubing against a shut-in surface pressure of 5100 psi. Halliburton found
that this operation would not have been possible without high-strength

coiled tubing. Figure 15-48. Impact Drill
BHA (Coats and Tatarski, 1993)

BUTTON BOTTOM BIT
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After jetting and acidizing the well, producticn improved to 23 MMscfd with 6160 psi
flowing tubing pressure. Workover costs with coiled tubing totaled $152,000.

A combination of jetting, acid soaking, and impact drilling was used to successfully clean
out a third well. Production was restored to over 19 MMscfd at a cost of $125,000.

Production rates and coiled-tubing workover costs are summarized in Table 15-7. Cost
estimates for conventional workovers for wells 5 and C-6 totaled almost $6 million. Coiled-tubing
operations were performed at a cost of 5-6% of conventional.

TABLE 15-7. Production Rates and Costs for Three Wells (Coats and Tatarski, 1993)

: ' Original ‘Production Before Production After - o
Well Number " Production Repair Repalr - Cost of Repair - -
C-1 13 MMscfd 0 25.7 MMscfd $ 80,000
5 20 MMscfd 0.3 MMscfd 23.4 MMscfd $152,000
C-6 11 MMscfd 3 MMscfd 19.5 MMscfd $125,000
Cumulative Totals 44 MMscfd 3.3 MMscfd 68.6 MMscid $357,000
15.4.3 SlimDril International (Underreaming)

Underreaming on coiled tubing has been very successful for cement squeeze/reperforation
operations in various areas, particularly remote locations (Werner and Pittard, 1993). The primary
advantage is that this approach eliminates the need to remove production tubulars. As a result, the well
can be placed back on production much faster.

Underreaming with coiled tubing increases operational safety by removing almost all residual
cement after several passes with the assembly. The risk of losing tools (guns, etc.} in the hole due to
cement collapse is greatly reduced.

Natural diamond bits are used extensively in coiled-tubing underreaming. These improve
hole stability and reduce vibration as compared to tungsten-carbide mills. For drilling metal or junk, a
tungsten-carbide wavy-bottom mill (Figure 15-49) has been used successfully. Its low profile lowers the
tendency to stall the motor.

Figure 15-49. Wavy-Bottom Mill (Werner and Pittard, 1993)
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Underreamers run on coiled tubing are most often designed with four blades (Figure 15-50).
The upper blade set serves to stabilize the underreamer. The blades are usually tipped with tungsten
carbide. Hard materials can be cut with diamond-tipped blades (either natural or synthetic).

THERMALLY STABLE OR
NATURAL DIAMOND BIT
FOR LOWER VIBRATION

SHORT, THICK BLADES FOR MORE
RESISTANCE TO BENDING NOZZLE JETS ON BLADE

FOR BETTER CLEANING/COOLING

[o] U
Xg'x \~ WEAR SURFAGE ON BLADE TIP
BLADES CAN BE SURFACED WITH TO PREVENT CASING DAMAGE
P.D.C. CUTTERS, NATURAL DIAMONDS,
OR TUNGSTEN CARBIDE BLADES OPEN HYDRAULICALLY

Figure 15-50. Four-Bladed Underreamer (Werner and Pittard, 1993)

Positive-displacement motors are used to power the underreamer. In coiled-tubing operations,
high-speed low-torque motors are generally preferred. These provide a high rate of penetration with low
weight on bit.

A circulating sub (Figure15-51) is run above the motor to allow fluid to bypass the motor
both during underreaming (partial bypass) and after the operation (complete bypass).

SHEAR pin [~ FLOWPORT suB Boby

\
N

PISTON BALL

7,
L 2 A e e

Figure 15-51. Circulating Sub (Werner and Pittard, 1993)
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Typical coiled-tubing underreamer sizes and hole capability are summarized in table 15-7.

TABLE 15-7. Coiled-Tubing Underreamers (Werner and Pittard, 1993)

: Underi'eamer. Minimum Maxtmum
Size ‘Restriction Hole Slze
3%in. 4% in. 6-85in.

1% in. 27&s1n. 4% in.

A typical coiled-tubing underreaming bottom-hole assembly is shown in Figure 15-52. Most
projects have used either 1%2- or 1%-in. coiled tubing. Over 120 wells have been underreamed with
coiled-tubing in Prudhoe Bay. Other areas where the technology has been used include West Texas,

Brunei, Malaysia and Indonesia.

1-1/2 OR 1=-3/4 —

COILED TUBING
COILED TUBING

FLAPPER VALVES ———( ADAPTER
(]
Fl—QUICK DISCONNECT
CROSSOVER ———1
oM.
4 A
UNDERREAMER -

§
@—— T.S.P. BIT

Figure 15-52. Coiled-Tubing Underreaming BHA (Werner and Pittard, 1993)

Overall experience with coiled-tubing underreaming suggests that the most cost-effective
operations are in the most remote locations. For areas particularly suited to coiled-tubing operations, such
as the North Slope, cost savings of up to 85% over conventional procedures have been demonstrated. In
areas where workover rigs are abundant and coiled-tubing rigs are scarce, cost savings may only be

minimal.

1545



15.5 WASHING/JETTING

15.5.1 BP Exploration (Fill Cleanouts}

BP Exploration (Melvan, 1994) described the design and equipment used for wellbore
cleanouts with coiled tubing in their North Slope operations. Coiled tubing has been used for cleanouts
in a wide range of tubing sizes (up to 9% in.) in vertical, horizontal, producers, injectors, and hydraulically
fractured wells. The parameters that BP Exploration has found to be most important in job design are:
coiled-tubing size, type of fill, fluid selection, friction reducers, nozzles, gas requirements for lifting, and
high-viscosity sweep agents.

Two principal methods have been used by operators on the North Slope. These are:

* Long-way circulation—conventional circulation down the coiled tubing and up
the annulus. This is performed on live wells.

* Reverse outs—circulation down the coiled tubing by production tubing annulus
and up the coiled-tubing string. These are only performed on dead wells. The
most common of these operations is in wells that have been hydraulically
fractured and have large amounts of proppant remaining in the wellbore.

Reverse outs are not performed in live wells to avoid excessive discharge of oil and gas to
surface fluid tanks. If performed on a live well, high velocities in the coiled-tubing string could cause
severe erosion of the interior of the string. Reverse-out jobs are maintained at a maximum collapse
pressure of 2000 psi.

For cleanout jobs in production tubing of 4'4 in. or larger, BP Exploration normally uses
1%-in. coiled tubing to maximize circulation rate and annular velocity. One and one-half in. tubing is also
used, and more time is allowed to safely clean out a comparable amount of fill. Properties of these strings
are summarized in Table 15-9

TABLE 15-9, Coiled Tubing for Cleanouts (Melvan, 1994)

TUBE DIMENSIONS WEIGHT || LOAD CAPACITY PRESSURE CAPACITY
inches) _{LBIFT) (LBS (PSH)
0.0. 1.D. WALL YEILD ULTIMATE viELD  |[  BURST COLLAPSE
NOM. NOM, NOM. NOM. MIN, MIN. MIN, | MiIN. MIN.
1.50 1.282 0.109 1.619 33340 38100 9700 12220 9430
1.75 1.532 0.109 1.910 39330 44950 8320 10380 7260
TUBE DIMENSIONS TORQUE INTEARNAL EXTERNAL
(Inches) (LB-FT) CAPACITY DISPLACEMENT
o0. [ o WALL YIELD ULTIMATE _(PER 1000 FT) ~ (PER 1000 FT)
NOM. NOM. NOM. NOM. NOM. GALS. BBLS. GALS. || BBLS.
1.50 1.282 0.109 002 1202 67.06 1.597 91.80 2.186
175 1.532 0.109 1267 1689 95.76 2.280 124,95 2.975
Notes: 1. The eflect of Axia! Tension on Pressure Rating has nol been appliad 1o the above data.

2. Above dala is for new tubing at minimum sirenglh,
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Jetting nozzles are designed for the particular type of operation. For cleanouts in live wells,

swirl nozzles are used. These usually include upward-pointing jets for back jetting while pulling out of
hole. Typical nozzle performance for long-way circulation is shown in Table 15-10.

TABLE 15-10. Cleanout Nozzle for Long-Way Circulation (Melvan, 1994)

Jetting Nozzle:

HOLE DIAMETER 1 0.125 IN. N2 OF HOLES 4

HOLE DIAMETER 2 0.1875 IN. N2 OF HOLES 4

HOLE DIAMETER 3 0.125IN. Ne OF HOLES 4

FLUID DENSITY: 8.55 PPG Seawater

AREA THROUGH NOZZLES: 0.20862 SQ IN.

Pump Rate | Jet Velocity | PressDrop | Impact Force
(BPM) (FtSec) (o) (Lbf)

0.25 16 2 1
0.50 32 8 3
0.75 48 18 7
1.00 65 32 12
1.26 81 50 19
1.50 97 72 27
1.75 113 98 37
2.00 129 128 48
2.25 145 162 61
2.50 161 199 75
2.75 177 241 91
3.00 194 287 108

BP Exploration recommends that nozzle diameter not exceed 2% in. for long-way circulation.

Solids bridging above a larger nozzie can result in high overpulls during retrieval.

For reverse-out jobs, a nozzle from 2% to 3% in. is normally used. Larger jets (Table

15-11) are required since the solids have to pass through the jet into the coiled tubing. Jets on the side of
the nozzle (% in.) allow reverse circulation to continue even if the tool is set down on the fill.

TABLE 15-11. Cleanout Nozzle for Reverse Outs (Melvan, 1994)

Reversing Nozzle:

HOLE DIAMETER 1 0.25IN.
HOLE DIAMETER 2 0.75 IN.
HOLE DIAMETER 3 0.156 IN.
FLUID DENSITY: 8.55 PPG
AREA THROUGH NOZZLES:

N2 OF HOLES
N® OF HOLES
N= OF HOLES
Seawater
0.63814 SQIN.
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1

(Pump Rate | Jet Veloclty | Press Drop ‘ Impact Force |
| (BPM) (FuSec) ‘ (psl) by
0.25 5 0 0
‘ 0.50 " ‘ 1 1
0.75 16 5 2 2
1.00 | 21 \ 3 4
1.25 26 b 6
1.50 | 32 8 8
1.75 37 10 12
2.00 42 14 16
2.25 47 ~ 17 20
‘ 2.50 ; 53 ! 21 25
275 ‘ 58 26 30
L 3.00 N 63 3 35

Water-soluble polymer friction reducers are recommended to reduce the pressure drop in the
circulation system (Figure 15-53. Typical concentrations are 10-15 gal per 300 bbl for 1%-in. tubing and
5-10 gal per 300 bbl for 1%-in. tubing.

14,500 FT Coll Friction

-';0— 134 COIL-w.;u o - - e = e
—— 8 — 3.34 COIL- FAW14 @ 5GPT { »
-~ #—— 1-172 COIL-WATER ﬂk_j - /
—L{F—— 1-12 COIL-FAW14 @ 5GPT |
B I O A
3500 —_—
- P / /*’
E'. 2500 - / /
2000 / / . f - ]
/ ) _
i
[ 05 1 18 2 25 ] 295 4

BPM

Figure 15-53. Pressure Drops with Friction Reducers (Melvan, 1994)

Water often lacks sufficient carrying capacity for removing solids. BP Exploration
recommends adding biozan, a high-viscosity polymer that is shear-thinning. Concentrations of 3-3'% Ib/bbl

are typical.
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Gas lift is necessary on wells with low GOR when circulating up the annuius. A flow-back
separator (Figure 15-54) is used to take well returns and permit recirculation of some of the treatment
fluids.

PORTABLE SEPARATOR
GAS
 § LiQuiD ]
SIS
QA
o‘-"“g: pe0
DUMP LINE B gt WELLPAD
MANIFOLD
BUILDING
COWED
ELFJ‘BWG PRODUCTION
WIRELINE DUMP TANK FOR CARBOLITE HEADERS
ENTRY
P ¢
0 )7
TREE AND FLOWLINE PRODUCTION
{WING VALVE LEFT CLOSED) CHOKE

Figure 15-54. Flow-Back Separator Layout (Melvan, 1994)

15.5.2 Nowsco Well Service (Rotary Jetting Tool)
Nowsco Well Service (Latos, 1994) described the parameters affecting jetting tool

performance. Limitations in current tools led to the development of a rotary tool. Laboratory and field
tests have shown this tool to be very successful when applied appropriately.

Medium-pressure jetting (2000-3000 psi for 70-ksi tubing) has been used to clean out a
variety of deposits from wellbore tubulars including particulates, muds/gels, waxes/complexes, coke/tar,
iron sulphide, gypsum, sulphur, and calcium carbonate. Hardness can vary dramatically between
materials. Hard calcium carbonate represents the limit for economic jetting performance on coiled tubing.

Four principal mechanisms account for the ability of fluid jets to break down deposits.
Erosion is a powerful mechanism, even under submerged conditions. Abrasion is an important component
when solids are pumped with the fluid or entrained by the jet from debris. Stress cycling can also remove
deposits whereby the jet induces a stress pattern around fine surface cracks in the deposit. Cavitation can
play a significant role in jetting operations at the surface. However, high pressures downhole counteract
the effects of cavitation, so that it has little impact in coiled tubing jetting.

15-49



Designing jetting operations for specific requirements can be difficult. Small changes in scale
composition can result in significant changes in hardness of the deposit. The primary performance
objectives of a jetting tool are (Latos, 1994):

* Effective cleaning in a single pass
* Economic tool travel speed

®  Versatility for varying conditions
®  Reliability

* Tool economy

Orifice shape and pressure drop dictate jet velocity. Minimum jet velocities for cleaning

operations vary from about 300 ft/sec for scale to at least 500 ft/sec for calcium carbonate.

Rotary jetting tools can have advantages over conventional (nonrotating) designs. Complete
cleanout in a single pass is much more readily achieved with a rotating tool. Rotation also induces low-
frequency pressure pulsation, which enhances scale removal. Preferred rotational velocities range from
100 to 1000 rpm. Hard scales are best removed with lower rates of rotation.

Controlling rotation has been found to be difficult. Many tools spin up to rates as high as

several thousand rpm, at which cleaning performance is often not superior to non-rotating tools.

Nowsco developed a new 2%-in. rotary jetting tool (Figure 15-55). Jet diameter and
orientation are chosen to suit specific deposit parameters and pump rates.

Max Effactive Standoll, X = 8d

Centralizer

Stage 2
Nozzles

Filter Staga 1

Nozzies

Rotary
Swivel

Centralizer

Jetting
Mole (>

Figure 15-55. Rotary Jetting Tool (Latos, 1994)

Laboratory tests were conducted on three types of deposits in a simulated downhole
environment (Table 15-12). Bore size for these tests was approximately that of 2%-in. production tubing.
Gas production (1 MMscfd) during the operation was simulated for the calcium carbonate tests.
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TABLE 15-12. Laboratory Tests of Rotary Jetting Tool (Latos, 1994)

Sample Composition Jet Velocity (ft/sec) Tool Travel Rate (ft/min) -
Gypsum Gement 300 3
Sulphur 300 3
Calcium Carbonate 450 0.6

The rotary tool has been used in twenty jobs, as summarized in Table 15-13. Seventeen of
these jobs were deemed successful. Wells with “scale” contained unknown deposits. For one of these,
a 450-ft cap of pebble-sized shale in an asphalt matrix was jetted at a penetration rate of 84 ft/hr. After
the customer demanded switching to a drill to speed up the operation, the final 30 ft of the deposit were
drilled out at about the same ROP as the jetting tool.

TABLE 15-13. Field Tests of Rotary Jetting Tool (Latos, 1994)

| _ Numberof | . JetVeloctles |
Deposit Composition ‘Wells {ftisec) | Tool Travel Rates(ft/min)
Sulphur 4 375-400 1-4
Gypsum 2 425-480 0.75-3
Iran Sulphide 7 240-370 1.5-6
“Scale” 2 L 220-250 3
Shale/Sand in Asphalt 3 325-360 1.5-3
Compressor Residue | 2 ‘ 470-570 g-11

Nowsco found that the rotary jetting tool was a very successful design. However, they
suggest that the tool may be too complex and costly for its use to be warranted in softer deposits. The use
of high-strength coiled tubing will also increase the effectiveness of the rotary tool by allowing higher
pressures at the tool without undue fatigue stress of the pipe.

15.6 ZONE ISOLATION
15.6.1 BP Exploration (Gel Placement for Water Shut-Off)

BP Exploration (Wigg, 1994) described a successful operation placing cross-linked gel with
coiled tubing to isolate a water-producing zone. The well is located in the Thistle Field in the Northern
North Sea off the Shetland Islands.

The well's completion is a single-packer design (Figure 15-56), and includes 5'%-in.
production tubing and 9%-in. casing at depth with no liner.
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Figure 15-56. A35Z(44) Completion (Wigg, 1994)

The original producing zone with 58 ft of perforations had gradually watered out. In 1992,
a cement squeeze was performed to close off this zone. A lower zone was then perforated and the well
produced at a water cut of 55% for a time. By 9 months, the squeeze broke down and the water cut
increased. Due to surface constraints, the well was returned to intermittent production (Figure 15-57).

15-52



1,500 = — . T T T " ; N : 100.00
Ir' Pt ; ' _"J-t.i-":"r."_l Y o’ Sl | 'Y
1,350 ol Pl T [ (RRREE FERERRE - 50.00
|!. ST LT EII' : 5 [
1,200 - '|,5]Ul B T o '.'. """"""" E """ R F - 80.00
1,050 4 - - I'["I N S !-I ----- L TR - 70.00
= ! b .y i | : i S _
S TUIE SORH SR R SR N | | e KT II ----- 38 [EERERTRAERRREY " R | d s0.00 2
@ N | . 3 v : : ' E -
2 750 4 --- Ao RS | L) l »»»»» I ! ------ {----- Lo L s0.00 O
g R A | L - R :
b I : : : ' ‘ | | . 2
5 600 4--- I' '1{' 7 R II ----- .i ------ R ;! ------ l' ------- - 40.00 F
450 A --- 1. _!_._,E__],,__‘:_ .__J‘:,._i..é.. €Lo---- i.‘ ..... }..i..l.g ...... 1: ...... 1 ..... Yoo IE ....... - 20.00
| TS S T B | LI
300 - e e e R FRRE R R EEE LR 1o [----- - 20.00
e ) R
150 - - - Hn ..E..T S B EEETE i..z.... ,: ..... : _ .., : .?. ..?I.....IE..NH-.. 10.00
) ﬁ‘“ by ' f " i ‘ # } } 0.00
5 5 % & § & & 2 3 2 3 8§ 2 3 3
T N o 5 £ 3 T < S 5 N ] - z 8
s ¢ % 2 - ¢ s ¢ F ' & 35 F 3 3
™~ *~

Figure 15-57. A35Z(44) Production History (Wigg, 1994)

Options for shutting off the watered-out zone were considered, including another cement
squeeze. However, the limited success with the first treatment suggested an alternate approach should be
considered. Mechanical isolation was not practical since the producing zone was below the watered-out
zone. BP Exploration chose the placement of a gel treatment (Maraseal) to permanently isolate the zone.
Developed by Marathon, this gel consisted of a copolymer of polyacrylamide and sodium acrylate

crosslinked with chromium acetate.

The gel treatment chosen had been previously used on jobs at Prudhoe Bay. While the
Alaskan jobs involved shutting off gas zones in relatively short intervals, the proposed job was to treat a
105-ft interval.

Perforations in the oil-producing zone had to be isolated during the treatment operation. BP
Exploration considered a through-tubing plug, but rejected that approach due to the high expansion ratio
required and the lack of a suitable rathole should the assembly not come out of the hole after the operation.

Pumping a sand plug was also rejected as an option. The plug would need to be removed
before the gel had completely set. Thus, during removal of the sand plug, the well could not be flowing
to assist with carrying solids from the well. Tubing and casing size were such that sufficient velocity could

not be attained without assist.

BP Exploration chose a calcium carbonate plug to isolate the lower perforations. This
material was light enough to be washed from the well without assist. A problem after the plug was placed
was that tagging the top of the plug was difficult, with little resistance as the BHA passed into the fill.

15-53



A tapered string of 134-in. coiled tubing was used for the operations. A large volume of
seawater (1500 bbl) was pumped to cool the watered-out zone to increase gel set-up time. Gel was pumped

at 1% bbl/min for 250 bbl, and then at a low rate for 80 bbl. A Hall plot recorded during injection
operations is shown in Figure 15-58.
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Figure 15-58. Gel Injection Hall Plot (Wigg, 1994)

Plans called for a 14-day wait for gel setting before returning to production. For the future,
the operator believes that this period can be reduced.

The well was brought back on production at about 800 BOPD. Initial water cuts were high,
but declined rapidly to about 10%. The operation was deemed a success, and additional jobs are being
planned for other wells in this and other fields.

15.6.2 BP Explorati i mpleti

Corrosion and erosion can result in failure of production liners and tubulars, especially in
mature fields. BP Exploration (Stephens and Welch, 1994) has developed techniques using coiled tubing
to straddle and isolate these types of problems. These operations have been found to be much less
expensive than conventional replacement techniques or scab liner installation.

Problems in completions that may be addressed with coiled-tubing techniques include
damaged gas-lift valves, stuck sliding sleeves, corrosion and erosion of tubing. Treating corrosion/erosion

normally requires installing long sections of tubing. Other problems are more localized and can often be
repaired with conveyed tubing patches.
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Installing straddles within production liner

TUBING PATCH COMPLETION is made difficult by the need for the assembly to pass

THROUGH TUBING through tubing profiles. This results in reduced internal
PACKER

h diameter of the assembly and makes workovers below the

straddle difficult (or impossible). Straddles within produc-
tion tubing are complicated by gas-lift valves below or
behind behind the straddle (Figure 15-59), and production
restrictions. Fortunately, many candidates for coiled-

COILED TUBING

THROUGH TUBING
PACKER

tubing straddles are low-rate wells anyway, so that re-
duced production area may be insignificant.

7] N
Straddle patches can be designed as
‘ y retrievable or nonretrievable, incorporate various packers,
] be hung off tubing tails, and incorporate polished bore

receptacles, gas-lift valves, or SSSVs. If designed to
straddle the upper section of a liner, the assembly can be
hung from the no-go nipple and require only one packer
(Figure 15-60).

BP Exploration {Alaska}

Figure 15-59. Straddle Patch Within Pro-
duction Tubing (Stephens and Welch, 1994) LINER STRADDLE COMPLETION

IR

For some cases, the coiled tubing patch must be
allowed to move for expansion and contraction. A polished °
bore receptacle is used in these wells (Figure 15-61). Spool- 4

able gas-lift valves can be incorporated into the assembly if _L
required. These valves are not retrievable and should be E
1
. . . N i
designed with future production needs in mind. 3 I
) \
CORED TUBING -
THROUGH TUBING
PACKER - PROFILE NIPPLE

COILED TUBING
TAIL
"WLEG™

EARA BP Exploration {Alaska)

Figure 15-60. Straddle Patch for Upper
Liner (Stephens and Welch, 1994)

15-55



TUBING STRADDLE W/GL & PBR
PROFILE NIPPLE l
|
L ﬁ: SPOCLABLE GAS LIFT
VALVES
GAS LIFT L
MANDRELS
L ;
L COILED TUBING
*No-Go" NIPPLE
PBR
l BP Exploration (Alaska)

Figure 15-61. Straddle Patch With Polished
Bore Receptacle (Stephens and Welch,
1994)

BP Exploration presented an example

running procedure for a coiled-tubing straddle assembly.
The reader is referred to Stephens and Welch (1994) for
details on their procedures.

Several advantages have resulted from using

existed previously.

coiled-tubing straddle techniques. Primarily, economics
allow working over wells for which conventional rig
workovers are not justified (Table 15-14). Other benefits
are improvements to the well's production as a result of
increased velocity due to smaller production area
(velocity-string effect) or gas-lift valves where none

TABLE 15-14. Coiled-Tubing Straddle-Patch Operations (Stephens and Welch, 1994)

WELL COILED TUBING WORK TOTAL CT ALTERNATIVE EST. TOTAL| ESTIMATED
PERFORMED COMPL. COST RIG WORK RWO COST SAVINGS
$M $M M

1 [Straddled Prod Tbg (10,063 Pull 7°X 5 1/2" Tbg and Packer
Equip.: CT hanger, GLV, & PBR 283 Install 4 172" Tbg/GL Mandrels 835 552

2 |Paiched Prod Tbg (3,814") Pull 5 1/2" Tbg and Packer
Equip.: Tbg Pkr and PBR 274 Install 4 1/2° Tbg 750 476

3 |Patched Prod Tbg {3,132") Pull 4 1/2° Tbg and Packer J
Equip.: Tbg Pkr and PBR 103 Install 4 1/2* Tbg/GL Mandrels 750 647

4 |[Stwraddie Prod Liner (170" Run Cosl 130 |Pull 4 1/2" Tbg, Pkr, and Sidetrack
Equip.: Thru Tbg Pkr and "X" Lock Pull Cost 86 Install 7" Liner, 4 1/2° Tbg/Mandrels 1,200

§ |Paich Prod Tbg (5250%) Est. Cost Pull 3 1/2* Tbg and Packer
Equip.: Two Thry Tbg Pkr w/Slips 150 Install 3 1/2" Tbg/GL Mandrels 750 600

The disadvantages of these techniques arise from the difficulty in performing future

workovers through the assembly. Problems encountered in previous jobs include failures of through-tubing

packers, plugging of spoolable gas-lift valves, and lack of availability of specialized equipment. Success

has improved as the problem areas are addressed.
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15.6.3 BP Exploration (Laying Sand Plugs)

Numerous field operations involving laying sand plugs with coiled tubing have been
conducted on Alaska's North Slope. Chambers (1993) described BP Exploration's experiences in the
Western Operating Area of Prudhoe Bay. Their experiences show that a sand plug can be laid in one
operation using coiled tubing and a multistage pumping schedule. Live well operations are also a benefit
of this technique.

Plugs are used at Prudhoe Bay to temporarily isolate lower zones from stimulation or cement-
squeezing of upper zcnes (Figure 15-62). Since these lower zones are not to be abandoned, the isolation
technique must be readily removable and not damage perforations. Inflatable bridge plugs, first set above
the zone to be isolated and then covered with sealing material, have been successfully used for these
applications. However, BP Exploration's experience has shown that laying a sand plug can be less

expensive than the use of an inflatable bridge plug.

]
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Figure 15-62. Use of a Sand Plug for Zone Isolation (Chambers, 1993)

Other advantages to the use of sand plugs include the ability to cover long intervals quickly,
accurately control depth, and change the strength of the plug through choice of materials (Table 15-15).
Spherical plug material has less tendency to plug the BHA. For more permanent zone isolation, 20/40
Ottowa sand is used to form a tighter plug.
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TABLE 15-15. Plug Materials (Chambers, 1993)

BULK AND TRUE VOLUME MEASUREMENTS OF VARIOUS PROPPANTS

UNITS OF MEASURE 20/40 20/40 20/40
SAND CARBOLITE" LWP

BULK VOLUME

LB/CUFT 107.0 100.0 92.47
LB/BBL 600.6 560.45 518.45
LB/GAL 14.3 13.34 12.34
SP. GRAVITY 1.72 1.6 1.48

TRUE VOLUME

GAL/LB 0.0456 0.0441 0.0466
LB/GAL 21.93 22.68 21.46
LB/BBL 921.0 952.4 901.3
SP. GRAVITY 2.63 2.72 2.573

The true (absolute) volume of a granular material is the actual volume occupied by the grains. The bulk volume
is tha true voluma plus the void space between the grains. The bulk volumae, therefore, is always greater than
the true volume.

In proppant-fluid slurry calculations, the true volume density of the proppant must be used. In proppant fill-up
calculations, the bulk volume density of the proppant must be used.

* Carbolite is a product of CarboCeramics

BP Exploration has developed operational procedures for efficiently laying sand plugs with
coiled tubing. Jobs are performed in two or three stages, with about 80% of the target pumped in the first
stage. After the first stage settles, the sand top is tagged with the coiled tubing. The second-stage sand
volume is then adjusted to account for the behavior of the first stage. A third stage is pumped if necessary.
After the plug is laid, the well is allowed to stabilize for 12 hours. A final depth tag is run with wireline
before the operation proceeds.

A typical tool assembly for laying sand plugs is shown in Figure 15-63. If depth control is
needed, a tubing end locator should be run rather than rely on tags in sofi fill. A hydraulic disconnect is
included in case the end locator springs become jammed and cannot enter the tubing tail.
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Figure 15-63. BHA for Laying Sand Plugs (Chambers, 1993)

-~ Sand-nozzle design includes a center hole of at least % in. and five smaller holes around the
circumference (Figure 15-64}.
| g j g NW Box thread
—_— 4—1 i ID—-» 30D w+—
/ \ 5 holes, 33" ID, jetting
outward at a 30* angile
/ with a 15° ewirl in the
direction to ightenthe
thresd.
5/8" ID l
Figure 15-64. Nozzle for Laying Sand Plugs (Chambers, 1993)
r\
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After a plug stage is laid, the sand top is tagged every 5-10 minutes with the coiled tubing.

Operations proceed afier the sand top remains stationary. Typical problems encountered in deviated wells

are shown in Figure 15-65. If the sand top is consistently below expected depth, sand may be strung out

in dunes. This is remedied by washing across the liner with sea water. If the sand top is consistently above

expected depth, voids or bridges may be present in the column. A jet pass should be made into the column

with sea water to determine whether the sand top changes.

T

Figure 15-65. Sand Plug Problems: Good
Plug (Top), Sand Dunes (Middle), Voids
(Bottom) (Chambers, 1993)

In one case history described by BP
Exploration, a fracture candidate required a 69-ft plug to

. protect lower perforations, Three stages were planned

to lay the plug. The first stage was intended to cover
80% of the interval. After the well was killed with sea
water, the first stage was pumped at 1 bpm. The sand
top was tagged after 2 hrs at a height equivalent to 33%
of the interval.

Enough sand was pumped in the second
stage to fill the interval, according to initial volume
calculations. The sand top was tagged after 1 hr at 88%

' of the 69-ft interval. Ten more feet of sand were
- pumped in the third stage, increasing the total pumped

to 110 ft of sand (calculated) into the interval.

Wireline was used to tag the plug on the
next day. The plug was found to be 10 ft too long.

' Excess sand was bailed out via wireline. The operator

believed that the second stage was strung up the hole,
and that the third stage was unnecessary.

BP Exploration's experiences with sand

plugs showed that this approach allows effective isola-

tion in one operation, and reduces the effects of wellbore

© deviation, liner condition, and sand behavior.
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15.6.4 Halliburton Energy Services (Horizontal Completion Tools)

Zonal isolation is now practical in horizontal wellbores due to the availability of coiled tubing
services. New tools designed to be run and operated on coiled tubing are being developed to address the
needs of horizontal completions (Robison et al., 1993). It is now routine to complete horizontal wells with
zonal isolation capability and within a reasonable cost.

The hydraulic capability of coiled tubing adds significantly to the operational options
available. Downhole tools can be manipulated hydraulically without needing to rely on set-down weight.
A special hydraulic shifting tool (Figure 15-66) provides more positive control than a conventional shifting
tool with set-down weight. No tubing manipulation is required. When shifting is accomplished, flow ports
open, signaling successful operation.

SHIFTING KEYS

SHIFTING MANDREL
LOCATING KEYS
s

EMERGENCY RELEASE SUB PISTON HYDRAULIC CYLINDER

/ \

LOCATOR 5uUB MODULAR SHIFTING SUB CIRCULATING SuB

Figure 15-66. Hydraulic Shifting Tool (Robison et al., 1993)

Significant forces can be generated by the hydraulic shifting tool for shifting sliding sleeves
(Table 15-16). Wireline inside the coiled tubing can relay data describing the forces applied and the
position of the sliding sleeve.

TABLE 15-16. Hydraulic Shifting Tool Forces (Robison et al., 1993)

TublngSize | Shifter0D. | Pistondrea | ForceAvallable-
) | - (n) (Beln) | - @f
2% 1.84 1.67 1,800
2% 2.23 1.80 9,500
3% 2.72 | 232 11,600
4% 3.50 2.98 14,900
b 3.89 3.1 16,500
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More discussion of advanced coiled-tubing tools for horizontal completions is presented in
the Chapter Tools.
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