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DUAL-GRADIENT DRILLING USING NITROGEN 
INJECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to and ?led concurrently 
With US. patent application Ser. No. (Attorney 
Docket No. 1391-34900), titled “Well Control Using Pres 
sure While Drilling Measurements,” Which is hereby incor 
porated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not applicable. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates generally to methods 
and apparatus for drilling subsea Wells. More speci?cally, 
the present invention relates to methods and apparatus for 
drilling subsea Wells using a dual pressure gradient system 
in the annulus Whereby the returns in the upper portion of the 
annulus have a loWer density than the returns in the loWer 
portion of the annulus. 

[0004] The drilling of Wells to ?nd and recover hydrocar 
bons is sometimes carried out offshore, Where recent 
advances in drilling technology have increased the Water 
depths in Which drilling is taking place. There are currently 
exploration Wells being drilled in Water as deep as 10,000 
feet. As the Water depth increases, the cost and technical 
dif?culty of drilling these Wells also increases. 

[0005] A drilling ?uid is typically used When drilling a 
Well. This ?uid has multiple functions, one of Which is to 
provide pressure in the open Wellbore in order to prevent the 
in?ux of ?uid from the formation. Thus, the pressure in the 
open Wellbore is typically maintained at a higher pressure 
than the ?uid pressure in the formation pore space (pore 
pressure). The in?ux of formation ?uids into the Wellbore is 
called a kick. Because the formation ?uid entering the 
Wellbore ordinarily has a loWer density than the drilling 
?uid, a kick Will potentially reduce the hydrostatic pressure 
Within the Well and alloW an accelerating in?ux of formation 
?uid. If not properly controlled, this in?ux is knoWn as a 
bloWout and may result in the loss of the Well, the drilling 
rig, and possibly the lives of those operating the rig. There 
fore, When formation ?uid in?ux is not desired (almost 
alWays the case), the formation pore pressure de?nes a loWer 
limit for alloWable Wellbore pressure in the open Wellbore, 
i.e. uncased borehole. 

[0006] The open Wellbore extends beloW the loWermost 
casing string, Which is cemented to the formation at, and for 
some distance above, a casing shoe. In an open Wellbore that 
extends into a porous formation, deposits from the drilling 
?uid Will collect on Wellbore Wall and form a ?lter cake. The 
?lter cake forms an important barrier betWeen the formation 
?uids contained in the permeable formation at a certain pore 
pressure and the Wellbore ?uids that are circulating at a 
higher pressure. Thus, the ?lter cake provides a buffer that 
alloWs Wellbore pressure to be maintained above pore pres 
sure Without signi?cant losses of drilling ?uid into the 
formation. 

[0007] In order to maximiZe the rate of drilling, it is 
desirable to maintain the Wellbore pressure at a level above, 
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but relatively close to, the pore pressure. As Wellbore 
pressure increases, drilling rate Will decrease, and if the 
Wellbore pressure is alloWed to increase to the point it 
exceeds the formation fracture pressure (fracture pressure), 
a formation fracture can occur. Once the formation fractures, 
returns ?oWing in the annulus may exit the open Wellbore 
thereby decreasing the ?uid column in the Well. If this ?uid 
is not replaced, the Wellbore pressure can drop and alloW 
formation ?uids to enter the Wellbore, causing a kick and 
potentially a bloWout. Therefore, the formation fracture 
pressure de?nes an upper limit for alloWable Wellbore 
pressure in an open Wellbore. Typically, the formation 
immediately beloW the casing shoe has the loWest fracture 
pressure in the open Wellbore, and therefore it is the fracture 
pressure at this depth that controls the maximum annulus 
pressure. 

[0008] The fracture pressure is determined in part by the 
overburden acting at a particular depth of the formation. The 
overburden includes all of the rock and other material that 
overlays, and therefore must be supported by, a particular 
level of the formation. In an offshore Well, the overburden 
includes not only the sediment of the earth but also the Water 
above the mudline. The density of the earth, or sediment, 
provides an overburden gradient of approximately 1 psi per 
foot. The density of seaWater provides an overburden gra 
dient of approximately 0.45 psi/ft. The pore pressure at a 
given depth is determined in part by the hydrostatic pressure 
of the ?uids above that depth. These ?uids include ?uids 
Within the formation beloW the sea?oor/mudline plus the 
seaWater from the sea?oor to the sea surface. A formation 
?uid gradient of 0.465 psi/ft is often considered normal. The 
typical seaWater pressure gradient is about 0.45 psi/ft. 

[0009] In surface and shalloW Water Wells the differential 
in gradient betWeen the seaWater (or groundWater) and the 
earth often creates a pore pressure pro?le and fracture 
pressure pro?le that provide a sufficient range of pressure to 
alloW the use of conventional drilling techniques. FIG. 1 
shoWs a schematic representation of pore pressure PP and 
fracture pressure PP. The pressure developed in the Wellbore 
is essentially determined by the hydrostatic pressure of the 
Wellbore ?uid, along With pressure variations due to ?uid 
circulation and/or pipe movement. For any given open hole 
interval, the region of alloWable pressure lies betWeen the 
pore pressure pro?le, and the fracture pressure pro?le for 
that portion of the Well betWeen the deepest casing shoe and 
the bottom of the Well. 

[0010] Clean drilling ?uid is circulated into the Well 
through the drill string and then returns to the surface 
through the annulus betWeen the Wellbore Wall and the drill 
string. In offshore drilling operations, a riser is used to 
contain the annulus ?uid betWeen the sea ?oor and the 
drilling rig located on the surface. The pressure developed in 
the annulus is of particular concern because it is the ?uid in 
the annulus that acts directly on the uncased borehole. 

[0011] The ?uid ?oWing through the annulus, typically 
knoWn as returns, includes the drilling ?uid, cuttings from 
the Well, and any formation ?uids that may enter the 
Wellbore. The drilling ?uid typically has a fairly constant 
density and thus the hydrostatic pressure in the Wellbore vs. 
depth can typically be approximated by a single gradient 
starting at the top of the ?uid column. In offshore drilling 
situations, the top of the ?uid column is generally the top of 
the riser at the surface platform. 
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[0012] The pressure pro?le of a given drilling ?uid varies 
depending upon Whether the drilling ?uid is being circulated 
(dynamic) or not being circulated (static). These tWo pres 
sure pro?les are represented by the static pressure SP and 
dynamic pressure DP pro?les on FIG. 1. In the dynamic 
case, there is a pressure loss as the returns ?oW up the 
annulus betWeen the drill string and Wellbore Wall. This 
pressure loss adds to the pressure of the drilling ?uid in the 
annulus. Thus, this additional pressure must be taken into 
consideration to ensure that drilling is maintained in an 
acceptable pressure range betWeen the pore pressure and 
fracture pressure pro?les. 

[0013] Because the dynamic pressure DP is higher than the 
static pressure SP, it is the dynamic pressure at the highest 
point in the uncased Wellbore, ie the loWermost casing 
shoe, that is limited by the fracture pressure FP at depth D1. 
Correspondingly, the loWer static pressure SP must be main 
tained above the pore pressure PP at the deepest point D2 in 
the open Wellbore. Therefore, the range of alloWable pres 
sures for a certain length of uncased Wellbore L1, as shoWn 
in FIG. 1, is limited by the dynamic pressure DP reaching 
fracture pressure FP at the casing shoe depth D1 and the 
static pressure SP reaching pore pressure PP at the bottom of 
the Well D2. Once depth D2 is reached, an additional string 
of casing may then be installed to alloW drilling to progress 
deeper. The shalloWest point in the uncased Wellbore is then 
at depth D2. The limiting fracture pressure FP is greater at 
depth D2 compared to that at depth D1, therefore the 
alloWable Wellbore pressure is increased. 

[0014] As drilling progresses, the length and depth of open 
hole interval beloW the casing shoe increases, resulting in a 
greater potential to exceed the formation fracture pressure. 
Various factors contribute to this greater potential. One 
important factor is typically the requirement to increase the 
mud density as the pore pressure gradient increases With 
depth. Another important factor is the increase (With depth) 
of the maximum pressure that can be generated during Well 
control operations. Before the potential to exceed the frac 
ture pressure reaches an unacceptable level, another string of 
casing must be set, thereby alloWing drilling to progress 
deeper. The process is repeated until the desired total depth 
is reached. 

[0015] FIG. 2 represents the typical pore pressure pro?le 
PP and fracture pressure pro?le FP for a Well located in deep 
Water (greater than 5000 feet). The pore pressure pro?le PP 
and fracture pressure pro?le FP are closer together in deep 
Water because of the signi?cant amount of overburden from 
the Water depth, thus reducing the acceptable range of 
pressures for drilling at a particular depth. Because the tWo 
pro?les are closer together, the range of available pressures 
for a certain depth is reduced. This range is even further 
reduced in most drilling practices that include a factor of 
safety to avoid Wellbore pressures approaching the limits of 
desired operation. 

[0016] An initial maximum drilling ?uid density is chosen 
such that the dynamic pressure 10 Will not exceed the 
fracture pressure at point 12, Which is the shalloWest point 
in the open hole. This maximum drilling ?uid density is used 
to de?ne the point 16 Where the static pressure pro?le 14 
intersects the pore pressure pro?le. This forms a region 18 
of alloWable pressure and indicates a depth 20 above Which 
a string of casing should be set. Once this casing is set, the 
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maximum density of the drilling ?uid may be increased such 
that the dynamic pressure 22 Will not exceed the fracture 
pressure at point 24, Which is noW the shalloWest point in the 
open hole. This neW maximum drilling ?uid density is then 
used to de?ne the point 28 Where the static pressure pro?le 
26 intersects the pore pressure pro?le. This noW de?nes a 
second region 30 of alloWable pressure and a depth 32 above 
Which casing should be set. This continues until the desired 
Wellbore total depth is reached. The distance that can be 
drilled before needing to set a casing string, ie between 
depths 20 and 32, is knoWn as a drilling interval. 

[0017] The reduced range of alloWable pressures in deep 
Water drilling translates into a shorter drilling interval and an 
increased number of casing strings When using single 
gradient drilling in deep Water. The increased number of 
casing strings increases the cost and complexity of a deep 
Water Well. Additionally, each successive casing string 
decreases the siZe of the Wellbore and limits the siZe of any 
equipment that has to pass through that region of the Well, 
including the drill bit for the next section of borehole. 
Therefore, it is desired to drill as far as possible in the region 
betWeen the pore pressure pro?le and the fracture pressure 
pro?le and minimiZe the number of casing strings needed in 
a Well. One Way to extend the drilling interval is to cause the 
slope of Wellbore pressure pro?le to approach the slopes of 
the pore pressure pro?le and fracture pressure pro?le, Which 
alloWs the Wellbore pressure to be maintained in the range 
of alloWable pressure to a greater depth, hence a longer 
drilling interval. 

[0018] One method used in drilling Wells in deep Water 
depths is dual-gradient drilling. Dual-gradient drilling tech 
niques seek to adjust the density of the column of ?uid 
contained in the Wellbore. Typical single-gradient drilling 
technology seeks to control Wellbore pressure using a col 
umn of substantially constant-density drilling ?uid from the 
bottom of the Well back to the rig. In contrast, dual-gradient 
drilling seeks to control Wellbore pressure by using a loWer 
density ?uid, about the same density as seaWater, from the 
rig to the sea?oor and then uses a higher density drilling 
?uid Within the actual formation, ie between the sea?oor 
and the bottom of the Well. Dual-gradient drilling tech 
niques, in effect, simulate the drilling rig being located on 
the sea?oor and therefore avoid some of the problems 
associated With deep-Water drilling. 

[0019] Referring noW to FIG. 3, the objective of dual 
gradient drilling is to shift the drilling ?uid pressure gradi 
ents from the pro?les shoWn in FIG. 2 to dual gradient 
pro?les as shoWn in FIG. 3. In general, dual gradient 
pressure pro?les have a ?rst gradient that extends from a 
surface platform and a second, greater gradient extending 
from loWer in the annulus, such as from the mud line doWn 
into the Well. For example, an initial maximum dual-gradi 
ent drilling ?uid density is chosen such that the dynamic 
pressure 34 Will not exceed the fracture pressure at point 36, 
Which is the shalloWest point in the open hole. This maxi 
mum drilling ?uid density is used to de?ne the point 40 
Where the static pressure pro?le 38 intersects the pore 
pressure pro?le. This forms a region 42 of alloWable pres 
sure and indicates a depth 44, above Which a string of casing 
should be set. 

[0020] Once this casing is set, the maximum density of the 
drilling ?uid may be increased such that the dynamic 
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pressure 46 Will not exceed the fracture pressure at point 48, 
Which is noW the shalloWest point in the open hole. This neW 
maximum drilling ?uid density is then used to de?ne the 
point 52 Where the static pressure pro?le 50 intersects the 
pore pressure pro?le. This noW de?nes a second region 54 
of allowable pressure and a depth 56 above Which casing 
should be set. This continues until the desired Wellbore total 
depth is reached. It can be seen that the dual-gradient ?uid 
alloWs the drilling ?uid gradients in the loWer portion of the 
annulus to more closely folloW the pore pressure pro?le PP 
and fracture pressure pro?le FP. Thus, When compared to 
FIG. 2, a greater Well depth can be drilled With the same 
number of casing strings or the same depth can be reached 
With feWer casing strings. 
[0021] There are currently several dual-gradient drilling 
techniques being developed in the industry. Each approach 
addresses the means of directing the ?uids in the system to 
the surface in similar but mechanically different Ways. One 
technique is to separate at least a portion of the drilling ?uid 
from the riser annulus at the sea?oor. That ?uid is either 
returned to the surface through a separate line or processed 
at the sea?oor. Another technique involves pumping the 
returns back to the surface from the sea?oor. Most often 
these techniques involve placing pumping and ?uid cleaning 
equipment at the sea?oor to process the ?uid or provide the 
force needed to return the ?uid to the surface or recirculate 
through the Wellbore. These systems are faced With the 
technological challenges of operating a submerged high rate 
pump located in a remote, inhospitable location (the sea 
?oor) and the dif?culty of the required high rate pumping of 
the drilling ?uid laden With drill cuttings. 

[0022] Another method of decreasing the pressure at the 
bottom of the riser is to inject a less dense ?uid, typically a 
gas, at the bottom of the riser, resulting in a mixture of 
decreased density in the riser. With conventional existing 
drilling systems, the volume of gas required can be imprac 
tical for conventionally siZed risers, and a conventional 
loW-pressure drilling riser system is not designed to control 
multi-phase (gas, liquid, and solids) returns. Some of these 
systems involve alloWing seaWater to How into the Wellbore 
to decrease the density of the ?uid in the annulus. This adds 
additional dif?culty in then removing the seaWater from the 
drilling ?uid once it reaches the surface. 

[0023] Thus, there remains a need in the art for methods 
and apparatus for drilling Wells in deep-Water using dual 
gradient drilling concepts. Therefore, the embodiments of 
the present invention are directed to methods and apparatus 
for utiliZing dual-gradient drilling concepts that seek to 
overcome the limitations of the prior art. 

SUMMARY OF THE PREFERRED 
EMBODIMENTS 

[0024] Accordingly, there are provided herein methods 
and apparatus for drilling subsea Wells in deep Water using 
dual-gradient drilling techniques. The preferred embodi 
ments of the present invention are characteriZed by a drilling 
system utiliZing a coiled tubing drill string, a high pressure 
riser, and a system for injecting a gas into the high pressure 
riser. The preferred drill string also includes a doWnhole 
pressure sensing device for monitoring Wellbore pressure. 
The embodiments of the present invention act to reduce the 
cost and complexity of a dual-gradient drilling system, 
thereby increasing the ef?ciency and/or feasibility of deep 
Water drilling applications. 
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[0025] One preferred embodiment includes a high pres 
sure riser extending from a drilling platform at the surface to 
the sea?oor or mud line. The base of the riser is connected 
to a Wellhead that is anchored to the sea?oor. Pressure 
control equipment is preferably disposed on the upper end of 
the riser at the drilling platform. A bottom hole assembly 
(BHA) is run on a coiled tubing drill string through the riser 
and into the subsea formation. The BHA preferably includes 
a pressure sensing device that can be used in transmitting 
real-time doWnhole pressure data to the surface. A riser 
injection system is provided to inject a loWer density ?uid 
into the riser annulus in order to reduce the density of the 
returns in the riser annulus and therefore reduce the hydro 
static pressure Within the Wellbore annulus. 

[0026] In the preferred embodiments, an inert gas, such as 
nitrogen, is injected into the riser during circulation. This 
results in the desired dual-gradient condition, ie the aver 
age density of the ?uid in the riser is loWer than the average 
density of the ?uid in the Wellbore beloW the sea ?oor. 
During this circulation and the injection process, the Well 
bore pressure can be monitored by the doWnhole pressure 
sensor preferably integrated into the bottom hole assembly. 
Using this pressure information feedback, the rate of gas 
injection can be varied to result in a Wellbore pressure that 
stays Within the range of alloWable pressure Within the open 
Wellbore. The high-pressure riser, With pressure control 
equipment, preferably including a choke, at the top, can be 
used to control the pressure of the returns and the expansion 
of gas Within the riser by holding back-pressure at the top of 
the riser. 

[0027] As previously discussed, as the drilling ?uid cir 
culation rate is increased, the Wellbore pressure Will tend to 
increase due to ?oWing friction. Thus, in the preferred 
embodiments, the gas injection rate in the riser can be 
increased, resulting in decreased hydrostatic pressure to 
counteract the friction pressure in order to keep the Wellbore 
pressure beloW the formation fracture pressure. Conversely, 
as the drilling ?uid circulation rate is decreased, the above 
process is reversed in order to keep the Wellbore pressure 
above the formation pore pressure. Constant real-time infor 
mation on Wellbore pressure at the bottom hole assembly 
enables this process to be controlled to a level of precision 
not possible With previous approaches. 

[0028] One aspect of the current invention is to utiliZe a 
simpler method of decreasing the pressure at the bottom of 
the riser, When compared With using a pump at the sea?oor. 
The preferred embodiments also provide a more practical 
method of using gas injection to control the ?uid density in 
the riser, as compared With methods that have neither a high 
pressure riser nor a capability for real time bottom hole 
pressure measurement. Yet another aspect of the preferred 
embodiments is a more effective and precise method of 
controlling Wellbore pressure in order to maintain the pres 
sure betWeen formation pore pressure and formation fracture 
pressure. 

[0029] Another aspect of the current invention is a method 
that monitors ?uid ?oWing into and out of the Well to detect 
potential Well problems. The drilling ?uid and injected ?uid 
put into the annulus are monitored and compared to the 
?uids that leave the Well. If the total ?oW rate of ?uid into 
the Well exceeds the How rate leaving the Well, then ?uid is 
being lost in the Well. If the total ?oW rate of ?uid into the 
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Well is less than the ?oW rate leaving the Well, the formation 
?uid is ?owing into the Well. Both of these conditions can 
lead to a loss of Well control. 

[0030] Thus, the present invention comprises a combina 
tion of features and advantages that enable it to substantially 
reduce the complexity and cost associated With using dual 
gradient drilling techniques in deep-Water Wells. These and 
various other characteristics and advantages of the present 
invention Will be readily apparent to those skilled in the art 
upon reading the folloWing detailed description of the pre 
ferred embodiments of the invention and by referring to the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] For a more detailed understanding of the preferred 
embodiments, reference is made to the accompanying Fig 
ures, Wherein: 

[0032] FIG. 1 is a graphical representation of pressure vs. 
depth pro?les in a surface or shalloW-Water Well; 

[0033] FIG. 2 is a graphical representation of pressure vs. 
depth pro?les in a deep-Water Well drilled using single 
gradient techniques; 
[0034] FIG. 3 is a graphical representation of pressure vs. 
depth pro?les for a deep-Water Well drilled using dual 
gradient drilling techniques; and 

[0035] FIG. 4 is a schematic representation of one 
embodiment of a drilling system constructed in accordance 
With the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0036] In the description that folloWs, like parts are 
marked throughout the speci?cation and draWings With the 
same reference numerals, respectively. The draWing ?gures 
are not necessarily to scale. Certain features of the invention 
may be shoWn exaggerated in scale or in someWhat sche 
matic form and some details of conventional elements may 
not be shoWn in the interest of clarity and conciseness. The 
present invention is susceptible to embodiments 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 the present 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. 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 the desired results. 

[0037] In particular, various embodiments of the present 
invention provide a number of different methods and appa 
ratus for drilling a subsea Well using dual-gradient drilling. 
The concepts of the invention are discussed in the context of 
a drilling system employing composite coiled tubing in 
deep-Water applications but the use of the concepts of the 
present invention is not limited to composite coiled tubing or 
deep-Water drilling and may ?nd application in Wells at 
shalloWer Water-depths and With any type of drill string that 
provides the desirable features. 

[0038] In the context of the current description, an open 
Wellbore should be taken to mean the uncased, exposed 
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Wellbore beloW the loWermost casing string. Returns refer to 
the ?uid ?oWing toWards the surface through the annulus 
betWeen the drill string and the Wellbore or riser Wall. The 
returns generally include drilling ?uid, cuttings, possibly 
formation ?uids, and any other ?uids injected into the 
annulus. Slimhole drilling includes those boreholes having a 
diameter of 6 1/2“ or less, regardless of length of interval. 
Boreholes With a diameter betWeen 6 1/2“ and 8 1/2“ may also 
be considered slimhole if they have a very long interval. 

[0039] Referring noW to FIG. 4, a schematic representa 
tion of a subsea Well 110 being drilled from a surface 
platform 120 is depicted. Subsea Well 110 includes a Well 
head 116 from Which extends a cased Wellbore portion 112 
that leads to an uncased, open Wellbore portion 114. Surface 
platform 120 supports drill string 130, pressure control 
equipment 140, telemetry equipment 150, injection equip 
ment 160, and riser 170. 

[0040] Abottom hole assembly (BHA) 132 is suspended 
from the end of drill string 130 and includes drill bit 134 and 
pressure sensor 136. Pressure sensor 136 is adapted to 
provide real-time pressure data from the bottom of Well 110. 
This data can be relayed to telemetry equipment 150 located 
at surface platform 120. Pressure sensor 136 may preferably 
be a strain gage pressure transducer, such as series 211-36 
760-04 as manufactured by Paine Electronics, or other type 
of doWnhole pressure transducer. 

[0041] Drill string 130 is preferably a coiled tubing string 
capable of tWo-Way communication by transmitting electric 
signals to and from surface platform 120 and BHA 132. Drill 
string 130 may also be constructed of any other acceptable 
tubular material capable of relaying signals betWeen BHA 
132 and surface platform 120. One exemplary coiled tubing 
string is a composite coiled tubing string With embedded 
electrical conductors, as disclosed in US. Pat. No. 6,296, 
066, titled “Well System,” and hereby incorporated herein 
by reference for all purposes. An exemplary telemetry 
system is disclosed in US. Pat. No. 6,348,876, hereby 
incorporated herein by reference. Any other telemetry sys 
tem could be used including an MWD system or an electric 
coil (E-coil) system. 

[0042] Riser 170 forms the conduit betWeen pressure 
control equipment 140 and Wellhead 116 for the circulation 
of drilling ?uids. Riser 170 preferably connects to Wellhead 
116 by Way of a loWer marine riser package (not shoWn). 
Riser 170 is a high-pressure riser capable of Withstanding 
the full operating pressure of the Well. The preferred riser 
170 can have an inside diameter as small as 5 to 5 1/2“, or 
smaller. The present invention is not limited to any particular 
diameter. HoWever, a small diameter is preferred to reduce 
the annulus and thus the volume ?oW rate required for the 
injection ?uid. The preferred drill string 130 is also rela 
tively small diameter, such as a 3 1/s“ tubing string or smaller. 

[0043] A 5 to 5-1/2 inch riser provides a substantial reduc 
tion in cross-sectional area and volume compared to that of 
a conventional 18-% inch loW pressure riser. The quantity 
and ?oW rate of ?uids required to decrease the density of the 
returns in a larger diameter riser Would require very large 
pumping packages at the surface. A standard offshore drill 
ing installation may not have available room to support this 
equipment. Therefore, the use of a small diameter riser is an 
important feature in being able to minimiZe the siZe of 
equipment required to support subsea ?uid injection. For 
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example, risers With inside diameters smaller than eight 
inches should have a sufficiently small annular area to alloW 
the use of relatively compact pumping packages, separators, 
and other surface equipment. HoWever, it should be appre 
ciated that a small diameter riser requires the use of a even 
smaller diameter drilling system. It should also be appreci 
ated that any siZe riser can be used as long as su?icient 
subsea ?uid injection can be supported. 

[0044] Riser 170 is equipped With a riser injection line 172 
preferably extending from the surface to the bottom of the 
riser near the mud line 108. Injection line 172 leads from 
injection equipment 160 to riser 170. Injection line 172 does 
not have to enter the riser at the bottom of the riser and may 
enter the riser annulus 175 any Where along the riser 
betWeen mud line 108 and the surface 106. It is most 
e?icient to have the injection point 176 as loW as possible 
into riser 170. 

[0045] Riser 170 may also have a pressure transducer 174 
at mud line 108. If real-time pressure data from the bottom 
of the Wellbore is unreliable or unavailable, it may also be 
desired to have a sensor 174 in the riser annulus 175 
proximate to injection point 176 in order to measure the 
resulting reduction of hydrostatic pressure due to the injec 
tion of a gas into the riser 170 through injection line 172. 
Sensor 174 could also be used to determine the pressure at 
the bottom of the Well by measuring the pressure at the mud 
line and calculating the pressure at the bottom of the Well. 

[0046] The desired dual-gradient drilling condition can be 
established by injecting a loWer density ?uid from injection 
equipment 160, through injection line 172 and into riser 170. 
Check valves (not shoWn) are preferably on either end of 
injection line 172. Check valves operate as one Way valves 
and alloW ?uid to ?oW in only one direction and do not 
require any positive action to actuate. Apreferred ?uid is an 
inert gas, such as nitrogen. Other gases and liquids, having 
densities less than the returns ?oWing through the riser 
annulus 175, may also be used. The injection ?uid could be 
any ?uid With a lighter density Whether it be air, nitrogen or 
some other ?uid. A gas is preferred because the injection 
?uid Will need to be separated from the returns and particu 
larly the drilling ?uid, once it reaches the surface. 

[0047] In order to change the single gradient drilling ?uid 
to a dual gradient drilling ?uid returning to the surface, an 
injector hose is attached at injection point 176 to riser 
annulus 175. Nitrogen, or some other acceptable ?uid, is 
bubbled into riser annulus 175 to reduce the overall density 
of the drilling ?uid above the injection point 176. Thus, a 
heavier density drilling ?uid may be used beloW injection 
point 176 and a lighter density drilling ?uid above injection 
point 176. Alternative light-Weight ?uids may include Water, 
oil, diesel, and other drilling ?uid additives. Nitrogen, or 
some other inert gas, is a preferred ?uid because of ease of 
separation at the surface and non-reactivity With hydrocar 
bons in the Wellbore. 

[0048] Injection equipment 160 is preferably located on 
surface platform 120 and requires a minimal amount of deck 
space. Preferable injection equipment 160 has a footprint of 
about 15x20 feet. The preferred nitrogen injection equip 
ment employs a standard membrane unit rather than using 
bottled nitrogen. Injection equipment 160 is preferably able 
to pump gas at a pressure of 6,000 psi at a rate of 100 to 300 
cubic feet per minute. 
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[0049] The pressure of the gas being injected into the riser 
annulus 175 is preferably equal to or slightly greater than the 
pressure in the riser annulus at the gas injection point 176. 
At a Water depth of 10,000 feet, the nitrogen itself has an 
appreciable Weight, i.e. density, of about 2.2 pounds per 
gallon. The pressure of the nitrogen at the injection equip 
ment Would be very close to the pressure in riser annulus 175 
at the gas injection point 176. The nitrogen pressure at the 
injection equipment 160 minus the friction pressure in the 
injection line, plus the hydrostatic head of the nitrogen 
Would equal the pressure in the riser annulus 175 at the gas 
injection point 176. 

[0050] Pressure control equipment 140 preferably 
includes a high-pressure stripper 142 and a ?oWline 144 
having a choke 146. During operation, stripper 142 can be 
closed so as to maintain an elevated back-pressure on riser 
annulus 175. Drilling returns are removed from riser annulus 
175 through ?oWline 144 and choke 146 to reduce their 
pressure. Once the injected nitrogen, or other injected ?uid, 
is removed from the drilling ?uid, the drilling ?uid can be 
cleaned and recirculated through the Well. 

[0051] Although the embodiments of the present invention 
are described as being used to decrease the ?uid density in 
the riser annulus, it may also in certain cases be desirable to 
decrease the annulus ?uid density Within the Wellbore beloW 
the mudline. It is also considered that injection of ?uids into 
the annulus could take place through a conduit disposed 
inside the riser or directly into the loWer marine riser 
package and not actually through the Wall of the riser. 

[0052] An alternative embodiment may include disposing 
the pressure control equipment at the sea ?oor. A small 
subsea bloWout preventer may be used, rather than a surface 
bloWout preventer, With a loW pressure, small diameter riser 
extending to the surface. 

[0053] In the preferred embodiments, the pressure at the 
bottom of the Well is continuously monitored. Upon detect 
ing a variance in the bottom hole pressure, counteractive 
measures can be taken to adjust the Wellbore pressure by 
changing the density of the returns in riser annulus 175 by 
either adding or reducing the quantity of nitrogen, or other 
light ?uid, injected into the riser annulus. The Wellbore 
pressure may also be adjusted by changing the density of the 
drilling ?uid that is pumped into the Well. This monitoring 
and adjusting may be done automatically through the use of 
softWare or manually by the operator. The preferred embodi 
ments provide real-time, continuous monitoring of bottom 
hole pressure. 

[0054] In order to maximiZe drilling efficiency and main 
tain control of the Well, it is important to monitor the ?uids 
being put into, and coming out of, the Well. For example, the 
?uid pressure and the amount of ?uid being injected into 
riser annulus 175 is monitored, preferably at injection sys 
tem 160. The pumping of drilling ?uid is monitored by the 
pumping equipment. Further, the density and rate of the 
returns may also be monitored. Of course the bottom hole 
pressure is also measured to ensure that the doWn hole 
pressure for drilling is being maintained betWeen the pore 
pressure and the fracture pressure. 

[0055] The density of the drilling ?uid and the rate at 
Which the drilling ?uid is being pumped through the drill 
string is easily measured at the surface. The ?uid injection 
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rate into riser annulus 175 as Well as the density and ?oW 
rate of the returns coming out of the Well are also known or 
measured. Therefore, the mass ?oW rate through the Well 
call be represented by: 

Eq. (1) 

[0056] Where QD and pD are, respectively, the ?oW rate 
and density of the drilling ?uid entering the Well, Q1 and p1 
are, respectively, the ?oW rate and density of the injected 
?uid entering the riser, VS and {)5 are, respectively, the 
volume of the system and the average density of the contents 
of the system., and QR and pR are, respectively, the ?oW rate 
and density of the mixture of drilling ?uid and injected ?uid 
exiting the Well. When coiled tubing that is full of drilling 
?uid is run in to or pulled out of the Well, or When neW hole 
volume is added by drilling, the volume of the system 
changes. The rate of change of the system volume Will 
immediately affect the volume ?oWrate of returns, and 
therefore the mass ?oWrate of returns, and is accounted for 
in the term 

dVS 
dr' 

[0057] When injected ?uid ?oWrates or densities change, 
or When the fraction of volume occupied by drilled cuttings 
changes, the average density of the system contents may 
change. The rate of change of the average density of the 
system contents Will affect the mass ?oWrate of returns, and 
is accounted for in the term 

E 
dr' 

[0058] In slimhole drilling, close control of drilling ?uid 
volume is critical because a small loss or gain of ?uid 
volume translates into a great height of Wellbore. As long as 
the mass ?oW rate of ?uids into the Well minus the the rate 
of change of mass Within the system equals the mass ?oW 
rate of ?uids exiting the Well, the Well is under control. If this 
balance is maintained, the Well is under control because a 
balanced mass ?oW rate indicates that no drilling ?uid is 
passing into the formation and no formation ?uid is entering 
the Wellbore. If mass ?oWrate out is greater than mass 
?oWrate in minus the rate of change of mass Within the 
system, then formation ?uids are entering the Well, ie a 
kick. If mass ?oWrate out is less than mass ?oWrate in minus 
the rate of change of mass Within the system, then mud is 
being lost into the formation ie is being lost in the Well. 
Monitoring the mass ?oW rates into and out of the Well 
provides an alternative to the traditional liquid level moni 
toring techniques of the prior art. 

[0059] Controlling the density of the drilling ?uid in the 
drill string and the density of the combined drilling and 
injected ?uids in the riser is critical to maintaining the 
desired conditions for dual-gradient drilling. If there is a 
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pressure sensor available at the mud line 108, that sensor can 
be used to provide real-time feedback of the pressure at the 
mud line. This pressure data can be used as input data to a 
control system that varies the amount of ?uid injected into 
the riser to keep the pressure at the mud line 108 Within a 
desired range. Similarly, a pressure sensor at or near the 

bottom of the Well and providing in real-time, pressure data 
to the surface can be used in the same manner to maintain 
the pressure at the bottom of the Wellbore Within a desired 
range. 

[0060] The embodiments set forth herein are merely illus 
trative and do not limit the scope of the invention or the 
details therein. It Will be appreciated that many other modi 
?cations and improvements to the disclosure herein may be 
made Without departing from the scope of the invention or 
the inventive concepts herein disclosed. Because many 
varying and different embodiments may be made Within the 
scope of the present inventive concept, including equivalent 
structures or materials hereafter thought of, and because 
many modi?cations may be made in the embodiments herein 
detailed in accordance With the descriptive requirements of 
the laW, it is to be understood that the details herein are to 
be interpreted as illustrative and not in a limiting sense. 

What is claimed is: 
1. A system for drilling a Well from a platform at the sea 

surface comprising: 

a riser providing a conduit betWeen the platform and the 
Well; 

a coiled tubing drill string extending from the platform, 
through said riser, and into the Well, thereby forming an 
annulus betWeen the drill string and the Well or riser; 

a ?uid circulation system adapted to circulate a ?rst ?uid 
from the surface, doWn the Well through the drill string 
and back to the surface through the annulus; 

a ?uid injection system adapted to inject a second ?uid 
into the annulus so as to loWer the density of the ?uid 
in the annulus; and 

a pressure sensing device adapted to provide pressure data 
from the bottom of the Well to a control station at the 
surface, Wherein ?uid injected into said riser through 
said ?uid injection system is used to control the pres 
sure at the bottom of the Well. 

2. The system of claim 1 further comprising pressure 
control equipment disposed on the platform Wherein said 
riser is a high-pressure riser adapted to contain the full 
pressure of the Well. 

3. The system of claim 2 Wherein said pressure control 
equipment comprises a choke to regulate the pressure Within 
the riser. 

4. The system of claim 1 Wherein the injected ?uid is a 
gas. 

5. The system of claim 1 Wherein the injected ?uid is 
nitrogen. 

6. The system of claim 1 further comprising a bottom hole 
assembly disposed on the end of said coiled tubing drill 
string. 

7. The system of claim 6 Wherein said pressure sensing 
device is disposed on said bottom hole assembly. 

8. The system of claim 1 Wherein the pressure data sent 
from said pressure sensing device to the surface is trans 
mitted by electrical signals along said coiled tubing string. 
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9. The system of claim 8 wherein said coiled tubing string 
is constructed from a composite material. 

10. The system of claim 1 Wherein the pressure data is 
provided in real-time from said pressure sensing device. 

11. A method for controlling the pressure developed in a 
subsea Well comprising: 

eXtending a drill string from a surface platform, through 
a riser, and into a subsea Well; 

circulating a drilling ?uid from the surface platform into 
the Well through the drill string and back to the surface 
platform through the annulus betWeen the riser or Well 
and the drill string; 

determining the pressure in the Well using a pressure 
sensing device disposed on the drill string; and 

injecting a ?uid into the annulus to reduce the pressure in 
the annulus. 

12. The method of claim 11 further comprising maintain 
ing a back pressure on the riser annulus With pressure control 
equipment located at the surface platform, Wherein the riser 
is a high-pressure riser adapted to contain the full pressure 
of the Well. 

13. The method of claim 12 Wherein said pressure control 
equipment comprises a choke used to regulate the pressure 
Within said riser. 

14. The method of claim 11 Wherein the injected ?uid is 
a gas. 

15. The method of claim 11 Wherein the injected ?uid is 
nitrogen. 

16. The method of claim 11 Wherein the pressure sensing 
device is disposed on a bottom hole assembly supported by 
the drill string. 

17. The method of claim 11 Wherein the pressure sensing 
device transmits pressure data to the surface by sending 
electrical signals along said coiled tubing string. 

18. The method of claim 17 Wherein said coiled tubing 
string is constructed from a composite material. 

19. The method of claim 11 Wherein the pressure is 
provided in real-time from said pressure sensing device. 

20. A system for controlling pressure Within a subsea 
Wellbore connected to the surface by a riser, the system 
comprising: 

a drill string disposed Within the Wellbore; 

an annulus formed betWeen said drillstring and the Well 
bore and the riser; 

a ?rst ?uid circulated through said drill string and said 
annulus; 
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a second ?uid injected into said annulus; 

a means for determining the mass ?oW rate of the ?rst and 
second ?uids into the Wellbore; 

a means for determining the mass ?oW rate of the ?rst and 
second ?uids out of the Wellbore; and 

a means for comparing the mass ?oW rates of the ?rst and 
second ?uid into and out of the Wellbore. 

21. The system of claim 20 further comprising a pumping 
system adapted to pump said ?rst ?uid through said drill 
string into the Wellbore. 

22. The system of claim 21 further comprising an injec 
tion system adapted to inject said second ?uid into said 
annulus. 

23. The system of claim 22 further comprising a control 
system adapted to adjust said pumping system in response to 
a difference in the mass ?oW rates into and out of the 
Wellbore. 

24. The system of claim 22 further comprising a control 
system adapted to adjust said injection system in response to 
a difference in the mass ?oW rates into and out of the 
Wellbore. 

25. A method for controlling Wellbore pressure in a Well 
comprising: 

pumping a ?rst ?uid through a drill string through a riser 
into a Wellbore; 

injecting a second ?uid into an annulus betWeen the drill 
string and the riser and the Wellbore; 

determining the mass ?oW rate of the ?rst and second 
?uids ?oWing into the Wellbore; 

determining the mass ?oW rate of the ?rst and second 
?uids ?oWing out of the Wellbore; and 

comparing the mass ?oW rate of the ?rst and second ?uids 
?oWing into the Wellbore to the mass ?oW rates of the 
?rst and second ?uids ?oWing out of the Wellbore. 

26. The method of claim 25 further comprising adjusting 
the pumping of the ?rst ?uid in response to a difference 
betWeen the mass ?oW rates of ?uid into and out of the 
Wellbore. 

27. The method of claim 25 further comprising adjusting 
the injection of the second ?uid in response to a difference 
betWeen the mass ?oW rates of ?uid into and out of the 
Wellbore. 


