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1. Artificial Lift 

1.1 BP ALASKAINOWCAM (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. 

, i'lPE GUIDE ARCH 

HYDRAULIC MOTOR 

GAS UFT 
MANDREL 

w PACK-OFF (OPTIONAL) 

(XliF'P!NG BLOCK CHAlNS 
FOR COILED TUBING 

COILED TUBING 

ACCESS WINDOW 

COILED TUBING HANGER 

-- TUBING HANGER 

Figure 1-1. Access Window for Installing Side-Pocket Gas-Lift Mandrels 
on Coiled Tubing (Moore et a]., 1993) 



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. 

Figure 1-2. Well R-12 Wellbore Schematic (Walker et al., 1993) 



- 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 enough 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) 



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. 

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

WIRELINE INSTAU POLISHED BORE 
ASSEMBLY WITH FLAPPER VALVE 

Figure 1-5. Polished Bore with Flapper Valve (Moore et al., 1993) 

A 10-ft seal assembly and 1 0 4  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. 

Ice 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. 



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 

(Lidislq 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 (Lidislq et al., 1993). 

Figure 1-6. ESP Application (Lidislq et al., 1993) 



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. 
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Figure 1-7. Work Window for Deployment 
(Lidisky et al., 1993) 
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Figure 1-8. Friction Loss in Coiled Tubing (Lidisky et al., 1993) 



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 Ib, 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 Load Capacity Calculations (Lidisky et al., 1993) 

B a s e  Case: As Landed .  Tubing Hanging Open E n d e d  

Load Case  2: ESP Pumplng - Flowl~ne Open 

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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P 
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. 

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) 

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. 

Installation Task 

Conclusions reached by participants in this effort include the following: 

Hours 

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 

1. Initial spotting of equipment and rig-up , 1.9 

2. Reda equipment make-up 1 .O 

Due to the differences in standard coiled-tubing operations and ESP installation, a crew 
experienced in both fields is recommended 

3. Final rig-up 

4. Install connector and pull test 

5. Run tubing and band cables together 

6. Make up tubing hanger and pull test 

7. Land tubing hanger 

8. Rig down work window 

TOTAL 

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

I 3.1 

1.7 

1.6 

1.3 

0.2 

0.2 

11.0 

1.3 MARATHON OIL (JET PUMP) 
Marathon Oil 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) 
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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 
P 

I' 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 1-1 1. 
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Figure 1-1 1. Wellbore with Coiled-Tubing Jet Pump (Nirider, 1994) 



To install the slim-hole jet pump, 375 ft of 1 %in. coiled tubing tail pipe will be run and set with 

a hydraulic packer above the holes in the 3%-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. 
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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 



- 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. 
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2. Buckling 

2.1 THEORY 

2.1.1 Maurer En~ineerinelTexas 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 Fcr,b = critical (sinusoidal) buckling load at 

bottom of tubing; F,,,, = helical buckling load at bottom of tubing; and F,,,, = 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 3%-in. Well (Wu and Juvkam-Wold, 1993) 

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 2411. coiled tubing in the build section of a 37/n-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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Figure 2-1. Critical Buckling Load in Build Section (Wu and Juvkarn-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. 

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

Figure 2-3. These data show that coiled tubing will yield at relatively low loads after buckling helically 

in large wellbores. 

I 1 Helical Yield Load for Coiled Tubing (yield strength 70,000 psi) 

I 1 .O 3.0 5.0 7.0 9.0 11  .O 

Wellbore size, in. 

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-lb 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) 

6000 7 I 

04 ' 1 
0 2000 4000 6000 8000 10000 
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Figure 2-4. Hook Loads for Drilling a Horizontal Well with Coiled Tubing 
(Wu and Juvkam-Wold, 1993) 



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-lb WOB, 15"/100 ft build rate, and friction coefficient of 0.3. Snubbing forces from the 

injector were not considered. 
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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. 

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. 



,- 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 (a2). The solid curve (a2 = 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) 



Their analysis suggested that 

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 

curvature (Figure 2-8). In the build section, 

buckling forces are up to 40% higher when 

the curvature is considered. 
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Figure 2-7. Example Horizontal Well Profile 
(He and Kyllingstad, 1993) 

lmprovcd formula 
Curvature ignorcd 

I 
1500 2000 2500 3000 3500 4000 

MFASLJRED DWTH [MI 

Figure 2-8. Critical Buckling Forces in Example Horizontal Well (He and Kyllingstad, 1993) 

He and Kyllingstad's formula predicts a longer reach before wiled 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 Example 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 % x 0.125-in. tubing in a 5-in. wellbore. 
C 
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Figure 2-10. Force Transmission in Horizontal Well (He and Kyllingstad, 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 



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 Schlumber~er Dowell a imi t s  for Extended-Reach O~erat ions  

Schlumberger Dowel1 (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 Dowel1 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 15O1100 ft. Production tubing 

(3% in.) is set from surface to 25,000 ft.  The final 5000 ft is 7-in. casing. 

10000 20000 30000 

Radial Displacement [ft] 

Figure 2-1 1. 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. 



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 

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 string of coiled tubing could be run to bottom in the 30,000-ft 

example well. 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 0.156-in. wall. 



This optimized tapered design causes the maximum 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. 

Deviation 1Degreesl - 
Figure 2-15. Maximum Penetration Versus Inclination Angle (van Adrichem and Spruill, 1993) 

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 



penetration due to shorter radius build rates was 2200 ft at an inclination of 81". It is interesting to note 
P that build rate has almost no effect on achievable penetration for wellbores with inclinations near 72" or 90". 

lkviation [Degreecl - 
Figure 2-16. Maximum Penetration Versus Curve Section Build Rate 

(van Adrichem and Spruill, 1993) 

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 50004  interval of casing 

does not impact buckling to a significant degree. 
>- 

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%-in.). 

Deviation [Degrees] - 
Figure 2-17. Maximum Penetration Versus Production Tubing Size (van Adrichem and Spruill, 1993) 



A final geometric variable considered was depth of the kick-off point (Figure 2-18). At 

inclinations of 83" and greater, every 1000-f& increase in kick-off depth resulted in a 1000-f& increase in 

penetration. 

Deviation [Degrees] - 
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-f& 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) 

Tubla (0.D.) 1 70U pbs) 7OX Taper Obs) 1OOK (lbs) Tlti3nfm (lbs) 

11 1% in. I 35,160 I 39,230 I 32,430 I 18,780 (1 

Empty reel package weight: 16,000 Ib 

1 % in. 

1 % in. 

Pump rates that could be achieved were also considered. Pressure drops for fresh water and 

brine (1 1.6 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. 

42,750 

57,360 

47,700 

63,930 

39,390 

57.300 

24,750 

33,180 



- 
Pump Rate [Bhls] 

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 
P in Table 2-3. 

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

JKB mu 
1% In. 625 lbs 7500 Ibs 

1% In. 1200 lbs 7500 Ibs 

1% In. 2350 lbs 7500 Ibs 

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 m e r  Dowell & & l u a l - B ~  

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 
rC4 

increase friction and resist forward movement of the tubing. 



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 Dowel1 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). 

Figure 2-20. MomentlCurvature Plot for Bending Coiled Tubing (Bhalla, 1994) 

Results with the residual-bending model are compared to output from Schlumberger Dowell's 

standard buckling model (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. 

Figure 2-21. Predicted Weight Indicator With and Without Residual Bend (Bhalla, 1994) 



r' 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. reel radius; 100-in. gooseneck radius), slack-off loads 

asymptotically approach the CoilCADE prediction for friction factor of 0.18 (dot-dash curve). 

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. 

Figure 2-23. Effect of Tubing Yield Strength (Bhalla, 1994) 



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) 

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. 



2.2.1 BP Exploration O p e r w  (Wvtch Operatio& 

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 
(m) (ft) (m) (11 )  (m) (ft) (degrees) 

F18 3,857 12.655 1,670 5.479 4,450 14.600 72 

F19 5,001 16.408 1,675 5.496 5,757 18,889 82 

F20 4,486 14,719 1,667 5,469 5,300 17,389 80 
L 

Development at Wytch Farm began in the late 1970s with the onshore areas of the field. 
e 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 wiled tubing is by means of a 2Vein. logging bypass (Figure 2-26). 
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Figure 2-26. Extended-Reach Well Completion (Summers et al., 1994) 



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. 



Figure 2-28. Weight Indicator from CBL in Well F18 (Summers et al., 1994) 
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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. 
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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 Erdpas-Erdol W H  (Open-Hole Lo- 

Based on the results of two series of field trials in open-hole shallow horizontal wells, Mobil 

Erdgas-Erdol GmbH (Van den Bosch, 1994) found that coiled-tubing logging operations did not offer 

advantages as compared to drill-pipe-conveyed methods 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) 

1 lorlzontal / mm veruca1 Dogleg. 
Well Le-m Depth, m 

R-302 128 638 28 62 Chalk I Gas Storage 

R-303 298 905 30 58 1 Chalk 1 Gas Storage 

R-304 390 890 29 60 Chalk Gas Storage 

Well A 1 414 660 146 1 12 Sandstone Oil Well 

--- -- 

R-305 1 432 

R-306 426 

Well B 715 1,172 194 1 9 Sandstone Oil Well 

- 

958 

693 

I 
Well C 1 ' 161 948 

34 

28 

125 i 14 1 Sandstone 1 Oil Well 

52 

62 

Chalk Gas Storage 

Chalk Gas Storage 
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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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Success of Coiled-Tubing Versus Drill-Pipe Logging (Van den Bosc 

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 1 %-in. tubing. 

Successful runs to 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-wstry Proiect IF- 

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 a]., 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 (Fi,lFo,J 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. 



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

. - ........................ 7 ..... 
t 

0 200 400 600 
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 abovelbelow 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. 

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 0.134 in. Length of coiled-tubing string is shown in the 

figure. 



Figure 2-35. Compressive Force and Output Force for l1h-in. Tubing (Tailby et al., 1993) 
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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 1% x 0.125-in. tubing. 

....................................... ...........,........... 

........... : 

~ = 4 0 6  
............ 

-1 00 -80 -60 40 -20 0 

Conpression force, F-in, kN 

Figure 2-36. Compressive Force and Output Force for 1 %-in. Tubing (Tailby et al., 1993) 
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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) 
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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 '/4 x 0.125-in. coiled tubing with the double-acting cylinder locomotive. 
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Figure 2-38. Change in Static Friction Force for 1%-in. Tubing (Tailby et al., 1993) 
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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 Schlumber~er DoweU Nerifvhp Model Pred ic t id  . . 

Schlumberger 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 (ran Adrichem and Newman, 1993) 

Completlon 
Slza p.) 

JobType 1 (OpenHole) 
TD 
(pt) 

Horizontal 
~ectlon ( ~ t )  

Redlcted Lockup 
MD (tt) 

Actual Lockup Mll 
( rt) 

Actual vs. 
Predicted (%) 



,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. 

Figure 2-39. Generic Weight Indicator Readout for Job in Horizontal Well 
(van Adrichem and Newman, 1993) 
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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. 

<.' 
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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 lb and remained nearly constant out to TD. 

1 
I 
I 
I 
I 



Slackon model 
I I - P i c k u ~  model I 1 -5.500 
I I I 

I 
0 5,COO 10,000 15.000 

MEASURED DEPTH OF TOOL STRING (H) 

Figure 2-40. Coiled-Tubing Logging Run in Horizontal Well (van Adrichem and Newrnan, 1993) 

Results from an acid wash in a horizontal well (Figure 2-41) illustrate a successful attempt 

to increase penetration beyond initial lock-up. Model 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 
f i  

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 4 1 .  Coiled-Tubing Acid-Wash Job in Horizontal Well (van Adrichem and Newman, 1993) 



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 242)  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 4 2 .  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. 



I I  
Figure 2-43. 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. 

... 
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). 

1 
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Figure 2-45. Coiled Tubing Lock-Up in Example Extended-Reach Well (Tailby, 1993) 



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 246). 
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Figure 246 .  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). 

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. 



Statoil (Ostvang et al., 1994) described the feasibility determination, planning, and execution 

of coiled-tubing operations 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 Otfset (rn) 

Depth 
0") 

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%-in. coiled tubing has a residual bend of about an 8-m (264) radius after passing through an injector, 

and would lie in a circle if unconstrained (Figure 2-49). 
.F 



Figure 2-49. Residual Bending in 1 M-in. Coiled Tubing (Ostvang et al., 1994) 

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. 

Force (lbf) 

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 2-5 1 .  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. 
rC 

I 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. 

Figure 2-52. Effect of Friction Factor on Coiled-Tubing Lock-up (Ostvang et al., 1994) 



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



2.2.7 Transocean Well Services (Extended-Reach Owrations) 

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 withii the wellbore, tubing metallurgy, design of the coiled-tubing string (diameter, thickness, 

taper, etc.), and BHA weight. Higher strength tubing (80 h i  up to 100 h i )  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). 
h 

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). 
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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, 

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 activatelpower 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 ARC0 ALASKA (CEMENTING AT PRUDHOE BAY) 

Many significant advances in squeeze cementing with coiled tubing have been implemented by 

operators at Pmdhoe 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 Pmdhoe 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 

r 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) 

I '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 0.025mrn) are added at a concentration of 1% by weight. 

For certain situations, such as damaged casing, severe corrosioderosion, 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 midjoint versus 10-20 midjoint for live 

well). Installation procedures are summarized in Figure 3-2. 

InlUal Condluon sandback Wellborn Install Scab LLacr Ccmcnt Scab Uncr Drill Out Cemcnl 

Figure 3-2. Scab Liner Installation with Coiled Tubing (Gantt and Smith, 1994) 



l- 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. 

Sandback Wellbare S m t  Cement Drill Out Cement I 

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 Reem, 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 



A basic procedure for high-pressure cement squeezes was given by Krause and Reem (1993): 

1. After the well is fluid-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 common. 

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 SERVICESICONOCO (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 points in the test equipment 

(Figure 3-4). 



C o i l e d  Tubing Triplex Pump Mixer 

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 Ilblgal) 
Slurrv Series and Yield Ift3/skj Class H Cement with add-mixtures 

N, T, & NX 16.4 0.5 galhk proprietary synthetic fluid loss additive, 0.1 5 gallsk aqueous 
1.07 solution of calcium lignosulfonate, and 0.08 gallsk defoamer 

L, TL, & LX 16.4 1.25 gallsk latex, 0.2 gallsk stabilizer, 0.12 gallsk aqueous solution of 
1.06 calcium lignosulfonate, and 0.08 gallsk defoamer 

A 16.0 0.1 5 gallsk non-aqueous dispersion of HEC, 0.17 gallsk aqueous 
1.12 solution of calcium lignosulfonate, and 0.05 gallsk defoamer 

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 Sluny Sampling Sequence (Heathman et al., 1993) 

Sample Pt. 

Pilot 

Blend 

A 

B 

BE 

C 

CC 

D 

Description 

Laboratory pilot tests with isolated materials. 

Laboratory mixed slurry using mixing fluid pepared in batch mixing equipment. 

10 minutes after reaching density. 

50 minutes after "A"; taken when 3 bbls had entered the coil. 

Mate to sample B, slurry exiting coiled tubing; taken after 3 bbls had exited coil. 

60 minutes after sample B (where applicable) taken when 3 bbls had entered the coil. 

Mate to sample C, slurry exiting coiled tubing; taken after 3 bbls had exited coil. 

60 minutes after sample C (where applicable) taken when 3 bbls had entered the coil. 

I DD Mate to sample D, slurrv exiting coiled tubing; taken after 3 bbls had exited coil. I 



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. 

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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Figure 3-6. Mean Thickening Times for Slurry Tests (Heathman et al., 1993) 

1- 
3.3 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 would 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. 



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 to 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 loss and filter cake were compared before and after pumping slurry through the 1 %- 

in. reel of coiled tubing. Fluid 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. 


































































































































































































































































































































































































































































































































































































































































































































































































