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WELL TREATMENT APPARATUS AND METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Not Applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable. 

BACKGROUND OF THE INVENTION 

[0003] 1. General Field of the Invention 

[0004] The present invention relates generally to tools and 
methods used in treating subterranean Wells and, in a pre 
ferred embodiment thereof, relates more particularly to 
apparatus and methods for conducting Well stimulation and 
formation fracturing operations in subterranean Wells. 

[0005] 2. Background Information 

[0006] A potentially productive geological formation 
beneath the earth’s surface often contains a su?icient vol 
ume of valuable ?uids, such as hydrocarbons, but also may 
be characteriZed as having a very loW permeability. “Per 
meability” is a term relating to a quality of a geological 
formation Which describes the ability of ?uids to move about 
through the formation. The hydrocarbons are contained in 
the formation’s pores, and a formation may be described in 
terms of its “porosity.” If a formation’s porosity is loW, 
meaning that the pores are not sufficiently interconnected, 
the ?uids cannot migrate through the formation and, thus, 
cannot be brought to the earth’s surface Without a structural 
modi?cation or stimulation of the production Zone. 

[0007] When it is desired to recover hydrocarbons from a 
formation having loW permeability, it becomes necessary to 
“stimulate” the Well, meaning to arti?cially increase the 
formation’s permeability. This is typically accomplished by 
“fracturing” the formation, a practice Which is Well knoWn 
in the art and for Which purpose many methods have been 
conceived. Basically, fracturing is achieved by applying 
sufficient ?uid pressure to the formation to cause it to crack 
or fracture, hence the term “fracturing” or simply “fracing.” 
The desired result of this process is that the cracks inter 
connect the formation’s pores and alloW the hydrocarbons to 
be brought out of the formation and to the surface. Typically 
in the fracing process, sand or another proppant is pumped 
into the formation to keep the cracks or voids open to alloW 
the desired ?uid migration. Other types of Well treatment 
operations are used to enhance production, including acidiZ 
ing and hydraulic jetting of the formation. Like fracing, 
these methods also involve pumping ?uids doWnhole and 
into the formation. 

[0008] In completing a Well for production, the borehole 
in the earth is cased by tubular casing Which is cemented 
Within the borehole. To alloW the formation ?uids to ?oW 
into the production bore in the casing, the cased borehole is 
perforated in regions adjacent to the Zones in the formation 
that are believed to be productive. To perforate the cased 
borehole, a perforating assembly mounted on the loWer end 
of a tubular Work string or Wire line is loWered into the Well 
bore. The perforation tool or “gun” assembly is then deto 
nated to create a series of spaced perforations extending 
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outWardly through the Well casing, the cement holding the 
casing in place in the Wellbore, and into the production Zone. 
The discharged gun assembly is then pulled up With the 
Work string to complete the perforating trip. 

[0009] Using previously proposed apparatus and methods, 
the general sequence of steps needed to stimulate or frac a 
production Zone includes loWering into the Well a tubular 
proppant discharge member and one or more packers on a 
Work string. The proppant discharge member includes dis 
charge or eXit ports formed therein, the discharge ports being 
located in close proximity to the gun-created perforations 
that eXtend outWardly through the perforated casing. Prop 
pant slurry is then pumped doWn the Work string and 
discharged through the ports in the discharge member Where 
it ?oWs outWardly through the perforations into the sur 
rounding production Zone. Once the appropriate amount of 
proppant has been injected into the formation, the Work 
string is then removed from the Wellbore to complete the 
stimulation trip and to initiate the production of the Well 

[0010] This previously proposed perforation and proppant 
fracturing technique has several Well knoWn and heretofore 
unavoidable problems, limitations and disadvantages. For 
eXample, When the proppant slurry discharge member is 
loWered into the Well bore, it is di?icult to obtain a precise 
alignment (in both the aXial and angular directions) betWeen 
the discharge ports in the discharge member and the perfo 
rations in the casing. The usual result is that some degree of 
misalignment eXists betWeen the discharge ports and the 
perforations. Because of such misalignment, the proppant 
must folloW a tortuous path on its Way to entering the 
perforations after it is discharged from the Workstring. 
Because of the highly abrasive character of proppant slurry 
and because the slurry is under very high pressure, this 
tortuous ?oW path can cause severe abrasion and Wear With 
respect to the components of the bottom hole assembly and 
to the casing. 

[0011] Use of the above-described prior technique also 
limits the ability to isolate multiple production Zones from 
one another—a requirement that may be necessary due to 
the fact that different Zones may require different fracturing 
pressures, different types of fracturing ?uids, and different 
amounts of proppant. 

[0012] Isolating and fracing Zones individually Within a 
perforated interval that contains multiple Zones is important 
due to other considerations as Well. For eXample, in one type 
of prior fracing method, a relatively long interval With many 
producing Zones is treated in a single fracing procedure after 
the entire interval had been perforated. AWorkstring having 
a ported discharge sub through Which the fracing ?uids are 
pumped is placed in the Well bore in the vicinity of the 
perforated interval. The Workstring includes a pair of pack 
ers spaced apart by a distance greater than the length of the 
entire perforated interval. One packer is set above and one 
beloW the interval, and the fracing slurry is then pumped 
doWnhole at a relatively high pressure so that the ?uid, 
theoretically, is forced through all of the perforations and 
into all of the potentially productive Zones in a single 
operation. In many such operations, hoWever, the results 
Were not satisfactory. Typically, certain of the producing 
Zones in the isolated or “packed off” interval have Weaker 
formation strength than the others. As a result, the fracing 
?uids tend to ?oW into the formation With the Weakest 
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formation strength, i.e., the formation With the highest 
permeability to ?uids. Thus, because little fracing ?uid 
actually enters the other Zones When this occurs, certain 
potentially productive Zones are not adequately stimulated 
or fraced, and do not thereafter produce to the desire degree. 

[0013] Attempts have also been made to frac and treat 
potentially productive formations or Zones one at a time. The 
procedure employed tends to eliminate the disadvantages 
associated With fracing simultaneously over a relatively 
large interval. To accomplish this, each potentially produc 
tive Zone is provided With its oWn set of perforations through 
the Well casing. Using a Workstring With a ported discharge 
sub and a “straddle packer assembly,” the Work string is 
placed in the Well bore With the packers straddling the ?rst 
interval to be fraced. The packers are then actuated (set) so 
as to isolate that particular Zone from the other Zones such 
that it can be treated individually. Typically, the loWer most 
Zone is treated ?rst. Thereafter, the packers are released 
(unset) and the Work string raised to the next Zone to be 
treated. As before, the packers are then set so as to straddle 
the perforations in that Zone, and the Zone is individually 
treated. Thereafter, the Workstring is raised to still another 
Zone. This method and apparatus for treating Zones indi 
vidually generally produces higher production rates. 
[0014] The method and apparatus for individually treating 
Zones is typically performed With a Work string comprised of 
either jointed metal pipe or metal coiled tubing. The dis 
charge member or ported sub is positioned at the loWer end 
of the Workstring. The method thus described, hoWever, has 
inherent limitations. First, to succeed, it is important that the 
packers completely straddle the perforations and not be set 
in the perforated region. If either packer is set in an area 
having perforations, the fracing ?uid ?oWing out of the 
ported sub and through the perforations into the formation 
Will ?oW back into the Wellbore annulus through the perfo 
rations that are beyond the region being isolated by the 
straddle packers. Turbulence caused by the abrasive fracing 
?uid ?oWing back into the annulus creates a pressure 
differential across the packers and tends to erode or “Wash 
out” and ruin the packer assembly, an event that frustrates 
the fracturing operation. 
[0015] Additionally, it is important that the packers not be 
set Within a casing joint, but instead be set in the blank pipe 
extending betWeen the casing joints. Typically, there are 
gaps betWeen the terminal ends of adjacent casing sections 
at the casing joints. If the packers are set on those gaps, then 
the packers Will not seal properly and hold pressure to isolate 
the intended interval. When this occurs, the packers have not 
isolated and sealed off the annulus in the desired interval, 
and the fracing ?uid can ?oW out of the isolated annulus and 
into the annulus extending beyond the packers. This condi 
tion can cause the packers to Wash out and erode. Further, 
depositing large quantities of proppant above the packer 
assembly may cause the assembly to stick in the hole or to 
otherWise become dif?cult to relocate. Accordingly, it is 
critical to knoW the location of the perforations and the 
casing joints and to ensure that the straddle packers are 
properly located and not set in perforations or a casing joint. 
Unfortunately, properly positioning the packers With respect 
to the perforations and casing joints has been difficult to 
achieve. 

[0016] In shalloW Wells, it is easier to record depth in the 
Well and to more accurately position at particular depths 
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tools that are loWered via the Work string. This is because in 
shalloW Wells, the Work string have less Weight and the 
doWnhole temperatures are not so great as to cause extreme 
changes in the pipe length due to stretching or contracting of 
the pipe as a result of Weight or temperature. Accordingly, 
the depth of casing joints and perforations may be discerned 
and recorded With reasonable accuracy in shalloW Wells 
given that the length of the Work string used in forming the 
perforations, for example, may be accurately determined by 
counting the pipes making up the string. LikeWise, the 
length of a Work string used to conduct a fracing operation 
in a shalloW Well may also be accurately determined by 
recording the length of tubing or number of pipes (multi 
plied by each pipe’s length) such that the ported discharge 
sub may be properly positioned adjacent to the perforations, 
and the packers may be properly positioned in the blank 
pipe. For purposes of this application, a “shalloW” Well is 
de?ned as a Well having a depth of 3000 feet or less and a 
“deep Well” is a Well having a depth of more than 3000 feet. 

[0017] For deep Wells, depth control is more problematic. 
For example, if the Work string is jointed pipe, the Weight of 
the Work string extending into a deep Well tends to cause the 
string to stretch such that its length, and thus the location of 
the doWnhole tool it supports, may not provide an accurate 
depth indication. Further, the Work string Will tend to expand 
and contract With doWnhole temperatures Which also intro 
duces inaccuracies in the length of the string and thus the 
actual depth of the tools. 

[0018] In another example, When the Workstring is coiled 
tubing and it is run into a deep Well, it tends to bend and curl 
Within the cased borehole, such that the exact distance from 
the surface to the doWnhole tool does not equal the length of 
coiled tubing that has been injected into the Well. Further, 
the deeper the Well, the higher the temperature and the 
greater the expansion of the coiled tubing. In a shalloW Well, 
the upper and loWer straddle packers may be only ten feet 
apart, for example. Using closely-spaced straddle packers in 
a deep Well hoWever, and considering the expansion and 
contraction of the coiled tubing, as Well as the tendency for 
the coiled tubing to bend and curl in the borehole, it is 
extremely dif?cult to determine exactly Where the packers 
and fracing assembly are in relation to casing joints and the 
perforations. 

[0019] Although conventional metal coiled tubing has 
been employed in shalloW Wells in certain fracing opera 
tions, it is not feasible in certain deep Wells. For example, 
most conventional metal coiled tubing cannot Withstand a 
12,000 psi differential pressure as may be encountered at the 
surface When conducting deep Well fracing operations. Fur 
ther, metal coiled tubing is relatively heavy and transporting 
the number of spools of coiled tubing required for the 
operation and injecting and WithdraWing the tubing from a 
deep Well requires specially designed, heavy duty equipment 

[0020] Furthermore, even if the depth of the fracing 
assembly Were somehoW to be precisely knoWn, there still 
exist problems that are introduced due to inaccuracies in 
determining the actual depth of the perforations. As stated 
above, the step of perforating the Well typically includes 
recording the depth and location of the perforations; hoW 
ever, using perforation equipment With Wire line, jointed 
pipes and coiled tubing nevertheless does not alWays pro 
vide accurate depth measurements, due again to the ten 
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dency of the Wireline, pipe and tubing to expand With Weight 
and doWnhole temperatures, and to bend or coil in the 
borehole. 

[0021] Another problem inherent in fracing operations in 
deep Wells raises signi?cant safety concerns. It is vitally 
important during fracing operations to have an understand 
ing of the pressure doWnhole. In fracing, the objective is to 
inject high pressure ?uid into the formation With the pres 
sure being so great as to overcome the Weight of overburden 
and pore pressure to cause the created fractures to Widen. To 
maintain the fractures, a proppant, such as sand, is included 
in the fracing slurry and is ?oWed into the fractures to keep 
them open. The greater the degree of fracture that is 
achieved, the greater the How of hydrocarbons out of the 
formation and into the Wellbore. Thus, during the fracing 
operation, high pressure ?uids and proppants are pumped 
doWnhole, out of the Workstring, through the perforations 
and into the fracture. The proppant ?oWs into the created 
fractures and begins ?lling the fractures from the outermost 
region back toWards the Wellbore. Once the proppant essen 
tially ?lls the fractures back to the Wellbore, and With fracing 
?uid continuing to be pumped doWnhole, the doWnhole 
pressure increases suddenly and dramatically. This condition 
is referred to as “screen out.” Screen out is essentially When 
the formation Will no longer accept more fracing ?uid or 
proppant. When screen out occurs Without Warning, a poten 
tially haZardous condition is created at the surface Where the 
fracing ?uid is continuing to be pumped through the Work 
string at very high pressures, such as from 5,000 to 18,000 
psi. When the doWnhole pressure suddenly spikes, the 
differential pressure as measured across the Wall of the Work 
string at the surface may exceed the margin of safety causing 
the pipe to burst, subjecting personnel and equipment to risk. 
It is thus extremely important to knoW When a screen out 
condition is imminent so that the pumps can be turned off or 
throttled back before the situation becomes dangerous. 

[0022] Positioning a pressure sensor in the Workstring 
adjacent to the discharge sub to sense doWnhole pressure and 
communicate the pressure data to the operator or controller 
at the surface Would be advantageous; hoWever, communi 
cating data to the surface during fracing operations has 
presented a problem. Although it is common to use mud 
pulse telemetry in Well operations for transmitting data to a 
surface controller, mud pulse telemetry is difficult if not 
impossible to employ in fracing operations because there is 
too much hydrostatic noise Which prevents transmission of 
telemetry up the annulus to the surface. Further, although 
electrical signals can be sent uphole via conductors strapped 
on the outside of the Work string, the conductors are sub 
jected to abuse and damage as the Work string scraps against 
the sides of the Well bore While the Workstring is loWered 
into or removed from the bottom of the Wellbore, and as Well 
?uids ?oW around the conductors. The problems arising 
from the conductors being subjected to extreme physical 
abuse are magni?ed tremendously in deep Well applications. 

[0023] As a consequence of the inability to accurately 
transmit actual, real-time doWnhole pressure measurements 
to the surface, it is conventional in prior art fracing opera 
tions to attempt to calculate doWnhole pressure by consid 
ering a variety of parameters such as surface pressure. 
HoWever, for several reasons, it is extremely dif?cult to 
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extrapolate the doWnhole pressure from the measured sur 
face pressure and the other available data, particularly in 
deep Well operations. 

[0024] The pressure measured at the surface is a combi 
nation of the friction pressure, the hydrostatic pressure and 
fracture gradient pressure. The gradient pressure may vary 
signi?cantly depending on particular local conditions. A 
typical fracture gradient pressure is approximately 0.7 psi 
per foot of depth of Well bore. Thus, in this example, at a 
depth of 3000 feet, the doWnhole pressure attributable to the 
fracture gradient Will be approximately 2100 psi. Obviously, 
as the Well extends deeper, the fracture gradient pressure 
increases. The other pressure components are not so easily 
quanti?ed. In pumping the fracing ?uid doWnhole, a large 
component of the pressure measured at the surface is the 
friction pressure created by the ?uid moving at high veloci 
ties through a relatively small diameter pipe. In addition to 
the friction pressure, there exists a hydrostatic pressure in 
the How bore of the Work string caused by the Weight of the 
column of ?uid in the How bore. HoWever, the concentration 
of the proppant in the slurry is typically increased during the 
course of a fracing operation. Thus, the Weight of ?uid being 
pumped doWnhole increases as the process continues over 
time. As the density of the ?uid changes during the fractur 
ing job, the hydrostatic pressure and the friction pressure in 
the How bore also change. These changing variables, 
coupled With the high volume of ?uid that is pumped during 
the fracing operation, makes calculating the doWnhole pres 
sure very complex. In deep Wells, the friction pressure and 
hydrostatic pressure are so great that it masks the onset of 
the screen out condition. The ?uids and their density change 
so fast that it is difficult if not impossible to calculate 
accurately doWnhole pressure. Once again, if the doWnhole 
pressure spikes quickly and the spike cannot be seen or 
predicted soon enough based on the pressures calculated at 
the surface, the excessive pressure can cause the Work string 
to burst, endangering both creW and equipment. Thus, rather 
than extrapolating and relying on calculations based on 
changing variables, it Would be much more desirable to have 
a means for accurately measuring doWnhole pressure and 
communicating that measurement to the surface in real time 
to enable appropriate decision making. 

[0025] Also important to conducting a proper fracing job 
is to knoW the temperature doWnhole. This is because the 
fracing ?uid Will often be multi-phased, and it is important 
to the operation to knoW the percent of ?uid in the gaseous 
phase and in the liquid phase. The respective liquid/gas 
percentages of the ?uid are a function of the doWnhole 
temperature. If the temperature doWnhole Were knoWn and 
could be communicated accurately to the surface in real 
time, adjustments could be made to ensure that the appro 
priate and optimum ?uids Were being injected into the 
formation. The fact that the fracing ?uid is in tWo phases and 
that the volume of gas changes continuously as the ?uid 
moves doWn into the Well bore also makes it even more 
dif?cult to calculate bottom hole pressure. 

[0026] It is also desirable in fracing operations to deter 
mine the siZe, orientation and shape of the fracture being 
created so that the operation can be ceased or altered if the 
fracture propagates in a manner that is undesirable. Pres 
ently, it is knoWn to convey tilt sensors doWnhole via a 
Wireline, and to attach the sensors magnetically to the casing 
Wall at various locations along or adjacent to the interval 
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being treated. In What are referred to as “mini fracing” 
operations, that is, When pumping ?uid but not proppant, tilt 
sensors are capable of detecting the tilt in the casing that 
results from the pumping operation and communicating the 
sensed data to the surface via the Wire line’s conductors. 
Unfortunately, When the fracing operation includes pumping 
proppant doWnhole, this prior method of employing a Wire 
line communication link is not believed to be viable because 
of erosion to the conductors that occurs at the Well head 
Where the proppant is injected, and because of the danger of 
proppant building-up around the doWnhole tilt sensors 
Which might cause the doWnhole assembly to become stuck. 
Nevertheless, because of the signi?cant bene?ts to be 
derived from such data, a means for measuring the tilt and 
communicating the sensed value in real time to the surface 
in a proppant fracing operation Would be highly desirable. 

[0027] As can be readily seen from the foregoing, it is 
advantageous to provide improved Well treatment and prop 
pant fracturing apparatus and methods Which eliminate or at 
least substantially reduce the above-mentioned problems, 
limitations and disadvantages commonly associated With the 
previous stimulation techniques generally described above. 
It is accordingly an object of the present invention to provide 
such improved apparatus and methods. 

SUMMARY OF PREFERRED EMBODIMENTS 
OF THE INVENTION 

[0028] Accordingly, there is provided herein apparatus 
and methods enabling multiple Zones Within a formation to 
be treated sequentially With a single trip of the Work string 
and Which, in certain embodiments, provide transmission of 
poWer and transmission of data indicative of actual Wellbore 
conditions for enhanced safety and system reliability. 

[0029] A preferred apparatus includes a bottom hole 
assembly having a tubular, ported sub and a tubing string 
connected to the bottom hole assembly. The tubing string 
and bottom hole assembly include ?uid passageWays that are 
in ?uid communication so that treatment ?uids may be 
pumped from the surface through the tubing string and out 
of the ports in the tubular sub When positioned adjacent to 
the Zone to be treated. Preferably, the tubing string is a 
composite tubing having conductors embedded in the Walls 
of the tubing and extending from the bottom hole assembly 
to the surface. Alternatively, metal tubing or jointed pipe 
may be employed With an umbilical of electrical conductors 
supported by the tubing or pipe, the conductors again 
extending from the bottom hole assembly to the surface. 

[0030] It is preferred that the bottom hole assembly 
include at least one sensor for measuring Wellbore param 
eters and communicating in real time the sensed data to the 
surface controller, With the sensor being coupled to the 
surface controller via the conductors supported by the tub 
ing. The conductors may include electrical conductors, ?ber 
optics conductors or others. 

[0031] To isolate the appropriate Well interval to be 
treated, it is preferred that the bottom hole assembly include 
one or more packers and a packer actuator associated With 
each packer for causing the packer to expand and isolate a 
Well interval in response to an electrical signal transmitted 
from the surface to the bottom hole assembly via the 
conductors. The conductors supported by the tubing string 
provide tWo Way communication betWeen the surface and 

Mar. 4, 2004 

the bottom hole assembly, as Well as a means for transmit 
ting electrical poWer from the surface to the bottom hole 
assembly. Further, given this direct communication link 
from the bottom hole assembly to the surface, real time Well 
data may be sensed and communicated to the surface 
controller enabling adjustments to the treatment operation to 
be performed, both to enhance the effectiveness of the 
operation and to provide a means to determine doWnhole 
conditions accurately, such as pressure, and, When required, 
to throttle back or shut doWn pumping equipment before any 
dangerous situation develops. 
[0032] In another preferred apparatus, the bottomhole 
assembly includes a detector sub having a sensor that detects 
anomalies in the casing, such as perforations and casing 
joints. Such a detector communicates the sensed data to the 
surface via the conductors supported by the tubing string so 
that the bottom hole assembly can be appropriately posi 
tioned. More speci?cally, the detector permits the packers to 
be set in blank sections of casing so as to properly isolate a 
particular Well interval so that the ?uids pumped doWnhole 
can penetrate into the intended Zone via the perforations, and 
so that the packers are not eroded or Washed out due to 
improper packer placement Within a casing anomaly. 
[0033] Apreferred method is disclosed and includes plac 
ing a tubing string With a bottom hole assembly having a 
ported sub and a plurality of sequentially settable packers 
into a Wellbore, locating a blank segment of casing above the 
?rst producing Zone, setting a ?rst packer in that blank 
region of casing to isolate a ?rst Well interval, pumping 
treatment ?uid through the ported sub from the surface and 
into the ?rst isolated interval, and sensing at least one 
doWnhole parameter and communicating the sensed param 
eter to the surface via conductors extending along the tubing 
string. The method may also include stopping the ?oW of 
treatment ?uid When the sensed parameter meets a prede 
termined criteria, such as When a doWnhole pressure is 
sensed that indicates that a “screen out” condition is about 
to occur, or When doWnhole tilt meters indicate that a 
fracture is propagating in an unanticipated or undesirable 
manner. 

[0034] The disclosed methods also include raising the 
bottom hole assembly to a position above the ?rst set packer, 
locating a blank segment of casing above the depth of the 
next producing Zone, setting a second packer in that blank 
region of casing to isolate a second Well interval, pumping 
treatment ?uid through the ported sub and into the second 
isolated interval, and sensing at least one doWnhole param 
eter and communicating the sensed parameter to the surface 
via conductors. 

[0035] The preferred embodiments summariZed above 
thus permit multiple Zones Within a given formation to be 
treated sequentially, With a single trip of the Well treatment 
Work string. Given the real time communication link pro 
vided via conductors, either embedded in the Wall of the 
tubing string or supported by other means along the length 
of the tubing or pipe, real time communications of important 
doWnhole conditions can be communicated to the surface, 
enabling the surface controller and operator to avoid dan 
gerous conditions and better tailor the treatment operation, 
such as by varying the density or makeup of the ?uid being 
pumped doWnhole. 
[0036] Thus, the embodiments of the invention summa 
riZed above comprise a combination of features and advan 
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tages Which enable them to overcome various problems of 
prior devices systems and methods. The various character 
istics described above, as Well as other features, Will be 
readily apparent to those skilled in the art upon reading the 
following detailed description of the preferred embodiments 
of the invention, and by referring to the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] For a more detailed description of the preferred 
embodiments of the present invention, reference Will noW be 
made to the accompanying draWings, Wherein: 

[0038] FIG. 1 is a schematic elevation vieW, partly in 
cross section, of a preferred embodiment of the Well treat 
ment apparatus the present invention disposed in a subter 
ranean Well. 

[0039] FIG. 2 is a cross sectional vieW of a Work string 
including composite continuous tubing for the apparatus 
shoWn in FIG. 1. 

[0040] FIG. 3 is a cross sectional vieW of the composite 
tubing shoWn in FIGS. 1 and 2, the section taken along the 
longitudinal aXis of the tubing. 

[0041] FIG. 4 is an enlarged vieW of a bottom hole 
assembly of the Well treatment apparatus shoWn in FIG. 1. 

[0042] FIG. 5 is a schematic elevation vieW, partly in 
cross section, of a portion of the bottom hole assembly 
shoWn in FIG. 4. 

[0043] FIG. 6 is a schematic elevation vieW, partly in 
cross section, of a hydraulic distribution sub in the bottom 
hole assembly shoWn in FIG. 4. 

[0044] FIG. 7 is a schematic vieW of the hydraulic circuit 
employed in the bottom hole assembly shoWn in FIG. 4. 

[0045] FIG. 8 is a schematic elevation vieW, partly in 
cross section, of the sensor sub and stinger of the bottom 
hole assembly of FIG. 4. 

[0046] FIG. 9 is a functional block diagram of the electric 
poWer and control system for the Well treatment apparatus 
shoWn in FIG. 1. 

[0047] FIGS. 10A-10D are schematic elevation vieWs, 
partly in cross section, of a Well including producing Zones 
Which are to be treated using the system and apparatus of 
FIG. 1, the ?gure shoWing the bottom hole assembly in 
various positions as it conducts sequential operations on the 
individual Zones. 

[0048] FIGS. 11A, 11B are schematic elevation vieWs, 
partly in cross section, of another preferred embodiment of 
the Well treatment apparatus, the bottom hole assembly 
being shoWn in various positions in the Well bore as it is used 
to sequentially treat various Zones. 

[0049] FIG. 12 is a schematic elevation vieW, partly in 
cross section of a portion of the embodiment of FIG. 4 
employing propellant-activated packers. 

[0050] FIG. 13 is a schematic elevation vieW, partly in 
cross section, of still another preferred embodiment of the 
Well treatment apparatus. 
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[0051] FIG. 14 is a schematic elevation vieW, partly in 
cross section, of still another preferred embodiment of the 
Well treatment apparatus. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0052] The present invention relates to methods and appa 
ratus for Well treatment such as fracing or stimulation 
operations. The present invention is susceptible to embodi 
ments of different forms. There are shoWn in the draWings, 
and herein Will be described in detail, speci?c embodiments 
of the present invention With the understanding that this 
disclosure is to be considered an eXempli?cation of the 
principles of the invention, and is not intended to limit the 
invention to that illustrated and described herein. Further, it 
is to be fully recogniZed that the different teachings of the 
embodiments discussed beloW may be employed separately 
or in any suitable combination to produce desired results. 

[0053] In the folloWing discussion and in the claims, the 
terms “including” and “comprising” are used in an open 
ended fashion, and thus should be interpreted to mean 
“including, but not limited to . . . ”. Also, the terms 

“couple,”“couples” and “coupled” is intended to mean and 
refer to either an indirect or a direct electrical connection. 
Thus, for eXample, if a ?rst device “couples” or is “coupled” 
to a second device, that interconnection may be through a 
direct electrical connection of the tWo devices, or through an 
indirect electrical connection via other devices, conductors 
and connections. Further, reference to “up” or “doWn” are 
made for purposes of ease of description With “up” meaning 
toWards the surface of the Wellbore and “doWn” meaning 
toWards the bottom of the Wellbore. In addition, in the 
discussion and claims that folloW, it is sometimes stated that 
certain components or elements are in “?uid communica 
tion.” By this it is meant that the components are constructed 
and interrelated such that a ?uid could be communicated 
betWeen them, as via a passageWay, tube or conduit. 

[0054] Referring noW to FIG. 1, there is shoWn a preferred 
embodiment of the present invention including a surface 
operating system 50, a Work string of composite coiled 
tubing 100, and a bottom hole assembly (BHA) 200. Oper 
ating system 50 is positioned at the surface adjacent to Well 
12 and generally includes a Well head 14 disposed atop of a 
Well bore 18 that eXtends doWnWardly into an earthen 
formation 20. Borehole 18 eXtends from surface 16 to 
borehole bottom 30 and includes casing 22 extending ther 
ebetWeen. In the eXample shoWn, Wellbore 18 includes at 
least one interval 32 containing three, spaced apart Zones 
34-36 that are believed to contain hydrocarbons that can be 
economically recovered. Hereinafter, such Zones may some 
times be referred to as “producing Zones”34-36. It should be 
appreciated that this Well environment is described for 
explanatory purposes, and that the present invention is not 
limited to the particular borehole thus described, it being 
appreciated that the present invention may be used in a 
variety of Well bores. In particular, although the Wellbore 18 
is shoWn vertical, the Wellbore may be a deviated Wellbore 
and may further include a horiZontal portion. BHA 200 is 
attached to the loWer most end of coiled tubing 100. Coiled 
tubing 100 and BHA200 make up a Well treatment assembly 
40 that is injected into and retrieved from borehole 18 by 
operating system 50. 
[0055] Surface operating system 50 includes a poWer 
supply 52, a surface controller 54, a coiled tubing spool 56 
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and a tubing injector head unit 58. Injector head 58 feeds and 
directs coiled tubing 100 from the spool 56 into the Well 12. 
Although the coiled tubing 100 is preferably composite 
coiled tubing hereinafter described, it should be appreciated 
that the present invention is not limited to composite coiled 
tubing and in certain embodiments, may be steel coiled 
tubing With an electrical umbilical mounted on or Within the 
steel coiled tubing. See for example, US. Pat. No. 5,920, 
032, hereby incorporated herein by reference. Certain 
embodiments may likeWise be practiced using jointed metal 
pipe, rather than continuous metal or composite coiled 
tubing as discussed beloW. 

[0056] Referring still to FIG. 1, tubing spool 56 feeds 
composite tubing 100 over guide 60 and through injector 
head 58 and stripper 62. The composite coiled tubing 100 is 
injected through bloWout preventer 64 and into Well 12 by 
injector head 58, the tubing 100 forming an annulus 24 With 
the casing 22. The composite coiled tubing 100 preferably 
includes conductors 144 embedded in the Wall of tubing 100, 
as hereinafter described and best shoWn in FIGS. 2 and 3. 
Electrical conductors 66,68 electrically couple poWer supply 
52 With the electrical conductors 144 in the Wall of com 
posite coiled tubing 100. Similarly, conductors 70, 72 couple 
controller 54 With the electrical conductors 144 in composite 
coiled tubing 100. It should be appreciated that, in this 
embodiment, both data and electrical poWer are transmitted 
through the electrical conductors 144. These conductors 144 
extend along the entire length of composite coiled tubing 
100 and are coupled to various components in BHA 200, as 
hereinafter described. 

[0057] Composite coiled tubing 100 is best described With 
reference to FIGS. 2 and 3. Coiled tubing 100 is similar to 
composite coiled tubing described in US. Pat. Nos. 6,246, 
066; 6,257,332; and US. patent application Serial No. 
60/353,654 ?led Feb. 1, 2002, the entire disclosure of each 
being hereby incorporated herein by reference. Coiled tub 
ing 100 preferably has an inner impermeable ?uid liner 132, 
a plurality of load carrying layers 134 (only exemplary 
layers being shoWn), and at least one Wear layer 138. As best 
shoWn in FIG. 3, a plurality of conductors 144 are embed 
ded in the Wall of the tubing and are preferably embedded 
betWeen the load carrying layers 134 and the inner liner 132. 
Conductors 144 includes conductors for conducting poWer 
and data as described more fully beloW. 

[0058] Referring still to FIGS. 2 and 3, load carrying 
layers 134 are preferably formed of a resin and ?ber and 
energiZed to provide the required tensile strength and burst 
strength to sustain the load of the Well treatment assembly 40 
suspended in ?uid, including the Weight of the composite 
coiled tubing 100 and bottom hole assembly 200, and to 
sustain the differential pressure placed on the tubing 100 by 
internal and external ?uid pressures. The ?bers of load 
carrying layers 134 are preferably Wound into a thermal 
setting or curable resin. Carbon ?bers are preferred because 
of their strength. Although glass ?bers are not as strong, 
glass ?bers are much less expensive than carbon ?bers and 
may also be employed. Further, a hybrid of carbon and glass 
?bers may be used for load carrying layers 134. Thus, the 
particular ?bers for the load carrying layers 134 Will depend 
upon the Well, particularly the depth of the Well, such that an 
appropriate compromise of strength and cost may be 
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achieved in the ?bers selected. Typically, an all carbon ?ber 
is preferred for layers 134 because of its strength and its 
ability to Withstand pressure. 

[0059] The load carrying layers 134 are engineered so as 
to provide the composite coiled tubing 100 With various 
mechanical properties including tensile and compressive 
strength, burst strength, ?exibility, resistance to caustic 
?uids, gas invasion, external hydrostatic pressure, internal 
?uid pressure, ability to be stripped into the borehole, 
density ie ?otation, fatigue resistance and other mechanical 
properties. Layers 134 are Wrapped and braided to maximiZe 
the mechanical properties of composite coiled tubing 100, 
adding substantially to its strength. 

[0060] The impermeable ?uid liner 132 is an inner tube 
preferably made of a polymer, such as polyvinyl chloride or 
polyethylene or PDVF. Liner 132 can also be made of a 
nylon, other special polymer, or elastomer. In selecting an 
appropriate material for ?uid liner 132, consideration is 
given to the chemicals in the ?uids to be used in performing 
the Well treatment operations in Zones 34-36 and the tem 
peratures that are to be encountered doWnhole. The primary 
purpose for inner liner 132 is to serve as an impermeable 
?uid barrier since carbon ?bers of load carrying layers 134 
are not impervious to ?uid migration, particularly after they 
have been bent. The inner liner 132 is impermeable to ?uids 
and thereby isolates the load carrying layers 134 from the 
?uids that are conducted through the ?oW bore 146 of liner 
132. Inner liner 132 also serves as a mandrel for the 
application of the load carrying layers 134 and the other 
layers during the manufacturing process for the composite 
coiled tubing 100. 

[0061] A Wear layer 138 is preferably braided around the 
outermost load carrying layer 134. The Wear layer 138 is a 
sacri?cial layer since it Will engage the inner Wall of the 
borehole 18 and Will be subjected to Wear as the composite 
coiled tubing 100 is tripped into the Well 12. Wear layer 138 
protects the underlying load carrying layers 134. One pre 
ferred material for Wear layer 138 is KevlarTM Which is a 
very strong material that is resistant to abrasion. It may be 
desirable to employ multiple Wear layers. For example, a 
Wear indicator layer 136 may be provided betWeen the 
outermost load carrying layers 134 and Wear layer 138. One 
advantage of providing Wear indicator layer 136 is that it can 
be of a different ?ber and color relative to Wear layer 138, 
making it easy to determine the Wear locations on composite 
coiled tubing 100. The Wear indicator layer 136 is for 
convenience and is not essential to the tubing 100. Wear 
layer 136, may be made of glass ?bers, such as ?berglass. It 
should be appreciated that, in certain applications, inner 
liner 132 and Wear layers 136, 138 may not be critical to the 
use of composite coiled tubing 100 and may not be required. 

[0062] Another impermeable ?uid layer 137 is preferably 
provided to serve as another impermeable layer to liquids 
and gases. Outer layer 137 is preferably made of a polymer, 
such as polyvinyl chloride or polyethylene or PDVF, and 
provides an outer impermeable layer to resist negative 
permeability. Negative permeability occurs When there is a 
higher pressure in the annulus 24 then in the ?oWbore 146, 
ie the differential pressure is greater toWards the ?oWbore 
146. 

[0063] The composite tubing 100 is engineered in accor 
dance With the preferred characteristics previously described 
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and for the particular application of the tubing. The tubing 
has a ratio of carbon ?ber to the matrix holding the ?ber 
together. Each layer of ?ber is Wrapped at a predetermined 
angle Which typically is varied betWeen the layers 134. The 
layers of carbon ?ber are Wrapped around liner 132 in a 
prescribed angle. Layers 134 can be added or subtracted, and 
by adding more or less ?berglass, the Weight of the com 
posite coiled tubing can be controlled. For example ?ber 
glass may be substituted for carbon ?ber Which is lighter 
than the ?berglass. The ?berglass includes layers of glass 
?bers Which typically make the composite coiled tubing 
heavier. Thus the composite coiled tubing may be made to 
be substantially neutrally buoyant alloWing the composite 
coiled tubing to ?oat in the borehole ?uids. 

[0064] During the braiding process, conductors 144, 
Which may include electrical conductors, data transmission 
conductors, sensors and other data links, are embedded 
Within coiled tubing 100, preferably betWeen the load car 
rying layers 134 and inner liner 132. These conductors 144 
are Wound into and become encased Within the Wall of 
composite coiled tubing 100. It should be appreciated that 
any number of electrical conductors, data transmission con 
duits, and sensors may be embedded as desired in the Wall 
of composite coiled tubing 100. As shoWn in FIGS. 2 and 
3, the conductors 144 are preferably disposed about the liner 
132 in a layer of ?berglass 147. The principal function of 
?berglass layer 147 is to contain the conductors 144 and to 
provide a continuous circumferential outer surface upon 
Which load carrying layers 134 can be disposed. The ?ber 
glass 147 serves as a ?ller betWeen the conductors 144. The 
conductors 144 are ?rst Wrapped around the liner 132 and 
then the ?berglass 147 is applied. Disposed around the layer 
of ?berglass 147 and conductors 144 are the multiple load 
carrying layers 134. 

[0065] Coiled tubing 100 may include a myriad of con 
ductor types. For example, coiled tubing 100 may include 
one or more ?ber optic cables; mono-cables (consisting of 
an insulated copper core conductor having a ground shield 
disposed about the insulated core); multi-conductor cables; 
single conductors (solid or braided Wire); ?at ribbon con 
ductors and coaxial cables. In the embodiment of FIGS. 2, 
3, for example, there are shoWn six single cooper conductors 
144 (i.e., three pairs of conductors), Which transmit both 
poWer and data. HoWever, including other types of conduc 
tors embedded Within composite tubing 100 may be desir 
able for providing poWer or data betWeen the surface and 
bottom hole assembly 200 as may be useful for equipment 
or applications beyond those described speci?cally With 
reference to the present embodiments of the invention. 

[0066] In the embodiment shoWn in FIGS. 2, 3, the 
conductors 144 used for poWer transmission from the poWer 
supply 52 at the surface to the bottom hole assembly 200 is 
preferably one pair of individual copper Wires 144. Such 
conductors alloW the transmission of a large amount of 
electrical poWer from the surface to the bottom hole assem 
bly 200. One cooper Wire 144 serves as a high potential 
conductor, With the other being the return or ground. For 
transmitting the poWer necessary for a deep Well application 
of the embodiment of the invention noW being discussed, it 
is preferred that cooper Wire 144 be approximately 24-18 
gauge. Copper Wire 144 may conduct at high voltages, such 
as 400 volts. Further, by employing multiplexing techniques, 
there is provided a tWo-Way communication or data trans 
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mission through conductors 144. In this embodiment, tWo 
additional pairs of Wires 144 are provided for redundancy in 
the event that a ?rst pair becomes damaged. 

[0067] As discussed above, data and communication sig 
nals may be multiplexed and conducted via poWer-conduct 
ing cooper conductors 144; hoWever, in some applications it 
may be preferred that the data and communication signals be 
sent via separate conductors, such as by ?ber optic cable or 
by one or more pairs of conductors Within a multi-conductor 
cable. Where provided, in composite tubing 100, a multi 
conductor cable includes a plurality of separately insulated 
conductors, preferably about 24-18 gauge, enclosed in a 
further layer of insulation. Alternatively, data and commu 
nications can be transmitted betWeen BHA 200 and the 
surface via ?ber optics, such as via a ?ber optic cable, or via 
a mono cable. In each case, such conductors constitute a 
high speed data link carrying communications from doWn 
hole to the surface such that it is transmitted to the surface 
in real time. 

[0068] Sensors may also be embedded Within the load 
carrying layers 134 and coupled to one or more of the data 
transmission conductors such as conductors 144. As an 
alternative to embedded sensors, a ?ber optic cable may 
itself be etched at various intervals along its length and 
disposed in composite coiled tubing 100 to serve as a sensor 
at predetermined locations along the length of composite 
coiled tubing 100. This alloWs the parameters, in particular, 
temperatures, to be monitored along the length of composite 
coiled tubing 100 and transmitted to controller 54 at the 
surface. 

[0069] Composite coiled tubing 100 may be made of 
various diameters. Although PAW-2“ are typical diameters 
for metal coiled tubing, composite coiled tubing 100 pref 
erably has a diameter greater than 2 inches. The siZe of 
coiled tubing 100, of course, Will be determined by the 
particular application and Well for Which it is to be used. 

[0070] Composite coiled tubing 100 has all of the prop 
erties requisite to enable the stimulation of deep Wells. In 
particular, composite coiled tubing 100 has good longevity 
and, as compared to ferrous materials, has great strength for 
its Weight When suspended in ?uid. Composite coiled tubing 
100 also is compatible With the ?uids that are used to treat 
the producing Zones, and approaches buoyancy (dependent 
upon Weight and density of the treatment ?uid) upon passing 
?uids doWn its ?oWbore 146 and back up the annulus 24. 
This reduces to acceptable limits drag and other friction 
factors previously encountered by metal pipe. Since the 
composite coiled tubing 100 is not rotated during insertion 
or during the treatment operation, little torque is placed on 
composite coiled tubing 100. 

[0071] Although it is possible that the composite coiled 
tubing 100 may have any continuous length, such as up to 
25,000 feet, it is preferred that the composite coiled tubing 
100 be manufactured in shorter lengths such as, for example, 
in 1,000, 5,000, and 10,000 foot lengths. In deep Well 
operations, it is typical to require multiple spools 56 of 
composite coiled tubing 100. These additional spools, of 
course, are used to add to the length of the composite coiled 
tubing 100. With respect to the diameters and Weight of the 
composite coiled tubing 100, there is no practical limitation 
as to its length. The various lengths of coiled tubing 100 are 
added serially together to form one continuous length and 


























