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(54) MANAGED PRESSURE CEMENTING

(57) A method of cementing a tubular string in a well-
bore includes: deploying the tubular string into the well-
bore; pumping cement slurry into the tubular string;
launching a cementing plug after pumping the cement
slurry; propelling the cementing plug through the tubular
string, thereby pumping the cement slurry through the
tubular string and into an annulus formed between the
tubular string and the wellbore; and controlling flow of
fluid displaced from the wellbore by the cement slurry to
control pressure of the annulus.
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Description

[0001] The present invention generally relates to man-
aged pressure cementing.
[0002] In wellbore construction and completion oper-
ations, a wellbore is formed to access hydrocarbon-bear-
ing formations (e.g., crude oil and/or natural gas) by the
use of drilling. Drilling is accomplished by utilizing a drill
bit that is mounted on the end of a drill string. To drill
within the wellbore to a predetermined depth, the drill
string is often rotated by a top drive or rotary table on a
surface platform or rig, and/or by a downhole motor
mounted towards the lower end of the drill string. After
drilling to a predetermined depth, the drill string and drill
bit are removed and a section of casing is lowered into
the wellbore. An annulus is thus formed between the
string of casing and the formation. The casing string is
hung from the wellhead. A cementing operation is then
conducted in order to fill the annulus with cement. The
casing string is cemented into the wellbore by circulating
cement into the annulus defined between the outer wall
of the casing and the borehole. The combination of ce-
ment and casing strengthens the wellbore and facilitates
the isolation of certain areas of the formation behind the
casing for the production of hydrocarbons.
[0003] Once the initial or surface casing has been ce-
mented, the wellbore may be extended and another
string of casing or liner may be cemented into the well-
bore. This process may be repeated until the wellbore
intersects the formation. Once the formation has been
produced and depleted, cement plugs may be used to
abandon the wellbore. If the wellbore is exploratory, tests
may be performed and then the wellbore abandoned.
[0004] Not all wells that are drilled and casing strings
cemented in place during the well operation are problem-
atic. Conversely, primary cementing of problematic wells
has historically been inefficient to unobtainable by ma-
nipulation of the traditional variables. What can be re-
corded today to effectively measure the success or failure
of a primary cement job is not adequate for cementing
problematic wells. Understanding the objectives of a pri-
mary cement job, being able to execute the primary ce-
ment job and adequately interpreting the results have
ultimately been the criteria of a success or a failure.
Whether success is a leak-off test, open-hole kick-off
plug, isolation of a hydrocarbon bearing zone of interest,
or a fresh water zone that must be hydraulically or me-
chanically isolated and protected, the tools and methods
that operators and service companies employ today that
can be controlled and monitored are not always enough
to provide the expected nor the desired results.
[0005] In accordance with one aspect of the present
invention there is provided a method of cementing a tu-
bular string in a wellbore. The method includes: deploying
the tubular string into the wellbore; pumping cement slur-
ry into the tubular string; launching a cementing plug after
pumping the cement slurry; propelling the cementing plug
through the tubular string, thereby pumping the cement

slurry through the tubular string and into an annulus
formed between the tubular string and the wellbore; and
controlling flow of fluid displaced from the wellbore by
the cement slurry to control pressure of the annulus.
[0006] Further aspects and preferred features are set
out in claim 2 et seq.
[0007] In accordance with another aspect of the inven-
tion there is provided a method of cementing a tubular
string in a wellbore. The method includes: deploying the
tubular string into the wellbore, the tubular string includ-
ing one or more cement sensors; pumping cement slurry
into the tubular string; launching a cementing plug after
pumping the cement slurry; propelling the cementing plug
through the tubular string, thereby pumping the cement
slurry through the tubular string and into an annulus
formed between the tubular string and the wellbore; and
analyzing data from the cement sensors during curing of
the cement slurry.
[0008] In accordance with another aspect of the inven-
tion there is provided a method of cementing a tubular
string in a subsea wellbore. The method includes: de-
ploying the tubular string into the subsea wellbore; pump-
ing cement slurry into the tubular string; launching a ce-
menting plug after pumping the cement slurry; propelling
the cementing plug through the tubular string using a
chase (aka displacement) fluid, thereby pumping the ce-
ment slurry through the tubular string and into an annulus
formed between the tubular string and the wellbore;
measuring a flow rate of the chase fluid; and measuring
a flow rate of fluid displaced from the wellbore by diverting
the displaced fluid from a bore of a pressure control as-
sembly connected to a subsea wellhead of the subsea
wellbore through a subsea flow meter of the pressure
control assembly.
[0009] In accordance with another aspect of the inven-
tion there is provided a method for drilling a wellbore.
The method includes drilling the wellbore by injecting
drilling fluid into a top of a drill string disposed in the well-
bore at a first flow rate and rotating a drill bit. The drilling
fluid exits the drill bit and carries cuttings from the drill
bit. The cuttings and drilling fluid (returns) flow from the
drill bit through an annulus defined between the tubular
string and the wellbore. A seal of a rotating control device
is engaged with the drill string and diverts the returns into
an outlet of the rotating control device. The method fur-
ther includes, while drilling the wellbore: choking the flow
of returns such that a bottomhole pressure corresponds
to a target pressure, wherein the target pressure is great-
er than or equal to a pore pressure and less than a frac-
ture pressure of an exposed formation adjacent to the
wellbore; increasing the returns choking such that the
bottomhole pressure corresponds to a pressure expect-
ed during cementing of the exposed formation; and while
the returns choking is increased: measuring the first flow
rate; measuring a flow rate of the returns; and comparing
the returns flow rate to the first flow rate to ensure integrity
of the exposed formation.
[0010] So that the manner in which the above recited
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features of the present invention can be understood in
detail, a more particular description of the invention, brief-
ly summarized above, may be had by reference to em-
bodiments, some of which are illustrated in the appended
drawings. It is to be noted, however, that the appended
drawings illustrate only typical embodiments of this in-
vention and are therefore not to be considered limiting
of its scope, for the invention may admit to other equally
effective embodiments.

Figure 1 illustrates a terrestrial drilling system in a
casing cementing mode.

Figures 2A-2G illustrate a casing cementing opera-
tion performed using the drilling system.

Figure 3A illustrates operation of a programmable
logic controller (PLC) of the drilling system during
the casing cementing operation. Figure 3B illustrates
monitoring of the cementing operation. Figure 3C
illustrates detection of formation influx during ce-
menting. Figure 3D illustrates detection of cement
loss during cementing. Figure 3E illustrates monitor-
ing of curing of the cement slurry and application of
a beneficial amount of backpressure on the annulus.
Figure 3F illustrates detection of formation influx dur-
ing curing. Figure 3G illustrates detection of cement
loss during curing.

Figures 4A and 4B illustrates a portion of the drilling
system in a liner cementing mode. Figure 4C illus-
trates operation of cement sensors.

Figures 5A-5F illustrate a liner cementing operation
performed using the drilling system.

Figure 6 illustrates operation of the PLC during the
liner cementing operation.

Figures 7A-C illustrates an offshore drilling system
in a drilling mode. Figure 7D illustrates a dynamic
formation integrity test performed using the drilling
system. Figures 7E and 7F illustrate monitoring of
cement curing of a subsea casing cementing oper-
ation conducted using the drilling system.

Figure 8A illustrates monitoring of cement curing of
a subsea casing cementing operation conducted us-
ing a second offshore drilling system. Figures 8B and
8C illustrate a subsea casing cementing operation
conducted using a third offshore drilling system.

Figures 9A and 9B illustrate monitoring of cement
curing of a subsea casing cementing operation con-
ducted using a fourth offshore drilling system. Fig-
ures 9C and 9E illustrate a wireless cement sensor
sub of an alternative inner casing string being ce-
mented. Figure 9D illustrate a radio frequency iden-

tification (RFID) tag for communication with the sen-
sor sub. Figure 9F illustrates the fluid handling sys-
tem of the drilling system.

Figures 10A-10C illustrate a remedial cementing op-
eration being performed using an alternative casing
string.

Figures 11A-11C illustrate a remedial squeeze op-
eration being performed using the alternative casing
string.

[0011] Figure 1 illustrates a terrestrial drilling system
1 in a casing cementing mode. The drilling system 1 may
include a drilling rig 1r, a fluid handling system 1f, and a
pressure control assembly (PCA) 1p. The drilling rig 1r
may include a derrick 2 having a rig floor 4 at its lower
end having an opening 6 through which a casing adapter
7 extends downwardly into the PCA 1p. The PCA 1p may
be connected to a wellhead 21. The wellhead 21 may be
mounted on an outer casing string 101 which has been
deployed into a wellbore 100 drilled from a surface 104s
of the earth and cemented 102 into the wellbore. The
casing adapter 7 may include a seal head (not shown)
for engaging an inner casing string 105 which has been
deployed into the wellbore 100 and is ready to be ce-
mented into place. The casing adapter 7 may also be
connected to a cementing head 10. The cementing head
10 may also be connected to a Kelly valve 11 via spool
17. The Kelly valve 11 may be connected to a quill of a
top drive 12. The top drive 12 may include a motor for
rotating a drill string. The top drive motor may be electric
or hydraulic. A housing of the top drive 12 may be coupled
to a rail (not shown) of the derrick 2 for preventing rotation
of the top drive housing during rotation of the drill string
and allowing for vertical movement of the top drive with
a traveling block 13. A housing of the top drive 12 may
be suspended from the derrick 2 by the traveling block
13. The traveling block 13 may be supported by wire rope
14 connected at its upper end to a crown block 15. The
wire rope 14 may be woven through sheaves of the blocks
13, 15 and extend to drawworks 16 for reeling thereof,
thereby raising or lowering the traveling block 13 relative
to the derrick 2.
[0012] Alternatively, the wellbore may be subsea hav-
ing a wellhead located adjacent to the waterline and the
drilling rig may be a located on a platform adjacent the
wellhead. Alternatively, a Kelly and rotary table (not
shown) may be used instead of the top drive.
[0013] The cementing head 10 may include one or
more plug launchers 8u,b, and a manifold 18. The ce-
menting manifold 18 may include a trunk and one or more
branches, such as three. Each branch may include a
shutoff valve 9u,m,b, for providing selective fluid com-
munication between the manifold trunk and the launchers
8u,b. Each launcher 8u,b may include a canister for hous-
ing a respective cementing plug, such as wiper 125u,b
(Figures 2B and 2C), and retainer valve or latch operable
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to selectively retain the respective wiper in the launcher.
A lower branch having the valve 9b may connect the man-
ifold trunk directly to the casing adapter 7, thereby by-
passing the launchers 8u,b. A mid branch having the
valve 9m may connect the trunk between the launchers
8u,b for deploying the a bottom wiper 125b. An upper
branch having the valve 9u may connect the trunk above
an upper launcher 8u for deploying a top wiper 125u.
[0014] The PCA 1p may include a blow out preventer
(BOP) 20, a rotating control device (RCD) 22, and a var-
iable choke valve 23. A housing of the BOP 20 may be
connected to the wellhead 21, such as by a flanged con-
nection. The BOP housing may also be connected to a
housing of the RCD 22, such as by a flanged connection.
The RCD 22 may include a stripper seal and the housing.
The stripper seal may be supported for rotation relative
to the housing by bearings. The stripper seal-housing
interface may be isolated by seals. The stripper seal may
form an interference fit with an outer surface of the casing
adapter 7 and be directional for augmentation by wellbore
pressure. Alternatively, the stripper seal may be an in-
flatable bladder or a lubricated packer assembly. Alter-
natively, a packer or BOP may be used instead of the
RCD.
[0015] The choke 23 may be connected to an outlet
port 21o (Figure 3B) of the wellhead 21. The choke 23
may be fortified to operate in an environment where re-
turn fluid may include solids, such as cuttings. The choke
23 may include a hydraulic actuator operated by a pro-
grammable logic controller (PLC) 25 via a hydraulic pow-
er unit (HPU) (not shown) to maintain backpressure (Fig-
ure 3A) in the wellhead 21. Alternatively, the choke ac-
tuator may be electrical or pneumatic.
[0016] The outer casing string 101 may extend to a
depth adjacent a bottom of an upper formation 104u and
the inner casing string 105 may extend into a portion of
the wellbore 100 traversing a lower formation 104b. The
upper formation 104u may be non-productive and the
lower formation 104b may be a hydrocarbon-bearing res-
ervoir. Alternatively, the lower formation 104b may be
environmentally sensitive, such as an aquifer, or unsta-
ble. The inner casing string 105 may include a plurality
of casing joints 106 connected together, such as by
threaded connections, one or more centralizers 107
spaced along the casing joints at regular intervals, a float
collar 108, a guide shoe 109, and a casing hanger 24.
Each casing joint 106 may be made from a metal or alloy,
such as steel or stainless steel. The centralizers 107 may
be fixed or sprung. The centralizers 107 may engage an
inner surface of the outer casing 101 and/or wellbore
100. The centralizers 107 may operate to center the inner
casing 105 in the wellbore 100.
[0017] The shoe 109 may be disposed at the lower end
of the casing string 105 and have a bore formed there-
through. The shoe 109 may be convex for guiding the
casing string 105 toward the center of the wellbore 100.
The shoe 109 may minimize problems associated with
hitting rock ledges or washouts in the wellbore 100 as

the casing string 105 is lowered into the wellbore. An
outer portion of the shoe 109 may be made from the
casing material, discussed above. An inner portion of the
shoe 109 may be made of a drillable material, such as
cement, cast iron, non-ferrous metal or alloy, or polymer,
so that the inner portion may be drilled through if the
wellbore 100 is to be further drilled. The float collar 108
may include a check valve for selectively sealing the shoe
bore. The check valve may be operable to allow fluid flow
from the casing bore into the wellbore 100 and prevent
reverse flow from the wellbore into the casing bore.
[0018] The fluid system 1f may include one or pumps
30a,m,c, a drilling fluid reservoir, such as a pit 31 or tank,
a degassing spool (not shown, see degassing spool 230
in Figure 7A), a solids separator, such as a shale shaker
33, one or more flow meters 34a,m,c,r and one or more
pressure sensors 35a,m,c,r. Each pressure sensor
35a,m,c,r may be in data communication with the PLC
25. The pressure sensor 35r may be connected between
the choke 23 and the outlet port 21o and may be operable
to monitor wellhead pressure. The pressure sensor 35a
may be connected between an annulus pump 30a and
an inlet port 21i of the wellhead 21 and may be operable
to monitor a discharge pressure of the annulus pump.
The pressure sensor 35m may be connected between a
mud pump 30m and a standpipe (not shown) connected
to an inlet of the top drive 12 and may be operable to
monitor standpipe pressure. The pressure sensor 35c
may be connected between a cement pump 30c and the
cementing manifold 18 and may be operable to monitor
manifold pressure.
[0019] The returns 34r and cement 34c flow meters
may each be a mass flow meter, such as a Coriolis flow
meter, and may each be in data communication with the
PLC 25. The cement flow meter 35c may be connected
between the cement pump 30c and the cementing man-
ifold 18 and may be operable to monitor a flow rate of
the cement pump. The returns flow meter 34r may be
connected between the choke 23 and the shale shaker
33 and may be operable to monitor a flow rate of return
fluid. The supply 34m and annulus 34a flow meters may
each be a volumetric flow meter, such as a Venturi flow
meter and may each be in data communication with the
PLC 25. The annulus flow meter 34a may be connected
between the annulus pump 30a and the inlet port 21i and
may be operable to monitor a flow rate of the annulus
pump. The PLC 25 may receive a density measurement
of indicator fluid 130i (Figure 3E) from an indicator fluid
blender (not shown) to determine a mass flow rate of the
indicator fluid from the volumetric measurement of the
supply flow meter 34d. The supply flow meter 35m may
be connected between a mud pump 30m and the stand-
pipe and may be operable to monitor a flow rate of the
mud pump. The PLC 25 may receive a density measure-
ment of drilling fluid 130m (Figure 2A) from a mud blender
(not shown) to determine a mass flow rate of the drilling
fluid from the volumetric measurement of the supply flow
meter 34d.
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[0020] Alternatively, a stroke counter (not shown) may
be used to monitor a flow rate of each pump 30a,m,c
instead of the respective flow meters. Alternatively, the
annulus 34a and/or supply 34m flow meters may be mass
flow meters. Alternatively, the cement flow meter 34c
may be a volumetric flow meter.
[0021] In the drilling mode (not shown, see Figure 7A),
such as for extending the wellbore 100 from a shoe of
casing 101 to a depth for deploying the casing 105, the
mud pump 30m may pump the drilling fluid 130m from
the pit 31, through the standpipe and a Kelly hose to the
top drive 12. The drilling fluid 130m may include a base
liquid. The base liquid may be refined oil, water, brine,
or a water/oil emulsion. The drilling fluid 130m may further
include solids dissolved or suspended in the base liquid,
such as organophilic clay, lignite, and/or asphalt, thereby
forming a mud. Alternatively, the drilling fluid 130m may
further include a gas, such as diatomic nitrogen mixed
with the base liquid, thereby forming a two-phase mix-
ture. If the drilling fluid 130m is two-phase, the drilling
system 1 may further include a nitrogen production unit
(not shown) operable to produce commercially pure ni-
trogen from air.
[0022] The drilling fluid 130m may flow from the stand-
pipe and into a drill string (not shown, see drill string 207
in Figures 7A-7C) via the top drive 12. The drilling fluid
130m may be pumped down through the drill string and
exit a drill bit, where the fluid may circulate the cuttings
away from the bit and return the cuttings up an annulus
formed between an inner surface of the casing 101 or
wellbore 100 and an outer surface of the drill string. The
returns (drilling fluid plus cuttings) may flow up the an-
nulus to the wellhead 21 and be diverted by the RCD 22
into the wellhead outlet 21o. The returns may continue
through the choke 23 and the flow meter 34r. The returns
may then flow into the shale shaker 33 and be processed
thereby to remove the cuttings, thereby completing a cy-
cle. As the drilling fluid 130m and returns circulate, the
drill string may be rotated by the top drive 12 and lowered
by the traveling block 13, thereby extending the wellbore
100 into the lower formation 104b.
[0023] During drilling, the PLC 25 may perform a mass
balance between the drilling fluid 130m and the returns
to monitor for formation fluid entering the annulus or drill-
ing fluid entering the formation using the flow meters
34m,r. The PLC 25 may then compare the measure-
ments for detecting formation fluid ingress or drilling fluid
egress may take remedial action by adjusting the choke
23 (some ingress may be tolerated for underbalanced
drilling).
[0024] Once the wellbore 100 has been drilled to a
depth sufficient to accommodate the outer casing 105,
the drill string may be retrieved to surface 104s. The outer
casing 105 may be assembled and deployed into the
wellbore 100. Alternatively, the casing 105 may be drilled
into the wellbore instead of using the drill string. Once
the casing 105 has been deployed into the wellbore 100
and the casing hanger 24 landed into the wellhead 21,

the casing adapter 7 may be engaged with the casing
hanger 24. The cementing head 10 may be connected
to the casing adapter and the top drive 12. A cement
mixer, such as a recirculating mixer 36, cement pump
30c, and cementing conduit may be connected to the
manifold trunk.
[0025] Figures 2A-2G illustrate a casing cementing op-
eration performed using the drilling system 1. A condi-
tioning fluid 130w may be circulated by the cement pump
30c through the lower manifold valve 9b. The conditioner
130w may flush the drilling fluid 130m from the wellbore
100, wash cuttings and/or mud cake from the wellbore,
and/or adjust pH in the wellbore for pumping cement slur-
ry 130c. The lower manifold valve 9b may then be closed.
The bottom wiper 125b may be released from the lower
launcher 8b and the mid manifold valve 9m may be
opened. The cement slurry 130c may be pumped from
the mixer 36 into the mid manifold valve 9m by the cement
pump 30c, thereby propelling the bottom wiper 125b into
the a bore of the casing 105. As the bottom wiper 125b
is driven through the casing bore, the bottom wiper may
displace the conditioner 130w from the casing bore into
an annulus 110 formed between an outer surface of the
casing 105 and an inner surface of the wellbore 100 (or
the existing casing 101). The bottom wiper 125b may
also protect the cement slurry 130c from dilution by the
conditioner 130w.
[0026] Once the desired quantity of cement slurry 130c
has been pumped, the mid manifold valve 9b may be
closed, the top wiper 125u may be released from the
upper launcher 8u, and the upper manifold valve 9u may
be opened. Displacement (aka chase) fluid 130d may be
pumped from the mud pit 31 into the upper manifold valve
9u by the cement pump 30c, thereby propelling the top
wiper 130u into the casing bore. The displacement fluid
130d may have a density less or substantially less than
the cement slurry 130c so that the casing 105 is in com-
pression during curing of the cement slurry. The displace-
ment fluid 130d may be drilling fluid.
[0027] Pumping of the displacement fluid 130d by the
cement pump 30c may continue until residual cement in
the cement discharge conduit has been purged. Pumping
of the displacement fluid 130d may then be transferred
to the mud pump 30m by closing the upper manifold valve
9u and opening the Kelly valve 11. As the top wiper 125u
is driven through the casing bore, the bottom wiper 125b
may land onto the float collar 108. Continued pumping
of the displacement fluid 130d may exert pressure on the
bottom wiper 125b until a diaphragm thereof ruptures.
Rupture of the diaphragm may open a flow passage
through the bottom wiper 125b and the cement slurry
130c may flow through the passage and the float valve
and into the annulus 110. Pumping of the displacement
fluid 130d may continue until the top wiper 130u lands
onto the bottom wiper 130b. Landing of the top wiper
130u may increase pressure in the casing bore and be
detected by the PLC 25 monitoring the standpipe pres-
sure. Once landing has been detected, pumping of the
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displacement fluid 130d may be halted and the pressure
in the casing bore may be bled. The float valve may close,
thereby preventing the cement slurry 130c from flowing
back into the casing bore above the float collar 108 (aka
U-tubing).
[0028] Alternatively, instead of landing the casing
hanger 24 into the wellhead 21 before the cementing
operation, the top drive 12 may suspend the casing 105
so that the hanger is above the wellhead so that the cas-
ing may be reciprocated by the drawworks 16 and/or ro-
tated by the top drive during the cementing operation. In
this alternative, the manifold 18 may include flexible con-
duit to accommodate reciprocation and/or the cementing
head 10 may include one or more cementing swivels to
accommodate rotation. Alternatively, spacer fluid (not
shown) may be pumped between the cement slurry 130c
and the bottom wiper 125b.
[0029] Figure 3A illustrates operation of the PLC 25
during the casing cementing operation. Figure 3B illus-
trates monitoring of the cementing operation. Figure 3C
illustrates detection of formation influx during cementing.
Figure 3D illustrates detection of cement loss during ce-
menting.
[0030] The PLC 25 may be programmed to operate
the choke 23 so that a target bottomhole pressure (BHP)
is maintained in the annulus 110 during the cementing
operation. The target BHP may be selected to be within
a window defined as greater than or equal to a minimum
threshold pressure, such as pore pressure, of the lower
formation 104b and less than or equal to a maximum
threshold pressure, such as fracture pressure, of the low-
er formation, such as an average of the pore and fracture
BHPs. Alternatively, the minimum threshold may be sta-
bility pressure and/or the maximum threshold may be
leakoff pressure. Alternatively, threshold pressure gradi-
ents may be used instead of pressures and the gradients
may be at other depths along the lower formation 104b
besides total depth, such as the depth of the maximum
pore gradient and the depth of the minimum fracture gra-
dient. Alternatively, the PLC 25 may be free to vary the
BHP within the window during the cementing operation.
[0031] During the cementing operation, the PLC 25
may execute a real time simulation of the cementing op-
eration in order to predict the actual BHP from measured
data, such as manifold pressure from sensor 35c, cement
pump flow rate from flow meter 34c, wellhead pressure
from sensor 35r, and returns flow rate from the flow meter
34r. The PLC may then compare the predicted BHP to
the target BHP and adjust the choke accordingly. At the
initial stages of the cementing operation (Figures 2A-2C),
the annulus 110 may be filled with the conditioner 130w
having an equivalent circulation density (ECD) Wd (static
density plus dynamic friction drag). The conditioner ECD
Wd may be less or substantially less than an ECD Cd of
the cement 130c. The conditioner ECD Wd may also be
insufficient to maintain the target BHP without the addi-
tion of backpressure from the choke 23.
[0032] A static density Cs of the cement 130c may be

selected to exert a BHP corresponding to the target BHP
at the conclusion of the cementing operation. As cement
flows into the annulus 110 (Figure 2E), the actual BHP
may begin to be influenced by the cement ECD Cd (aka
dual gradient effect). The PLC 25 may anticipate the dual
gradient effect in the predicted BHP and reduce the back-
pressure accordingly by relaxing the choke 23. The PLC
25 may continue to relax the choke 23 as a level CL of
cement in the annulus 110 rises and the influence of the
cement ECD Cd on the BHP increases to maintain parity
of the actual/predicted BHP with the target BHP.
[0033] The PLC 25 may also perform a mass balance
during the cementing operation. Although Figures 3B-3D
illustrate the PLC 25 performing the mass balance during
displacement of the cement slurry 130c into the annulus
110, the PLC may also perform the mass balance during
the rest of the cementing operation, such as during con-
ditioning and propulsion of the bottom wiper 125b by
pumping the cement slurry. As the propellant (displace-
ment fluid 130d shown) is being pumped into the wellbore
100 by the mud pump 30m (or cement pump 30c) and
the return fluid (conditioner 130w shown) is being re-
ceived by the wellhead outlet 21o, the PLC 25 may com-
pare the propellant mass flow rate to the return fluid flow
rate (i.e., propellant rate minus return fluid rate) using the
flow meters 34m,r (or 34c,r).
[0034] The PLC 25 may use the mass balance to mon-
itor for formation fluid 130f entering the annulus 110 (Fig-
ure 3C) or cement slurry 130c (or return fluid) entering
the formation 104b (Figure 3D). Upon detection of either
event, the PLC 25 may take remedial action, such as
tightening the choke 23 in response to detection of for-
mation fluid 130f entering the annulus 110 and relaxing
the choke in response to cement 130c entering the for-
mation 104b. The PLC 25 may also alert an operator to
reduce a flow rate of the respective pump and reduce
the target BHP in response to detection of fluid egress
into the formation. The PLC 25 may also alert the operator
to increase a flow rate of the respective pump and in-
crease the target BHP in response to detection of fluid
ingress to the annulus. Alternatively, the PLC 25 may be
in communication with one or more of the pumps and the
PLC may take remedial action autonomously or semi-
autonomously. The PLC 25 may also divert the return
fluid flow into the degassing spool as part of the remedial
action.
[0035] The PLC 25 may also use the flow meters
34r,c,m to calculate the cement level CL in the annulus.
The PLC 25 may account for cement slurry egress in the
cement level calculation. The PLC 25 may also use the
flow meters 34r,c,m calculate other events during the ce-
menting operation, such as seating of the wipers 125u,b
and/or completion of conditioner circulation (annulus 110
filled with conditioner 130w).
[0036] Figure 3E illustrates monitoring of curing of the
cement slurry 130c and application of a beneficial amount
of backpressure on the annulus 110. Figure 3F illustrates
detection of formation influx during curing. Figure 3G il-
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lustrates detection of cement loss during curing. Once
the casing bore has been bled, the annulus pump 30a
may be operated to pump indicator fluid 130i from the pit
31 into the inlet port 21i. The indicator fluid 130i may flow
radially across the wellhead 21 and exit the wellhead 21
at the outlet port 21o. The indicator fluid path may be in
fluid communication with the annulus 110, thereby form-
ing a tee having the annulus as a stagnant branch. The
indicator fluid 130i may continue through the choke 23,
returns flow meter 34r, and shaker 33 and back to the
mud pit 31. Circulation of the indicator fluid 130i may be
maintained during the curing period. As the indicator fluid
130i is being circulated, the PLC 25 may perform a mass
balance between entry and exit of the indicator fluid in-
to/from the wellhead 21 to monitor for formation fluid 130f
entering the annulus 110 (Figure 3F) or cement slurry
130c entering the formation 104b (Figure 3G) using the
flow meters 34a,r. The PLC 25 may tighten the choke 23
in response to detection of formation fluid 130f entering
the annulus 110 and relax the choke in response to ce-
ment slurry 130c entering the formation 104b. The PLC
25 may also divert the return fluid flow into the degassing
spool in response to detection of either event.
[0037] The PLC 25 may also be programmed to dis-
cern between formation fluid 130f continuously flowing
into the annulus 110 or cement 130c continuously flowing
into the formation 104b and opening or closing of micro-
fractures in the formation during cementing and/or curing
(aka ballooning) by calculating and monitoring a rate of
change of the mass balance with respect to time (delta
balance) and comparing the delta balance to a predeter-
mined threshold.
[0038] The PLC 25 may keep a cumulative record dur-
ing the cementing and curing operation of any fluid in-
gress/egress events, discussed above, and the PLC may
make an evaluation as to the acceptability of the cured
cement bond. The PLC 25 may also determine and in-
clude the final cement level CL in the evaluation. Should
the PLC 25 determine that the cured cement is unaccept-
able, the PLC may make recommendations for remedial
action, such as a cement bond/evaluation log and/or a
secondary cementing operation.
[0039] Figures 4A and 4B illustrates a portion of the
drilling system 1 in a liner cementing mode. A wellbore
150 may include a vertical portion and a deviated, such
as horizontal, portion instead of the vertical wellbore 100.
The wellbore 150 may be terrestrial or subsea. A cement-
ing head 50 may be used instead of the cementing head
10 and a workstring 57 may be used instead of the casing
adapter 7. The workstring 57 may include joints of tubu-
lars, such as drill pipe 57p, connected together, such as
by threaded connections, a seal head 57h, and a setting
tool 57s. The setting tool 57s may connect a liner string
155 to the workstring 57. The workstring 57 may also be
connected to the cementing head 50. The cementing
head 50 may also be connected to the Kelly valve 11.
[0040] The cementing head 50 may include an actuator
swivel 51a, a cementing swivel 51c, and a launcher 58.

Each swivel 51a,c may include a housing torsionally con-
nected to the derrick 2, such as by bars, wire rope, or a
bracket (not shown). Each torsional connection may ac-
commodate longitudinal movement of the respective
swivel 51a,c relative to the derrick 2. Each swivel 51a,c
may further include a mandrel and bearings for support-
ing the housing from the mandrel while accommodating
relative rotation therebetween. The cementing swivel 51c
may further include an inlet formed through a wall of the
housing and in fluid communication with a port formed
through the mandrel and a seal assembly for isolating
the inlet-port communication. The cementing swivel inlet
may be connected to the cement pump 30c via shutoff
valve 59. The shutoff valve 59 may be automated and
have a hydraulic actuator (not shown) operable by the
PLC 25 via fluid communication with the HPU. Alterna-
tively, the shutoff valve actuator may be pneumatic or
electric. The cementing mandrel port may provide fluid
communication between a bore of the cementing head
50 and the housing inlet. Each seal assembly may include
one or more stacks of V-shaped seal rings, such as op-
posing stacks, disposed between the mandrel and the
housing and straddling the inlet-port interface. Alterna-
tively, the seal assembly may include rotary seals, such
as mechanical face seals.
[0041] The actuator swivel 51a may be hydraulic and
may include a housing inlet formed through a wall of the
housing and in fluid communication with a passage
formed through the mandrel, and a seal assembly for
isolating the inlet-passage communication. The passage
may extend to an outlet of the mandrel for connection to
a hydraulic conduit for operating a hydraulic actuator 58a
of the cementing head 10. The actuator swivel 51a may
be in fluid communication with the HPU. Alternatively,
the actuator swivel and cementing head actuator may be
pneumatic or electric. The Kelly valve 11 may also be
automated and include a hydraulic actuator (not shown)
operable by the PLC 25 via fluid communication with the
HPU. The cementing head 50 may further include an
additional actuator swivel (not shown) for operation of
the Kelly valve 11 or the top drive 12 may include the
additional actuator swivel. Alternatively, the Kelly valve
actuator may be electric or pneumatic.
[0042] The launcher 58 may include a housing 58h, a
diverter 58d, a canister 58c, a latch 58r, and the actuator
58a. The housing 58h may be tubular and may have a
bore therethrough and a coupling formed at each longi-
tudinal end thereof, such as threaded couplings. Alter-
natively, the upper housing coupling may be a flange. To
facilitate assembly, the housing 58h may include two or
more sections (three shown) connected together, such
as by a threaded connection. The housing 58h may also
serve as the cementing swivel housing (shown) or the
launcher and cementing swivel 51c may have separate
housings (not shown). The housing 58h may further have
a landing shoulder 58s formed in an inner surface thereof.
The canister 58c and diverter 58d may each be disposed
in the housing bore. The diverter 58d may be connected

11 12 



EP 3 505 720 A2

8

5

10

15

20

25

30

35

40

45

50

55

to the housing 58h, such as by a threaded connection.
The canister 58c may be longitudinally movable relative
to the housing 58h. The canister 58c may be tubular and
have ribs formed along and around an outer surface
thereof. Bypass passages may be formed between the
ribs. The canister 58c may further have a landing shoul-
der formed in a lower end thereof corresponding to the
housing landing shoulder 58s. The diverter 58d may be
operable to deflect cement slurry 130c or displacement
fluid 130d away from a bore of the canister and toward
the bypass passages. A cementing plug, such as dart
75, may be disposed in the canister bore for selective
release and pumping downhole to activate a cementing
plug, such as wiper 175, releasably connected to the set-
ting tool 57s.
[0043] The latch 58r may include a body, a plunger,
and a shaft. The body may be connected to a lug formed
in an outer surface of the launcher housing 58h, such as
by a threaded connection. The plunger may be longitu-
dinally movable relative to the body and radially movable
relative to the housing 58h between a capture position
and a release position. The plunger may be moved be-
tween the positions by interaction, such as a jackscrew,
with the shaft. The shaft may be longitudinally connected
to and rotatable relative to the body. The actuator 58a
may be a hydraulic motor operable to rotate the shaft
relative to the body. Alternatively, the actuator may be
linear, such as a piston and cylinder. Alternatively, the
actuator may be electric or pneumatic. Alternatively, the
actuator may be manual, such as a handwheel.
[0044] In operation, the PLC 25 may release the dart
75 by operating the HPU to supply hydraulic fluid to the
actuator 58a via the actuator swivel 51a. The actuator
58a may then move the plunger to the release position
(not shown). The canister 58c and dart 75 may then move
downward relative to the housing 58h until the landing
shoulders 58s engage. Engagement of the landing shoul-
ders 58s may close the canister bypass passages, there-
by forcing displacement fluid 130d to flow into the canister
bore. The displacement fluid 130d may then propel the
dart 75 from the canister bore into a lower bore of the
housing 58h and onward through the drill pipe 57p to the
wiper 175.
[0045] Additionally, the cementing head 50 may further
include a launch sensor (not shown). The launch sensor
may be in data communication with the PLC 25 via an
additional swivel (not shown). The dart may include a
magnetic or radio frequency identification tag and the
launch sensor may include a receiver or transceiver for
interacting with the dart tag, thereby detecting launch of
the dart. The launch sensor may then report launch de-
tection to the PLC 25.
[0046] Alternatively, the launcher may include a main
body having a main bore and a parallel side bore, with
both bores being machined integral to the main body.
The dart 75 may be loaded into the main bore, and a dart
releaser valve may be provided below the dart to maintain
it in the capture position. The dart releaser valve may be

side-mounted externally and extend through the main
body. A port in the dart releaser valve may provide fluid
communication between the main bore and the side bore.
When pumping cement slurry 130c, the dart 75 may be
maintained in the main bore with the dart releaser valve
closed. The slurry 130c may flow through the side bore
and into the main bore below the dart via the fluid com-
munication port in the dart releaser valve. To release the
dart 75, the dart releaser valve may be turned, such as
by ninety degrees, thereby closing the side bore and
opening the main bore through the dart releaser valve.
The displacement fluid 130d may then enter the main
bore behind the dart, causing it to drop downhole.
[0047] To facilitate removal of the drill string and de-
ployment of the liner string 155, the outer casing 101 may
include an isolation valve 140. The isolation valve 140
may include a tubular housing, a flow tube (not shown),
and a closure member, such as a flapper 140f. Alterna-
tively, the closure member may be a ball (not shown)
instead of the flapper. To facilitate manufacturing and
assembly, the housing may include one or more sections
connected together, such as fastened with threaded con-
nections and/or fasteners. The housing may have a lon-
gitudinal bore formed therethrough for passage of a tu-
bular string. The flow tube may be disposed within the
housing. The flow tube may be longitudinally movable
relative to the housing. A piston (not shown) may be
formed in or fastened to an outer surface of the flow tube.
The flow tube may be longitudinally movable by the piston
between the open position and the closed position. In the
closed position, the flow tube may be clear from the flap-
per 140f, thereby allowing the flapper to close. In the
open position, the flow tube may engage the flapper 140f,
push the flapper to the open position, and engage a seat
formed in or disposed in the housing. Engagement of the
flow tube with the seat may form a chamber between the
flow tube and the housing, thereby protecting the flapper
140f and the flapper seat. The flapper 140f may be piv-
oted to the housing, such as by a fastener 140p. A biasing
member, such as a torsion spring (not shown) may en-
gage the flapper 140f and the housing and be disposed
about the fastener 140p to bias the flapper toward the
closed position. In the closed position, the flapper 140f
may fluidly isolate an upper portion of the valve 140 (and
an upper portion of the wellbore 150) from a lower portion
of the valve (and the formation 104b).
[0048] The valve 140 may be in communication with
the PLC 25 via a control line 142. The control line 142
may include hydraulic conduits providing fluid communi-
cation between the HPU and the flow tube piston for
opening and closing the valve 140. The control line 142
may further include a data conduit for providing data com-
munication between the PLC 25 and the valve 140. The
control line data conduit may be electrical or optical. The
valve 140 may further include a cablehead 141h for re-
ceiving the control line cable.
[0049] The valve 140 may further include one or more
sensors, such as an upper pressure sensor 141u, a lower
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pressure sensor 141b, and a position sensor 141p. The
upper pressure sensor 141u may be in fluid communica-
tion with the housing bore above the flapper 140f and the
lower pressure sensor 141b may be in fluid communica-
tion with the housing bore below the flapper. Lead wires
may provide data communication between the control
line 142 and the sensors 141u,b,p. The position sensor
141p may be able to detect when the flow tube is in the
open position, the closed position, or at any position be-
tween the open and closed positions so that the PLC 25
may monitor full or partial opening of the valve 140. The
sensors may be powered by the data conduit of the con-
trol line 142 or the valve 140 may include a battery pack.
[0050] The liner string 155 may include a plurality of
casing joints 106 connected to each other, such as by
threaded connections, one or more centralizers 107
spaced along the liner string at regular intervals, a landing
collar 158, a float shoe 159, a liner hanger 160, one or
more cement sensors 161a-f, and a wireless data cou-
pling 162i. The shoe 159 may be disposed at the lower
end of the joints 106 and have a bore formed there-
through. The shoe 159 may be convex for guiding the
liner string 155 toward the center of the wellbore 150. An
outer portion of the shoe 159 may be made from the
casing material, discussed above. An inner portion of the
shoe 159 may be made of the drillable material, dis-
cussed above. The shoe 159 may include the check
valve, discussed above.
[0051] The liner hanger 160 may include an anchor
160a and a packoff 160p. The anchor 160a may be op-
erable to engage the casing 101 and longitudinally sup-
port the liner string 155 from the casing 101. The anchor
160a may include slips and a cone. The anchor 160a
may accommodate relative rotation between the liner
string 155 and the casing 101, such as by including a
bearing (not shown). The packoff 160p may be operable
to radially expand into engagement with an inner surface
of the casing 101, thereby isolating the liner-casing in-
terface. The setting tool 57s may be operable to set the
anchor and packoff independently. The setting tool 57s
may include a seat for receiving a blocking member, such
as a ball (not shown). The cementing head 50 may further
include an additional launcher (not shown) for deploying
the ball.
[0052] Once landed, a setting piston (not shown) of the
setting tool 57s may be operated to set the anchor 160a
by increasing fluid pressure in the workstring 57 against
the seated ball. Setting of the anchor 160a may be con-
firmed by pulling the workstring 57. Additional pressure
may then be exerted to longitudinally release the setting
tool 57s from the liner string 155. Alternatively, the setting
tool 57s may be released by rotation of the workstring
57. Release of the setting tool 57s may be confirmed by
pulling the workstring 57. Further additional pressure
may be exerted to release the ball from the seat. After
cementing, the packoff 160p may be set by articulation
of the workstring 57. Alternatively, the anchor 160a may
also be set by articulation of the workstring 57.

[0053] Figure 4C illustrates operation of the cement
sensors 161a-f. The cement sensors 161a-f may each
be capacitance sensors and may be spaced along the
joints 106 and connected by a data cable 163. The data
cable 163 may be electrical or optical and the cement
sensors 161a-f may be powered via the data cable 163
or have batteries. The data cable may extend along an
outer surface of the casing joints 106 and fastened there-
to, be disposed in a groove formed in an outer surface
of the casing joints, or be disposed in segments within a
wall of the casing joints and connected by couplings dis-
posed in an end of each casing joint. The cement sensors
161a-f may be in fluid communication with an annulus
111 formed between liner string 155 and the wellbore
150. The data cable 163 may be connected to the data
coupling 162i. The data coupling 162i may be in commu-
nication with a corresponding data coupling 162o of the
casing string 101. The data couplings 162i,o may be in-
ductive, capacitive, radio frequency, or acoustic cou-
plings and may provide data communication without con-
tact and may accommodate misalignment. The casing
coupling 162o may be in data communication with the
control line 142 via a lead wire. The control line data cable
and couplings 162i,o may provide data communication
between the cement sensors 161a-f and a sampling head
164. The sampling head 164 may be located at surface
104s and be in data communication with the PLC 25.
[0054] The cement sensors 161a-f may each include
a semi-rigid coaxial cable 165 having a short section of
inner conductor 165i protruding at its tip. Since the ex-
posed tip 165i may be an effective radiator in high-per-
mittivity liquids, it may be shielded, such as by a serrated
castle nut 165n. The serrated castle nut 165n may pro-
vide a surrounding ground plane while allowing free-flow
of cement slurry 130c through the tip 165i. Additionally,
each cement sensor 161a-f may be part of a cement sen-
sor assembly further including a pressure and/or temper-
ature sensor. Alternatively, each cement sensor 161a-f
may be a pressure and/or temperature sensor instead of
a capacitance sensor.
[0055] The sampling head 164 may include a pulse
generator 164g and a pulse detector 164d. The pulse
generator 164g may supply a step function incident pulse
164p to the data cable 163. Each sensor 161a-f may
reflect a return pulse 164r back to the pulse detector
164d. Alternatively, the sampling head 164 may be lo-
cated in the liner hanger 160 or the outer casing string
101 as a part thereof.
[0056] Figures 5A-5F illustrate a liner cementing oper-
ation performed using the drilling system 1. As discussed
above for the casing cementing operation, conditioner
130w may be circulated (not shown) by the cement pump
30c through the valve 59 or by the mud pump 30m via
the top drive 12 to prepare for pumping of the cement
slurry 130c. The anchor 160a may then be set and the
setting tool 57s released from the liner 155, as discussed
above. The workstring 57 and liner 155 may then be ro-
tated 180 from surface by the top drive 12 and rotation
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may continue during the cementing operation. Cement
slurry 130c may be pumped from the mixer 36 into the
cementing swivel 50c via the valve 59 by the cement
pump 30c. The cement slurry 130c may flow into the
launcher 58 and be diverted past the dart 75 via the di-
verter 58d and bypass passages.
[0057] Once the desired quantity of cement slurry 130c
has been pumped, the cementing dart 75 may be re-
leased from the launcher 58 by the PLC 25 operating the
actuator 58a. Displacement fluid 130d may be pumped
into the cementing swivel 51c via the valve 59 by the
cement pump 30c. The displacement fluid 130d may flow
into the launcher 58 and be forced behind the dart 75 by
closing of the bypass passages, thereby propelling the
dart into the workstring bore. Pumping of the displace-
ment fluid 130d by the cement pump 30c may continue
until residual cement in the cement discharge conduit
has been purged. Pumping of the displacement fluid
130d may then be transferred to the mud pump 30m by
closing the valve 59 and opening the Kelly valve 11. The
dart 75 may be driven through the workstring bore by the
displacement fluid 130d until the dart lands onto the wiper
175, thereby closing a bore of the wiper. Continued
pumping of the displacement fluid 130d may exert pres-
sure on the seated dart 75 until the wiper 175 is released
from the setting tool 57s.
[0058] Once released, the combined dart and wiper
75,175 may be driven through the liner bore by the dis-
placement fluid 130d, thereby driving cement slurry 130c
through the float shoe 159 and into the annulus 111.
Pumping of the displacement fluid 130d may continue
until the combined dart and wiper 75,175 land on the
collar 158. Landing of the combined dart and wiper
75,175 may increase pressure in the liner 155 and work-
string bore and be detected by the PLC 25 monitoring
the standpipe pressure. Once landing has been detected,
pumping of the displacement fluid 130d and rotation 180
of the liner 155 may be halted and the packoff 160p set.
The setting tool 57s may be raised from the liner hanger
160 and displacement fluid 130d circulated to wash away
excess cement slurry. Pressure in the workstring 57 and
liner bore may be bled. The float shoe 159 may close,
thereby preventing the cement slurry 130c from flowing
back into the liner bore.
[0059] Additionally, the cementing head 50 may further
include a bottom dart and a bottom wiper may also be
connected to the setting tool. The bottom dart may be
launched before pumping of the cement 130c.
[0060] Figure 6 illustrates operation of the PLC 25 dur-
ing the liner cementing operation. The PLC 25 may be
programmed to operate the choke 23 so that the target
bottomhole pressure (BHP) is maintained in the annulus
111 during the cementing operation and the PLC 25 may
execute a real time simulation of the cementing operation
in order to predict the actual BHP from measured data
(as discussed above for the casing cementing operation).
The PLC 25 may then compare the predicted BHP to the
target BHP and adjust the choke 23 accordingly. At the

initial stages of the cementing operation (Figures 5A and
5B), the annulus 111 may be filled with only the condi-
tioner 130w having the ECD Wd. The conditioner 130w
may have an ECD Wd less or substantially less than an
ECD Cd of the cement 130c. The conditioner ECD Wd
may also be insufficient to maintain the target BHP with-
out the addition of backpressure from the choke 23.
[0061] Due to the deviated portion of the wellbore 150,
a static density Cs of the cement 130c corresponding to
the target BHP at the conclusion of the cementing oper-
ation may not be available as the increased ECD would
likely exert a BHP exceeding the target pressure. As ce-
ment 130c flows into the annulus 111 (Figures 5C and
5D), the actual BHP may begin to be influenced by the
cement ECD Cd.
[0062] The PLC 25 may anticipate the dual gradient
effect in the predicted BHP and reduce the backpressure
accordingly by relaxing the choke 23. The PLC 25 may
continue to relax the choke as a level of cement 130c in
the annulus 111 rises and the influence of the cement
ECD Cd on the BHP increases to maintain parity of the
actual/predicted BHP with the target BHP. The PLC 25
may be in data communication with the mud pump 30m.
Once the cement level nears the liner hanger 160, the
PLC 25 may reduce a flow rate of displacement fluid 130d
pumped by the mud pump 30m and tighten the choke 23
to increase backpressure while reducing the cement
ECD Cd so that when the cement level reaches the liner
hanger 160, the choke 23 may be closed to seal the in-
creased backpressure in the annulus 111, thereby main-
taining the target BHP. The packoff 160p may then be
set while the sealed backpressure is exerted on the an-
nulus 111. Additionally, the annulus pump 30a may be
operated to aid in increasing the backpressure while the
mud pump 30m rate is being reduced.
[0063] During the cementing operation, the PLC 25
may monitor the cement sensors 161a-f via sampling
head 164 to track the cement level in the annulus 111.
The PLC 25 may also perform the mass balance during
the cementing operation as discussed above for the cas-
ing cementing operation. Since the packoff 160p is set
during curing, the PLC 25 may instead rely on the cement
sensors 161a-f for monitoring the curing operation for
formation fluid 130f entering the annulus 111 or cement
slurry 130c entering the formation 104b. From data, such
as complex permittivity, obtained from the cement sen-
sors 161a-f during the curing operation and over a broad-
band frequency range, such as between ten kilohertz and
ten gigahertz, the PLC 25 may perform a time domain
reflectometry dielectric spectroscopy (TDRDS) analysis,
such as by Fourier transform, during and/or after the cur-
ing operation.
[0064] From the analysis, the PLC 25 may determine
one or more parameters of the curing operation, such as
disappearance of water into hydration (aka free water
relaxation, appearing near ten gigahertz), water attach-
ing to developing cement microstructure (aka bound wa-
ter relaxation, appearing near one hundred megahertz),
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local ion migration in the developing cement microstruc-
ture (aka low relaxation, appearing near one megahertz),
and long range ion drift through the developing cement
microstructure (aka ion conductivity, appearing below
one megahertz). The PLC 25 may compare each param-
eter to a known benchmark for evaluating the integrity of
the cured cement bond. Additionally, the PLC 25 may
plot the parameters against cure time and graphically
display the parameters for manual evaluation. The PLC
25 may superimpose plots for a particular parameter at
the various depths of the sensors 161a-f with the bench-
mark.
[0065] Based upon monitoring and control of the ce-
menting operation and monitoring and analysis of the
curing operation, the PLC 25 may determine acceptability
of the cured cement bond. Should the PLC 25 determine
that the cured cement is unacceptable, the PLC may
make recommendations for remedial action, such as a
cement bond/evaluation log and/or a secondary cement-
ing operation. Further, the PLC 25 may pinpoint depths
of defects in the annulus 111 based on the location of
the particular sensor that detected the defect. Pinpointing
of the defects may facilitate the remedial action.
[0066] Alternatively, the inner casing string 105 may
have the cement sensors 161a-f and the data cable 163
disposed therealong or at least along a portion thereof
corresponding to the exposed portion of the wellbore 100.
[0067] Figures 7A-C illustrates an offshore drilling sys-
tem 201 in a drilling mode. The drilling system 201 may
include a mobile offshore drilling unit (MODU) 201m,
such as a semi-submersible, the drilling rig 1r, a fluid
handling system 201f, a fluid transport system 201t, and
a pressure control assembly (PCA) 201p. Alternatively,
a fixed offshore drilling unit or a non-mobile floating off-
shore drilling unit may be used instead of the MODU 1m.
The MODU 1m may carry the drilling rig 1r and the fluid
handling system 201f aboard and may include a moon
pool, through which drilling operations are conducted.
The semi-submersible MODU 1m may include a lower
barge hull which floats below a surface (aka waterline)
204w of sea 204 and is, therefore, less subject to surface
wave action. Stability columns (only one shown) may be
mounted on the lower barge hull for supporting an upper
hull above the waterline. The upper hull may have one
or more decks for carrying the drilling rig 1r and fluid
handling system 201f. The MODU 1m may further have
a dynamic positioning system (DPS) (not shown) or be
moored for maintaining the moon pool in position over a
subsea wellhead 221.
[0068] The drilling rig 1r may further include a drill string
compensator (not shown) to account for heave of the
MODU 1m. The drill string compensator may be disposed
between the traveling block 13 and the top drive 12 (aka
hook mounted) or between the crown block 15 and the
derrick 2 (aka top mounted). The drill string 207 may in-
clude a bottomhole assembly (BHA) 207b and joints of
drill pipe 57p connected together, such as by threaded
couplings. The BHA 207h may be connected to the drill

pipe 57p, such as by a threaded connection, and include
a drill bit 207b and one or more drill collars 207c con-
nected thereto, such as by a threaded connection. The
drill bit 207b may be rotated 180 by the top drive 12 via
the drill pipe 57p and/or the BHA 207h may further include
a drilling motor (not shown) for rotating the drill bit. The
BHA 207h may further include an instrumentation sub
(not shown), such as a measurement while drilling
(MWD) and/or a logging while drilling (LWD) sub.
[0069] The PCA 201p may be connected to a wellhead
50 located adjacent a floor 204f of the sea 204. A con-
ductor string 202p,h may be driven into the seafloor 204f.
The conductor string 202p,h may include a housing 202h
and joints of conductor pipe 202p connected together,
such as by threaded connections. Once the conductor
string 202p,h has been set, a subsea wellbore 200 may
be drilled into the seafloor 204f and an outer casing string
203 may be deployed into the wellbore 200. The outer
casing string 203 may include a wellhead housing and
joints of casing connected together, such as by threaded
connections. The wellhead housing may land in the con-
ductor housing during deployment of the outer casing
string 203. The outer casing string 203 may be cemented
102 into the wellbore 200. The outer casing string 203
may extend to a depth adjacent a bottom of the upper
formation 104u. Although shown as vertical, the wellbore
200 may include a vertical portion and a deviated, such
as horizontal, portion.
[0070] The PCA 201p may include a wellhead adapter
226b, one or more flow crosses 223u,m,b, one or more
blow out preventers (BOPs) 220a,u,b, a lower marine
riser package (LMRP), one or more accumulators 211,
a receiver 227 a kill line 229k, and a choke line 229c.
The LMRP may include a control pod 225, a flex joint
228, and a connector 226u. The wellhead adapter 226b,
flow crosses 223u,m,b, BOPs 220a,u,b, receiver 227,
connector 226, and flex joint 228, may each include a
housing having a longitudinal bore therethrough and may
each be connected, such as by flanges, such that a con-
tinuous bore is maintained therethrough. The bore may
have drift diameter, corresponding to a drift diameter of
the wellhead 221.
[0071] Each of the connector 226u and wellhead
adapter 226b may include one or more fasteners, such
as dogs, for fastening the LMRP to the BOPs 220a,u,b
and the PCA 201p to an external profile of the wellhead
housing, respectively. Each of the connector 226u and
wellhead adapter 226b may further include a seal sleeve
for engaging an internal profile of the respective receiver
46 and wellhead housing. Each of the connector 226u
and wellhead adapter 226b may be in electric or hydraulic
communication with the control pod 25 and/or further in-
clude an electric or hydraulic actuator and an interface,
such as a hot stab, so that a remotely operated subsea
vehicle (ROV) (not shown) may operate the actuator for
engaging the dogs with the external profile.
[0072] The LMRP may receive a lower end of a marine
riser 250 and connect the riser to the PCA 201p. The
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control pod 225 may be in electric, hydraulic, and/or op-
tical communication with the PLC 25 onboard the MODU
201m via an umbilical 206. The control pod 225 may in-
clude one or more control valves (not shown) in commu-
nication with the BOPs 220a,u,b for operation thereof.
Each control valve may include an electric or hydraulic
actuator in communication with the umbilical 206. The
umbilical 206 may include one or more hydraulic or elec-
tric control conduit/cables for the actuators. The accu-
mulators 211 may store pressurized hydraulic fluid for
operating the BOPs 220a,u,b. Additionally, the accumu-
lators 211 may be used for operating one or more of the
other components of the PCA 201p. The umbilical 206
may further include hydraulic, electric, and/or optic con-
trol conduit/cables for operating various functions of the
PCA 201p. The PLC 25 may operate the PCA 201p via
the umbilical 206 and the control pod 225.
[0073] A lower end of the kill line 229k may be con-
nected to a branch of the upper flow cross 223u by a
shutoff valve 208a. A kill manifold may also connect to
the kill line lower end and have a prong connected to a
respective branch of each flow cross 223m,b. Shutoff
valves 208b,c may be disposed in respective prongs of
the booster manifold. Alternatively, a separate line (not
shown) may be connected to the branches of the flow
crosses 223m,b instead of the kill manifold. An upper end
of the kill line 229k may be connected to an outlet of the
annulus pump 30a. A lower end of the choke line 229c
may have prongs connected to respective second
branches of the flow crosses 223m,b. Shutoff valves
208d,e may be disposed in respective prongs of the
choke line lower end.
[0074] A pressure sensor 235a may be connected to
a second branch of the upper flow cross 223u. Pressure
sensors 235b,c may be connected to the choke line
prongs between respective shutoff valves 208d,e and
respective flow cross second branches. Each pressure
sensor 235a-c may be in data communication with the
control pod 225. The lines 229c,k and umbilical 206 may
extend between the MODU 201m and the PCA 201p by
being fastened to brackets disposed along the riser 250.
Each line 229c,k may be a flow conduit, such as coiled
tubing. Each shutoff valve 208a-e may be automated and
have a hydraulic actuator (not shown) operable by the
control pod 225 via fluid communication with a respective
umbilical conduit or the LMRP accumulators 211. Alter-
natively, the valve actuators may be electrical or pneu-
matic.
[0075] The fluid transport system 201t may include an
upper marine riser package (UMRP) 251, the marine riser
250, and a return line 229r. The riser 250 may extend
from the PCA 201p to the MODU 201 m and may connect
to the MODU via the UMRP 251. The UMRP 251 may
include a riser compensator 240, a diverter 252, a flex
joint 253, a slip (aka telescopic) joint 254, a tensioner
256, and an RCD 255. A lower end of the RCD 255 may
be connected to an upper end of the riser 250, such as
by a flanged connection. An auxiliary umbilical 212 may

have hydraulic conduits and may provide fluid commu-
nication between an interface of the RCD 255 and the
HPU of the PLC 25. The slip joint 254 may include an
outer barrel connected to an upper end of the RCD 255,
such as by a flanged connection, and an inner barrel
connected to the flex joint 253, such as by a flanged con-
nection. The outer barrel may also be connected to the
tensioner 256, such as by a tensioner ring (not shown).
The RCD 255 may be located adjacent the waterline
204w and may be submerged.
[0076] Alternatively, the RCD 255 may be located
above the waterline 204w and/or along the UMRP 251
at any other location besides a lower end thereof. Alter-
natively, the RCD 255 may be located at an upper end
of the UMRP 251 and the slip joint 254 and bracket con-
necting the UMRP to the rig 1r may be omitted or the slip
joint may be locked instead of being omitted. Alternative-
ly, the RCD 255 may be assembled as part of the riser
250 at any location therealong or as part of the PCA 1p.
[0077] The flex joint 253 may also connect to the di-
verter 252, such as by a flanged connection. The diverter
252 may also be connected to the rig floor 4, such as by
a bracket. The slip joint 254 may be operable to extend
and retract in response to heave of the MODU 201m
relative to the riser 250 while the tensioner 256 may reel
wire rope in response to the heave, thereby supporting
the riser 250 from the MODU 201m while accommodating
the heave. The flex joints 253, 228 may accommodate
respective horizontal and/or rotational (aka pitch and roll)
movement of the MODU 201m relative to the riser 250
and the riser relative to the PCA 201p. The riser 250 may
have one or more buoyancy modules (not shown) dis-
posed therealong to reduce load on the tensioner 256.
[0078] The riser compensator 240 may be employed
to aid the PLC 25 in maintaining parity of the actual and
target BHPs instead of or in addition to having to adjust
the choke 23. The riser compensator 240 may include
an accumulator 241, a gas source 242, a pressure reg-
ulator 243, a flow line, one or more shutoff valves 245,
248, and a pressure sensor 246.
[0079] The shutoff valve 245 may be automated and
have a hydraulic actuator (not shown) operable by the
PLC 25 via fluid communication with the HPU. The shutoff
valve 245 may be connected to an inlet of the RCD 255.
The flow line may be a flexible conduit, such as hose,
and may also be connected to the accumulator 241 via
a flow tee. The accumulator 241 may store only a volume
of compressed gas, such as nitrogen. Alternatively, the
accumulator may store both liquid and gas and may in-
clude a partition, such as a bladder or piston, for sepa-
rating the liquid and gas. A liquid and gas interface 247
may be in the flow line. The shutoff valve 248 may be
disposed in a vent line of the accumulator 241. The pres-
sure regulator 243 may connect to the flow line via a
branch of the tee. The pressure regulator 243 may be
automated and have an adjuster operable by the PLC 25
via fluid communication with the HPU or electrical com-
munication with the PLC. A set pressure of the regulator
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243 may correspond to a set pressure of the choke 23
and both set pressures may be adjusted in tandem. The
gas source 242 may also be connected to the pressure
regulator 243.
[0080] The riser compensator 240 may be activated
by opening the shutoff valve 245. During heaving, when
the drill string 207 (and/or riser 250) moves downward,
the volume of fluid displaced by the downward movement
may flow through the shutoff valve 245 into the flow line,
moving the liquid and gas interface 247 toward the ac-
cumulator 241 and accommodating the downward move-
ment. The interface 247 may or may not move into the
accumulator 241. When the drill string 207 (and/or riser
250) moves upward, the interface 247 may move along
the flow line 244 away from the accumulator 241, thereby
replacing the volume of fluid moved thereby.
[0081] The fluid handling system 201f may include the
pumps 30c,a,m, the shale shaker 33, the flow meters
34c,a,m,r, the pressure sensors 35c,a,m,r, the choke 23,
and the degassing spool 230. A lower end of the return
line 229r may be connected to an outlet of the RCD 255
and an upper end of the return line 229r may be connect-
ed to a returns spool. An upper end of the choke line 229r
may also be connected to the returns spool. The returns
pressure sensor 35r, choke 23, and returns flow meter
34r may be assembled as part of the returns spool. A
lower end of the standpipe may be connected to an outlet
of the mud pump 30d and an upper end of a Kelly hose
may be connected to an inlet of the top drive 5. The supply
pressure sensor 35d and supply flow meter 34d may be
assembled as part of a supply line (standpipe and Kelly
hose).
[0082] The degassing spool 230 may include automat-
ed shutoff valves at each end, a mud-gas separator
(MGS) 232, and a gas detector 231. A first end of the
degassing spool may be connected to the returns spool
between the returns flow meter 34r and the shaker 33
and a second end of the degasser spool may be con-
nected to an inlet of the shaker. The gas detector 231
may include a probe having a membrane for sampling
gas from the returns 130r, a gas chromatograph, and a
carrier system for delivering the gas sample to the chro-
matograph. The MGS 231 may include an inlet and a
liquid outlet assembled as part of the degassing spool
and a gas outlet connected to a flare (not shown) or a
gas storage vessel.
[0083] Figure 7D illustrates a dynamic formation integ-
rity test (DFIT) performed using the drilling system 201.
During drilling of the lower formation 104b, the PLC 25
may periodically increase the BHP from the target BHP
to a pressure corresponding to an expected pressure that
will be exerted on the lower formation during the cement-
ing operation. The PLC 25 may increase the BHP to the
expected pressure by tightening the choke 23. The ex-
pected pressure may be slightly less than the fracture
pressure of the lower formation 104b. The expected pres-
sure may be maintained for a desired depth and/or period
of time. Should the lower formation 104b withstand the

expected pressure, then the cementing operation may
proceed as planned. Should returns 130r leak into the
formation during the DFIT, then the cementing operation
may have to be modified, such as by adding returns pump
270 (or alternatives discussed below) or by modifying
properties of the cement slurry 130c to decrease the ex-
pected pressure.
[0084] Figures 7E and 7F illustrate monitoring of ce-
ment curing of a subsea casing cementing operation con-
ducted using the drilling system 201. Once the wellbore
200 has been drilled into the lower reservoir 104b to a
desired depth, the drill string 207 may be retrieved from
the wellbore 200 and an inner casing string 205 may be
deployed into the wellbore 200. The inner casing string
205 may include the casing joints 106, the centralizers
107, the float collar 108, the guide shoe 109, and a casing
hanger 224. The casing hanger 224 may include a body
224b, an anchor 224a, and a packoff 224p.
[0085] The inner casing string 205 may be deployed
into the wellbore 200 using a workstring 257. The work-
string 257 may include joints of tubulars, such as drill
pipe 57p, connected together, such as by threaded con-
nections, a seal head 257h, and a setting tool 257s. A
top wiper 175u and a bottom wiper 175b, each similar to
the liner wiper 175, may be connected to a bottom of the
setting tool. The setting tool 257s may connect the inner
casing string 205 to the workstring 257. The workstring
257 may also be connected to a subsea cementing head
(not shown). The subsea cementing head may be similar
to the liner cementing head 50 except that the subsea
cementing head may include a top dart 75u and a bottom
dart 75b for engaging the top wiper 175u and the bottom
wiper 175b, respectively, and the swivels may or may
not be omitted. The subsea cementing head may also
be connected to the Kelly valve 11.
[0086] The anchor 224a may include a cam and one
or more fasteners. The anchor cam may land on a shoul-
der formed in an inner surface of the wellhead housing.
The wellhead housing may also have a locking profile
(not shown) formed in an inner surface thereof for receiv-
ing the anchor fasteners. The anchor cam may be oper-
able to extend the anchor fasteners into engagement with
the wellhead locking profile, thereby longitudinally con-
necting the casing hanger to the wellhead 221. The an-
chor cam may be operated by articulation of the work-
string 257, such as by setting weight on the anchor 224a
or rotation of the workstring. The anchor 224a may further
include flow passages formed therethrough for allowing
flow of return fluid from the cementing operation.
[0087] The packoff 224p may be operable to radially
expand into engagement with an inner surface of the well-
head housing, thereby isolating the casing-wellhead in-
terface. The setting tool 257s may be operable to set the
anchor 224a and packoff 224p independently. The pack-
off 224p may be set by further articulation of the work-
string 257. Alternatively, the setting tool may be operated
to set anchor and/or the packoff hydraulically as dis-
cussed above for the liner setting tool 57s. The setting
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tool 257s may be released from the casing hanger 224
by articulation of the workstring 257 or hydraulically.
[0088] To cement the inner casing string 205, condi-
tioner 130w may be circulated by the cement pump 30c
through the valve 59 or by the mud pump 30m via the
top drive 12 to prepare for pumping of the cement slurry
130c. The anchor 224a may then be set and the setting
tool 257s released from the casing hanger 22. The bottom
dart 75b may be released from the subsea cementing
head. Cement slurry 130c may be pumped from the mixer
36 into the subsea cementing head via the valve 59 by
the cement pump 30c. The cement slurry 130c may flow
into the launcher and be diverted past the upper dart via
the diverter and bypass passages. The cement slurry
130c may propel the bottom dart 75b through the work-
string bore.
[0089] Once the desired quantity of cement slurry 130c
has been pumped, the top dart 75u may be released from
the launcher by the PLC 25. Depending on the length of
the inner casing 205 and the depth of the wellhead 221,
the bottom dart 75b may land onto the bottom wiper 175b
before or after pumping of the cement slurry 130c has
finished. The displacement fluid 130d may be pumped
into the subsea cementing head via the valve 59 by the
cement pump 30c. The displacement fluid 130d may flow
into the launcher and be forced behind the top dart 75u,
thereby propelling the top dart into the workstring bore.
Pumping of the displacement fluid 130d by the cement
pump 30c may continue until residual cement in the dis-
charge conduit has been purged. Pumping of the dis-
placement fluid 130d may then be transferred to the mud
pump 30m by closing the valve 59 and opening the Kelly
valve 11.
[0090] The top dart 75u may be driven through the
workstring bore by the displacement fluid 130d (while
driving the combined bottom dart 75b and wiper 175b
through the casing bore) until the top dart 75u lands onto
the top wiper 175u and the bottom dart and wiper land
onto the float collar 108. A diaphragm (not shown) of the
bottom dart 75b may rupture and the cement slurry 130c
may be driven through the float collar 108 and guide shoe
109 and into the annulus 210c. Pumping of the displace-
ment fluid 130d may continue until the combined top dart
75u and wiper 175u land on the float collar 108. Landing
of the combined top dart 75u and wiper 175u may in-
crease pressure in the casing and workstring bore and
be detected by the PLC 25 monitoring the standpipe pres-
sure. Once landing has been detected, pumping of the
displacement fluid 130d may be halted. Pressure in the
workstring and casing bore may be bled. The float valve
108 may close, thereby preventing the cement slurry
130c from flowing back into the casing bore.
[0091] During the cementing operation, the PLC 25
may be programmed to operate the choke 23 so that the
target bottomhole pressure (BHP) is maintained in the
annulus 210c during the cementing operation and the
PLC 25 may execute a real time simulation of the ce-
menting operation in order to predict the actual BHP from

measured data (as discussed above for the casing ce-
menting operation). The PLC 25 may then compare the
predicted BHP to the target BHP and adjust the choke
23 accordingly. The PLC 25 may also perform the mass
balance and adjust the target accordingly. The PLC 25
may also determine the cement level in the annulus 210c.
[0092] Once the casing bore has been bled, the annu-
lus pump 30a may be operated to pump indicator fluid
130i to the lower flow cross 223b via the kill line 229k.
The indicator fluid 130i may flow radially across the well-
head 221 and exit the wellhead to the choke line 229c.
As the packoff 224p has not been set, the indicator fluid
path may be in fluid communication with the annulus
210c, thereby forming a tee having the annulus as a stag-
nant branch. The indicator fluid 130i may continue
through the choke 23, return flow meter 34r, and shaker
33. Circulation of the indicator fluid 130i may be main-
tained during the curing period. As the indicator fluid 130i
is being circulated, the PLC 25 may perform a mass bal-
ance between entry and exit of the indicator fluid into/from
the wellhead 21 to monitor for formation fluid 130f enter-
ing the annulus 210c or cement slurry 130c entering the
formation 104b using the flow meters 34a,r. The PLC 25
may tighten the choke 23 in response to detection of for-
mation fluid 130f entering the annulus 210c and relax the
choke 23 in response to cement slurry 130c entering the
formation 104b.
[0093] The riser compensator 240 may be operated
during the cementing and curing operation to negate the
effect of heave on the mass balance. Alternatively, the
PLC 25 may include one or more sensors (not shown)
to adjust the mass balance during curing to account for
heave, such as an accelerometer and/or an altimeter.
Alternatively, the PLC 25 may be in data communication
with the MODU’s dynamic positioning system and/or ten-
sioner and receive necessary heave data therefrom. The
PLC 25 may also adjust the choke 23 to maintain parity
of the actual and target BHPs during cementing and/or
curing in response to heave of the MODU. Once curing
is complete, the setting tool 257s may be operated to set
the packoff 224p.
[0094] Alternatively, the packoff 224p may be set after
the cementing operation (before curing) and the curing
monitoring may be omitted. Alternatively, the packoff
224p may be set after the cementing operation (before
curing) and the inner casing string 205 may include any
of the cement sensors 161a-f, the data cable 163, and
the wireless data coupling 162i. The outer wireless data
coupling 162o may be disposed in the wellhead 221 and
the wellhead may include a second wireless data cou-
pling (not shown) connected to the outer coupling by lead
wire which may interface with a corresponding second
wireless data coupling disposed in the wellhead adapter
226b which may be in data communication with the pod
225 via a jumper. The PLC 25 may then receive meas-
urements from the cement sensors 161a-f to monitor the
curing (and cementing) operation.
[0095] Figure 8A illustrates monitoring of cement cur-

25 26 



EP 3 505 720 A2

15

5

10

15

20

25

30

35

40

45

50

55

ing of a subsea casing cementing operation conducted
using a second offshore drilling system. The second drill-
ing system may include the MODU 201m, the drilling rig
1r, the fluid handling system 201f, the fluid transport sys-
tem 201t, and a pressure control assembly (PCA) 261p.
The PCA 261p may include the wellhead adapter 226b,
the flow crosses 223u,m,b, the blow out preventers
(BOPs) 220a,u,b, the LMRP, the accumulators 211, the
receiver 227, the choke line 229c, the kill line 229k, a
second RCD 265, and a subsea flow meter 234.
[0096] The second RCD 265 may be similar to the RCD
255. Referring also to Figure 8B, the second RCD 265
may include an outlet 265o, an interface 265a, housing
265h, a latch 265c, and a rider 265r. The housing 265h
may be tubular and include one or more sections con-
nected together, such as by flanged connections. The
housing 265h may further include an upper flange con-
nected to an upper housing section, such as by welding,
and a lower flange connected to a lower housing section,
such as by welding.
[0097] The latch 265c may include a hydraulic actua-
tor, such as a piston, one or more fasteners, such as
dogs, and a body. The latch body may be connected to
the housing 265h, such as by a threaded connection. A
piston chamber may be formed between the latch body
and a mid housing section. The latch body may have
ports formed through a wall thereof for receiving the re-
spective dogs. The latch piston may be disposed in the
chamber and may carry seals isolating an upper portion
of the chamber from a lower portion of the chamber. A
cam surface may be formed on an inner surface of the
piston for radially displacing the dogs. Hydraulic ports
(not shown) may be formed through the mid housing sec-
tion and may provide fluid communication between the
interface 265a and respective portions of the hydraulic
chamber for selective operation of the latch piston. A
jumper may have hydraulic conduits and may provide
fluid communication between the RCD interface 265a
and the control pod 225.
[0098] The rider 265r may include a bearing assembly
265b, a housing seal assembly, one or more strippers,
and a catch sleeve. The bearing assembly 265b may
support the strippers from the sleeve such that the strip-
pers may rotate relative to the housing 255h (and the
sleeve). The bearing assembly 265b may include one or
more radial bearings, one or more thrust bearings, and
a self contained lubricant system. The lubricant system
may include a reservoir having a lubricant, such as bear-
ing oil, and a balance piston in communication with the
return fluid 130i,r,w (depending on the current operation
being performed) for maintaining oil pressure in the res-
ervoir at a pressure equal to or slightly greater than the
return fluid pressure. The bearing assembly 265b may
be disposed between the strippers and be housed in and
connected to the catch sleeve, such as by a threaded
connection and/or fasteners.
[0099] The rider 265r may be selectively longitudinally
connected to the housing 265h by engagement of the

latch 265c with the catch sleeve. The housing seal as-
sembly may include a body carrying one or more seals,
such as o-rings, and a retainer. The retainer may be con-
nected to the catch sleeve, such as by a threaded con-
nection (not shown), and the seal body may be trapped
between a shoulder of the sleeve and the retainer. The
housing seals may isolate an annulus formed between
the housing 265h and the rider 265r. The catch sleeve
may be torsionally coupled to the housing 265h, such as
by seal friction or mating anti-rotation profiles.
[0100] The upper stripper may include the gland and
a seal. The gland may include one or more sections, such
as a first section and a second section, connected, such
as by a threaded connection. The upper stripper seal
may be connected to the first section, such as by fasten-
ers (not shown), such that the upper stripper seal is lon-
gitudinally and torsionally coupled thereto. The second
section may be connected to a rotating mandrel of the
bearing assembly, such as by a threaded connection,
such that the gland is longitudinally and torsionally cou-
pled thereto. The lower stripper may include a retainer
and a seal. The lower stripper seal may be connected to
the stripper retainer, such as by fasteners (not shown),
such that the lower stripper seal is longitudinally and tor-
sionally coupled thereto. The stripper retainer may be
connected to the rotating mandrel, such as by a threaded
connection, such that the retainer is longitudinally and
torsionally coupled thereto.
[0101] Each stripper seal may be directional and ori-
ented to seal against the drill pipe 57p in response to
higher pressure in the wellhead 221 than the riser 250.
Each stripper seal may have a conical shape for fluid
pressure to act against a respective tapered surface
thereof, thereby generating sealing pressure against the
drill pipe 57p. Each stripper seal may have an inner di-
ameter slightly less than a pipe diameter of the drill pipe
57p to form an interference fit therebetween. Each strip-
per seal may be made from a polymer, such as a ther-
moplastic, elastomer, or copolymer, flexible enough to
accommodate and seal against threaded couplings of
the drill pipe 57p having a larger tool joint diameter. The
lower stripper seal may be exposed to the return fluid
130i,r,w to serve as the primary seal. The upper stripper
seal may be idle as long as the lower stripper seal is
functioning. Should the lower stripper seal fail, the returns
130r may leak therethrough and exert pressure on the
upper stripper seal via an annular fluid passage formed
between the bearing mandrel and the drill pipe 57p. The
drill pipe 57p may be received through a bore of the rider
255r so that the stripper seals may engage the drill pipe.
The stripper seals may provide a desired barrier in the
riser 250 either when the drill pipe 57p is stationary or
rotating.
[0102] Alternatively, the rider may be non-releasably
connected to the housing. Alternatively, an active seal
RCD may be used. The active seal RCD may include
one or more bladders (not shown) instead of the stripper
seals and may be inflated to seal against the drill pipe by
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injection of inflation fluid. The active seal RCD rider may
also served as a hydraulic swivel to facilitate inflation of
the bladders. Alternatively, the active seal RCD may in-
clude one or more packings operated by one or more
pistons of the rider. Alternatively, a lubricated packer as-
sembly may be used.
[0103] A lower end of the second RCD housing 265h
may be connected to the annular BOP 220a and an upper
end of the second RCD housing may be connected to
the upper flow cross 223u, such as by flanged connec-
tions. A pressure sensor 265p may be connected to an
upper housing section of the second RCD 265 above the
rider 265r. The pressure sensor 265p may be in data
communication with the control pod 225 and the second
RCD latch piston may be in fluid communication with the
control pod via the interface 265a of the second RCD 265.
[0104] A lower end of a subsea bypass spool 262 may
be connected to the second RCD outlet 265o and an
upper end of the spool may be connected to the upper
flow cross 223u. The bypass spool 262 may have first
209a and second 209b shutoff valves and the subsea
flow meter 234 assembled as a part thereof. Each shutoff
valve 209a,b,b may be automated and have a hydraulic
actuator (not shown) operable by the control pod 225 via
fluid communication with a respective umbilical conduit
or the LMRP accumulators 211. The subsea flow meter
234 may be a mass flow meter, such as a Coriolis flow
meter, and may be in data communication with the PLC
25 via the pod 225 and the umbilical 206. Alternatively,
a subsea volumetric flow meter may be used instead of
the mass flow meter.
[0105] The return fluid 130i,r,w may flow through the
annulus 210c to the wellhead 221. The return fluid
130i,r,w may continue from the wellhead 221 to the sec-
ond RCD 265 via the BOPs 220a,u,b. The return fluid
130i,r,w may be diverted by the second RCD 265 into
the subsea bypass spool 262 via the second RCD outlet
265o. The return fluid 130i,r,w may flow through the open
second shutoff valve 209b, the subsea flow meter 234,
and the first shutoff valve 209a to a branch of the upper
flow cross 223u. The return fluid 130i,r,w may flow into
the riser 250 via the upper flow cross 223u, the receiver
227, and the LMRP. The return fluid 130i,r,w may flow
up the riser 250 to the first RCD 255. The return fluid
130i,r,w may be diverted by the first RCD 255 into the
return line 229 via the first RCD outlet. The return fluid
130i,r,w may continue from the return line 29 and into
the returns spool. The return fluid 130i,r,w may flow
through the choke 36 and the returns flow meter 34r into
the shale shaker 33.
[0106] During the drilling, cementing, and curing oper-
ation, the PLC 25 may rely on the subsea flow meter 234
instead of the surface flow meter 34r to perform BHP
control and the mass balance. The surface flow meter
34r may be used as a backup to the subsea flow meter
234 should the subsea flow meter fail.
[0107] Figures 8B and 8C illustrate a subsea casing
cementing operation conducted using a third offshore

drilling system. The third drilling system may include the
MODU 201m, the drilling rig 1r, the fluid handling system
201f, and a riserless pressure control assembly (PCA)
271p. The riserless PCA 271p may include the wellhead
adapter 226b, the flow crosses 223m,b, the blow out pre-
venters (BOPs) 220a,u,b, the accumulators 211, the re-
ceiver 227, the kill line 229k, the choke line 229c, the
second RCD 265, a return line 275, and a returns pump
270. The subsea wellbore 200 may also be drilled riser-
lessly using the third drilling system. The return line 275
may include a bypass spool (not shown) around the re-
turns pump 270 such that the returns pump 270 may be
selectively employed.
[0108] A lower end of the return line 275 may connect
to the second RCD outlet 265o and an upper end of the
return line 275 may connect to the returns spool. The
returns pump 270 may be assembled as part of the re-
turns line 275 and may include a submersible electric
motor 270m and a centrifugal pump stage 270p. The re-
turns pump 270 may further include a skid frame (not
shown) having a mud mat for resting on the seafloor. A
shaft of the motor 270m may be torsionally connected to
a shaft of the pump stage 270p via a gearbox or directly
(gearless). A lower end of a power cable 272 may be
connected to the motor 270m and an upper end of the
power cable 272 may be connected to a motor drive (not
shown) onboard the MODU 201m and in data commu-
nication with the PLC 25. The motor drive may be a var-
iable speed drive and the PLC 25 may control operation
of the returns pump 270 by varying a rotational speed of
the motor 270m. The returns line 275 may further include
a discharge pressure sensor 273 in data communication
with the control pod 225 and the PLC may monitor oper-
ation of the returns pump using the discharge pressure
sensor and one of the pressure sensors 235b,c as an
intake pressure sensor. Alternatively, the choke 23 may
be used to control the returns pump 270.
[0109] Additionally, the pump stage 270p may be ca-
pable of accommodating cuttings or the returns pump
270 may further include a cuttings collector and/or pul-
verizer (not shown). Alternatively, the PLC 25 may de-
termine intake and discharge pressures of the pump
stage by monitoring power consumption of the motor
270m. Alternatively, the pump stage 270p may be posi-
tive displacement and/or the returns pump may include
multiple stages. Alternatively, the motor 270m may be
hydraulic or pneumatic. If hydraulic, the motor 270m may
be driven by a power fluid, such as seawater or hydraulic
oil.
[0110] Referring to Figure 8C, an ECD Wd of the con-
ditioner 130w may correspond to a threshold pressure
gradient of the lower formation, such as pore pressure
gradient, fracture pressure gradient, or an average of the
two gradients. However, due to the dual gradient effect
caused by a substantially lower density SS of the sea
204, the conditioner 130w may otherwise fracture the
lower formation 104b if not for operation of the returns
pump 270 (Pump Delta). The returns pump 270 may com-
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pensate for the dual gradient effect effectively creating a
corresponding dual gradient effect so that the conditioner
130w does not fracture the lower formation 104b during
conditioning. A static density (only ECD shown) of the
cement 130c may also correspond to the threshold pres-
sure gradient.
[0111] As cement 130c flows into the annulus 210c,
the actual BHP may begin to be influenced by the cement
ECD Cd. The PLC 25 may anticipate the dual gradient
effect in the predicted BHP and increase the rotational
speed of the pump, thereby increasing the pump delta.
The PLC 25 may continue to increase the pump speed
(thereby increasing pump delta) as a level CL of cement
130c in the annulus 210c rises and the influence of the
cement ECD Cd on the BHP increases to maintain parity
of the actual/predicted BHP with the target BHP. During
the cementing operation, the PLC 25 may track the ce-
ment level CL in the annulus 210c and may also perform
the mass balance and adjust the target accordingly, as
discussed above.
[0112] Once pumping of cement 130c is completed,
the casing bore may be bled, and the indicator fluid 130i
may be supplied to the flow cross 223b via the kill line
225k for circulating across the wellhead 221 using the
returns pump 270 to maintain parity between the actual
and target BHPs while the PLC 25 monitors for fluid in-
gress/egress. Should the PLC 25 detect ingress, the PLC
may reduce the speed of the returns pump 270 and
should the PLC detect egress, the PLC may increase the
speed of the pump. Should the PLC 25 detect severe
ingress during cementing or curing, the PLC may shut-
down and bypass and the returns pump 270.
[0113] Alternatively, the returns line 275 may be shut-
in, and the indicator fluid 130i may be circulated across
the wellhead 221 by operating the annulus pump 30a to
pump the indicator fluid 130i into the flow cross 223b via
the kill line 225k. The indicator fluid 130i may then return
to the MODU 201m via the choke line 229c. Pressure
control may be maintained over the curing cement 130c
by the choke 23. Alternatively, the conditioner ECD may
be less than the pore pressure gradient and the annulus
pump 30a and choke 23 may be used to control the BHP
during conditioning and then BHP control may be shifted
to the returns pump 270 for/during the cementing.
[0114] Alternatively, a buoyant fluid, such as base oil
or nitrogen, may be injected at the RCD inlet 265i instead
of using the returns pump 270, thereby mixing with the
return fluid 130i,r,w and forming a return mixture having
a density substantially less than a density of the return
fluid, such as a density corresponding to seawater. Al-
ternatively, the returns pump 270 may be added to the
bypass spool 262 in addition to or instead of the subsea
flow meter 234. Alternatively, the subsea flow meter 234
may be used in the riserless PCA 271p instead of or in
addition to the returns pump 270.
[0115] Figures 9A and 9B illustrate monitoring of ce-
ment curing of a subsea casing cementing operation con-
ducted using a fourth offshore drilling system. Figures

9C and 9E illustrate a wireless cement sensor sub 282a
of an alternative inner casing string 295 being cemented.
Figure 9D illustrates a radio frequency identification
(RFID) tag 280a-c for communication with the sensor sub
282a. Figure 9F illustrates the fluid handling system 281f
of the drilling system. The fourth drilling system may in-
clude the MODU 201m, the drilling rig 1r, the fluid han-
dling system 281f, the fluid transport system 201t, and
the pressure control assembly (PCA) 201p.
[0116] Once the wellbore 200 has been drilled into the
lower reservoir 104b to the desired depth, the drill string
207 may be retrieved from the wellbore 200 and the inner
casing string 295 may be deployed into the wellbore 200
using the workstring 257. The inner casing string 295
may include the casing joints 106, the centralizers 107,
the float collar 108, the guide shoe 109, the casing hanger
224, and one or more wireless cement sensor subs 282a-
f. A bottom sensor sub 282b may be assembled adjacent
to the guide shoe 109 and/or the float collar 108. The rest
of the sensor subs 282a,c-f may be spaced along a por-
tion of the casing string 295 above the top dart 75u.
[0117] Each sensor sub 282a-f may include a housing
287, one or more cement sensors 283p,t, an electronics
package 284, one or more antennas 285r,t, and a power
source. The cement sensors 283p,t may include a pres-
sure sensor 283p and/or temperature sensor 283t. Re-
spective components of each sensor sub 282a-f may be
in electrical communication with each other by leads or
a bus. The power source may be a battery 286 or capac-
itor (not shown). The antennas 285r,t may include an
outer antenna 285r and an inner antenna 285t. The bot-
tom sensor sub 282b may not need the inner antenna
285t and the sensor subs 282c-f may not need the outer
antenna 285r.
[0118] The housing 287 may include two or more tu-
bular sections 287u,b connected to each other, such as
by threaded connections. The housing 287 may have
couplings, such as a threaded couplings, formed at a top
and bottom thereof for connection to other component of
the casing string 295. The housing 287 may have a pock-
et formed between the sections 287u,b thereof for re-
ceiving the electronics package 284, the battery 286, and
the inner antenna 285t. To avoid interference with the
antennas 285r,t, the housing 287 may be made from a
diamagnetic or paramagnetic metal or alloy, such as
austenitic stainless steel or aluminum. The housing 287
may have one or more radial ports formed through a wall
thereof for receiving the respective sensors 283p,t such
that the sensors are in fluid communication with the an-
nulus 210c.
[0119] The electronics package 284 may include a
control circuit 284c, a transmitter circuit 284t, and a re-
ceiver circuit 284r. The control circuit 284c may include
a microprocessor controller (MPC), a data recorder
(MEM), a clock (RTC), and an analog-digital converter
(ADC). The data recorder may be a solid state drive. The
transmitter circuit 284t may include an amplifier (AMP),
a modulator (MOD), and an oscillator (OSC). The receiv-
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er circuit 284r may include the amplifier (AMP), a demod-
ulator (MOD), and a filter (FIL). Alternatively, the trans-
mitter 284t and receiver 284r circuits may be combined
into a transceiver circuit.
[0120] Once the casing string 295 has been deployed,
the sensor subs 282a,c-f may commence operation. Raw
signals from the respective sensors 283p,t may be re-
ceived by the respective converter, converted, and sup-
plied to the controller. The controller may process the
converted signals to determine the respective parame-
ters, time stamp and address stamp the parameters, and
send the processed data to the respective recorder for
storage during tag latency. The controller may also mul-
tiplex the processed data and supply the multiplexed data
to the respective transmitter 284t. The transmitter 284t
may then condition the multiplexed data and supply the
conditioned signal to the antenna 285t for electromag-
netic transmission, such as at radio frequency. Each sen-
sor sub 282c-f may transmit current parameters and
some past parameters corresponding to a data capacity
of a communication window between the sensor subs
and the tags 280a-c. Since the bottom sensor sub 282b
is inaccessible to the tags 280a-c due to the top dart 75u
and the top wiper 175u, the bottom sensor sub may trans-
mit its data to the sensor sub 282a via its transmitter
circuit and outer antenna and the sensor sub 282a may
received the bottom data via its outer antenna 285r and
receiver circuit 284r. The sensor sub 282a may then
transmit its data and the bottom data for receipt by the
tags 280a-c.
[0121] Cementing of the inner casing string 295 may
be accomplished in the same fashion as cementing of
the inner casing string 205. Instead of keeping the work-
string 257 deployed and the packoff 224p unset for the
circulation of the indicator fluid 130i during curing, the
packoff may immediately be set after pumping the ce-
ment slurry 130c. The workstring 257 may be retrieved
to the MODU 201m. A drill string 297 may then be de-
ployed to a depth adjacent the top dart 75u. The drill
string 297 may include a bottomhole assembly (BHA)
297h and joints of the drill pipe 57p connected together,
such as by threaded couplings. The BHA 297h may be
connected to the drill pipe 57p, such as by a threaded
connection, and include a drill bit 297b and one or more
drill collars 297c connected thereto, such as by a thread-
ed connection.
[0122] The fluid handling system 281f may include the
pumps 30c,a,m, the shale shaker 33, the flow meters
34c,a,m,r, the pressure sensors 35c,a,m,r, the choke 23,
the degassing spool 230, a tag reader 290, and a tag
launcher 291. The tag launcher 291 may be assembled
as part of the drilling fluid supply line. The tag launcher
291 may include a housing, a plunger, an actuator, and
a magazine having a plurality of the RFID tags 280a-c
loaded therein. A chambered RFID tag may be disposed
in the plunger for selective release and pumping down-
hole to communicate with the sensor subs 282a,c-f. The
plunger may be movable relative to the housing between

a capture position and a release position. The plunger
may be moved between the positions by the actuator.
[0123] The actuator may be hydraulic, such as a piston
and cylinder assembly and may be in communication with
the PLC HPU. Alternatively, the actuator may be electric
or pneumatic. Alternatively, the actuator may be manual,
such as a handwheel.
[0124] Each RFD tag 280a-c may be a wireless iden-
tification and sensing platform (WISP) RFID tag. Each
tag 280a-c may include an electronics package and one
or more antennas housed in an encapsulation 288. Re-
spective components of each tag 280a-c may be in elec-
trical communication with each other by leads or a bus.
The electronics package may include a control circuit, a
transmitter circuit, and a receiver circuit. The control cir-
cuit may include a microcontroller (MCU), the data re-
corder (MEM), and a RF power generator. Alternatively,
each tag 280a-c may have a battery instead of the RF
power generator.
[0125] Once the drill string 295 has been deployed, the
PLC 25 may launch the chambered tag by operating the
HPU to supply hydraulic fluid to the launcher actuator.
The actuator may then move the plunger to the release
position (not shown). The carrier and chambered tag may
then move into supply line. Transport fluid 130t dis-
charged by the mud pump 30m may then carry the cham-
bered tag from the launcher 291 and into the drill string
297 via the top drive 12 and Kelly valve 11. Once the
chambered tag has been launched, the actuator may
move the plunger back to the capture position and the
plunger may load another tag from the magazine during
the movement. The PLC 25 may launch tags 280a-c at
a desired frequency.
[0126] Once the tag 280a has been circulated through
the drill string 297, the tag may exit the drill bit 297b in
proximity to the sensor sub 282a. The tag 280a may re-
ceive the data signal transmitted by the sensor sub 282a,
convert the signal to electricity, filter, demodulate, and
record the parameters. As the tag 280a travels up the
annulus, the tag 280a may communicate with the other
sensor subs 282c-f and record the data therefrom. The
tag 280a may continue through the wellhead 221, the
PCA 201p, and the riser 250 to the RCD 255. The tag
280a may be diverted by the RCD 255 to the returns line
229r. The tag 280a may continue from the returns line
229r to the tag reader 290.
[0127] The tag reader 290 may be assembled as part
of the returns spool. The tag reader may include a hous-
ing, a transmitter circuit, a receiver circuit, a transmitter
antenna, and a receiver antenna. The housing may be
tubular and have flanged ends for connection to other
members of the returns spool and/or the returns line 229r.
The transmitter and receiver circuits may be similar to
those of the sensor sub 282a. Alternatively, the tag reader
290 may include a combined transceiver circuit and/or a
combined transceiver antenna. The tag reader 290 may
transmit an instruction signal to the tag 280a to transmit
the stored data thereof. The tag 280a may then transmit
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the data to the tag reader 290. The tag reader 290 may
be sized to have a communications window such that the
cumulative data received from the sensor subs 282a-f
may be communicated while the tag 280a is flowing
through the tag reader 290. The tag reader 290 may then
relay the cumulative data to the PLC 25. The PLC 25
may then monitor the curing of the cement 130c and/or
display the data for an operator to do so. The tags 280a-
c may be recovered from the shale shaker 33 and reused
or may be discarded. The circulation of tags 280a-c may
continue during curing of the cement 130c until comple-
tion.
[0128] Alternatively, the tags 280a-c may be recovered
from the shale shaker 33 and physically transported to a
standalone tag reader. The tags 280a-c may include a
magnetic core to facilitate recovery from the shale shak-
er. Alternatively, a solids separator having a tag reader
may be used instead of the shale shaker 33. A vacuum
conveyor separator (not shown) may be suitable for hav-
ing a tag reader positioned over the filter belt to read the
tag as it separated from the transport fluid 130t. Alterna-
tively, the tag reader 290 may be located subsea in the
PCA 201p or the riserless PCA 271p and may relay the
data to the PCA via the umbilical 206. Alternatively, the
tag reader 290 may be located in the bypass spool 262
of the PCA 261p.
[0129] Once the cement 130c has cured, the drill string
297 may be operated to drill out the darts 75u,b, wipers
175u,b, collar 108 and shoe 109 in preparation for a com-
pletion operation or to further extend the wellbore 200
into the lower formation 104b or another formation adja-
cent the lower formation.
[0130] Figures 10A-10C illustrate a remedial cement-
ing operation being performed using an alternative cas-
ing string 305. The casing string 305 may be similar to
the casing string 105, except for the addition of one or
more stage collars 300u,m,b. Alternatively, the liner
string 155 and/or the subsea casing strings 205, 295 may
be modified to include the stage collars 300u,m,b. Each
stage collar 300u,m,b may include a housing 310, an
opener 311o, a closer 311c, a flow passage 312, a clo-
sure member, such as rupture disk 313, and an expand-
able seal, such as a bladder 314. The flow passage 312
may be formed in a wall of the housing 310. The flow
passage 312 may extend from an inlet in selective fluid
communication with a bore of the housing 310 to an in-
flation chamber of the bladder 314 and have an outlet
branch in selective fluid communication with the annulus
110. The rupture disk 313 may be configured to operate
at a set pressure corresponding to an inflation pressure
of the bladder 314.
[0131] The stage collars 300u,m,b may be disposed
along the casing string 305, such as an upper collar 300u
located proximate to the casing hanger, a lower collar
300b located proximate to the float collar, and a mid collar
300m located between the upper and lower collars. The
mid 300m and lower 300b stage collars may be oriented
for a remedial cementing operation and the upper stage

collar 300u may be oriented for a sealant squeezing op-
eration (i.e., upside down relative to the mid and lower
collars).
[0132] The stage collars 300u,m,b may be selectively
operated in the event that the cementing and curing op-
eration fails to produce an acceptable result. As shown,
the final cement level 320a is substantially below the in-
tended final cement level 320i, thereby forming a void in
the annulus 110. The void may be due to cement slurry
130c egress into the lower formation 104b (see Figures
3D and 3G). Although failing, the PLC 25 may at least
have determined the actual final cement level 320a and
indicated that the cured cement 130c is unacceptable.
The PLC 25 may also determine a quantity of remedial
cement 330c necessary to fill the void. After curing of the
cement slurry 130c, a workstring 357 may be deployed
into the wellbore. The workstring 357 may include a shift-
ing tool 357s, a seal head 357h, and a tubular string,
such as coiled tubing 357p or drill pipe (not shown). Al-
ternatively, the stage collars 300u,m,b may be operated
by slick line or wire line. Alternatively, for the liner 155
and subsea casings 205, 295, the respective drill/work-
strings 57, 257, 297 may include the shifting tool so that
the remedial cementing operation may be performed
without tripping.
[0133] The workstring 357 may be deployed until the
shifting tool 357s is adjacent to the mid stage collar 300m
as the lower stage collar 300u may be rendered inoper-
able by encasement in the cured cement 130c. The shift-
ing tool 357s may be extended to engage a profile of the
mid closer 311o. The shifting tool 357s may then longi-
tudinally move the mid closer 311o to an open position,
thereby exposing the passage inlet. Inflation fluid (not
shown), such as the conditioner 130w, may be pumped
through the workstring 357 and may be discharged
through ports of the shifting tool 357s into the mid pas-
sage inlet and along the mid passage 312 to the bladder
chamber, thereby inflating the bladder 314. Once the
bladder 314 has inflated, the rupture disk 313 may frac-
ture thereby opening the outlet port. The inflation fluid
may continue to be pumped until fully circulated through
an open portion of the annulus 110. Once circulated, the
remedial cement 330c may be pumped through the work-
string 357 and into the annulus 110 via the mid stage
collar 300m. The remedial cement 330c may be pumped
until a level of the remedial cement reaches the intended
cement level 320i. Once the remedial cement 330c has
been pumped, the shifting tool 357s may be operated to
engage the closer 311c and move the closer longitudi-
nally (not shown), thereby closing the mid passage inlet
to prevent backflow of the remedial cement slurry 330c.
[0134] During the remedial cementing operation, the
PLC 25 may monitor and control conditioning and pump-
ing of remedial cement slurry 330c as discussed above
for the primary cementing operation. The PLC 25 may
also monitor and control curing, as discussed above. Al-
ternatively, the remedial cement slurry may be used to
inflate the bladder, thereby obviating the conditioning
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step.
[0135] Figures 11A-11C illustrate a remedial squeeze
operation being performed using the alternative casing
string 305. As shown, the cured cement 130c has chan-
nels 325 formed therein. The channel formation may be
due to formation fluid 130f infiltration from the lower for-
mation 104b (see Figures 3C and 3F). Although failing,
the PLC 25 may at least have determined the infiltration
and indicated that the cured cement 130c is unaccepta-
ble. The PLC 25 may also determine the quantity of seal-
ant 330s necessary to fill the channels 325.
[0136] After curing of the cement slurry 130c, the work-
string 357 may be deployed into the wellbore 100. The
workstring 357 may be deployed until the shifting tool
357s is adjacent to the upper stage collar 300u. The shift-
ing tool 357s may be operated to open the upper stage
collar 300u. The sealant 330s may be pumped through
the workstring 357, thereby inflating the upper bladder
314 and opening the outlet. The sealant 330s may con-
tinue to be pumped into the annulus 110 via the upper
stage collar 300u until the channeled portion of the ce-
ment 130c has been impregnated by the sealant 330s.
The upper stage collar 300u may then be closed and the
sealant 300s may cure (polymerize), thereby filling the
channels 325.
[0137] The sealant 330s may be pumped as a liquid
mixture, such as a solution. The solution may include a
monomer, such as an ester, a diluent, such as water or
seawater and/or alcohol, and a catalyst, such as a per-
oxide or persulfate. Alternatively, the sealant may be
pumped as a slurry, such as grout or mortar.
[0138] Additionally, for any of the arrangements dis-
cussed above, the PLC 25 may detect and adjust the
choke for any transient effects, such as landing of the
bottom wiper (or combination dart and wiper) onto the
float collar or landing of the bottom dart onto the bottom
wiper.
[0139] Additionally, for any of the arrangements dis-
cussed above, the PLC 25 may operate the mass balance
and choke control during deployment of the casings or
liner into the wellbore. For the subsea casing and liner
arrangements, the PLC 25 may further operate the mass
balance and choke control during retrieval of the work-
string to the drilling rig (including washing of the excess
cement for the liner embodiment).
[0140] Additionally, for any of the arrangements dis-
cussed above, after drilling the wellbore and before re-
moving the drill string, a balanced pill (not shown), such
as a quantity of heavy mud, may be pumped in (aka spot-
ted) before the drilling system is configured for the ce-
menting operation. The pill may then be circulated out
while deploying the liner/casing into the wellbore. A sec-
ond pill may then be spotted after curing for the casing
operations or after setting the packoff for the liner oper-
ation.
[0141] Additionally, for any of the arrangements dis-
cussed above, after curing of the cement, an integrity
test may be performed. For the casing arrangements,

the annulus may pressurized using the annulus pump
and then the annulus may be shut-in and the pressure
monitored. For the liner arrangement, the workstring may
be deployed with a packer, the packer set to isolate the
liner, and the liner may be pressurized and the pressure
monitored.
[0142] Additionally, any of the arrangements dis-
cussed above may be used during a plugging and aban-
donment operation to form cement plugs in a bore of a
casing string or to cement an annulus of a casing string
after the annulus has been opened using a section mill.
[0143] The invention may include one or more of the
following embodiments:

1. A method of cementing a tubular string in a well-
bore, comprising: deploying the tubular string into
the wellbore; pumping cement slurry into the tubular
string; launching a cementing plug after pumping the
cement slurry; propelling the cementing plug through
the tubular string, thereby pumping the cement slurry
through the tubular string and into an annulus formed
between the tubular string and the wellbore; and con-
trolling flow of fluid displaced from the wellbore by
the cement slurry to control pressure of the annulus.

2. The method of embodiment 1, wherein the dis-
placed fluid flow is controlled by choking.

3. The method of embodiment 2, wherein: the annu-
lus pressure is bottomhole pressure, and the choking
is adjusted to maintain a constant bottom hole pres-
sure as the cement slurry is pumped into the annulus;
and wherein optionally: the choking is relaxed as the
cement slurry is pumped into the annulus; or the
choking is relaxed as the cement slurry is pumped
into a first portion of the annulus, and the choking is
tightened as the cement slurry is pumped into a sec-
ond portion of the annulus.

4. The method of embodiment 3, further comprising
exerting backpressure on the annulus while setting
a packoff of the tubular string.

5. The method of embodiment 1, wherein the dis-
placed fluid flow is controlled by pumping or buoying.

6. The method of any preceding embodiment, further
comprising monitoring curing of the cement slurry.

7. The method of embodiment 6, wherein the curing
is monitored by circulating indicator fluid across the
wellhead and comparing a flow rate of indicator fluid
into the wellhead to a flow rate of indicator fluid from
the wellhead; the method optionally further compris-
ing choking flow of the indicator fluid from the well-
head; and optionally adjusting the choking of the in-
dicator fluid in response to the flow rate comparison.
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8. The method of embodiment 6, wherein the tubular
string comprises one or more cement sensors, and
curing is monitored by analyzing data from the ce-
ment sensors; the method optionally further compris-
ing analyzing data from the cement sensors while
pumping the cement slurry into the annulus; and/or
supplying a pulse to the sensors, wherein the sen-
sors comprise capacitance sensors for reflecting a
return pulse.

9. The method of embodiment 8, further comprising:
deploying a drill string into the wellbore after pumping
the cement slurry; and pumping an RFID tag through
the drill string and into a second annulus formed be-
tween the drill string and the tubular string, wherein
the RFID tag communicates with the cement sensors
while returning through the second annulus.

10. The method of embodiment 8 or 9, wherein: the
tubular string comprises a bottom sensor sub and a
second sensor sub located above a landing position
of the cementing plug, the bottom sensor sub trans-
mits data to the second sensor sub, and the second
sensor sub relays the data to the RFID tag.

11. The method of any preceding embodiment,
wherein: the cementing plug is propelled by a chase
fluid, the method further comprises: measuring a flow
rate of the chase fluid; and measuring a flow rate of
the displaced fluid, and the displaced fluid flow is
controlled using the measured flow rates; optionally,
the wellbore is subsea, and a subsea wellhead is
located adjacent to the subsea wellbore; optionally,
the displaced fluid flow rate is measured by diverting
the displaced fluid from a bore of a pressure control
assembly connected to the subsea wellhead through
a subsea flow meter of the pressure control assem-
bly; and optionally, the method is performed riser-
lessly.

12. The method of any preceding embodiment,
wherein: the tubular string comprises one or more
stage collars, and the method further comprises: de-
ploying a workstring into the tubular string; opening
one of the stage collars using the workstring; and
pumping cement slurry or sealant into the annulus
via the open stage collar.

13. A method of cementing a tubular string in a well-
bore, comprising: deploying the tubular string into
the wellbore, the tubular string comprising one or
more cement sensors; pumping cement slurry into
the tubular string; launching a cementing plug after
pumping the cement slurry; propelling the cementing
plug through the tubular string, thereby pumping the
cement slurry through the tubular string and into an
annulus formed between the tubular string and the
wellbore; and analyzing data from the cement sen-

sors during curing of the cement slurry.

14. A method of cementing a tubular string in a sub-
sea wellbore, comprising: deploying the tubular
string into the subsea wellbore; pumping cement
slurry into the tubular string; launching a cementing
plug after pumping the cement slurry; propelling the
cementing plug through the tubular string using a
chase fluid, thereby pumping the cement slurry
through the tubular string and into an annulus formed
between the tubular string and the wellbore; meas-
uring a flow rate of the chase fluid; and measuring a
flow rate of fluid displaced from the wellbore by di-
verting the displaced fluid from a bore of a pressure
control assembly connected to a subsea wellhead
of the subsea wellbore through a subsea flow meter
of the pressure control assembly.

15. A method for drilling a wellbore, comprising: drill-
ing the wellbore by injecting drilling fluid into a top of
a drill string disposed in the wellbore at a first flow
rate and rotating a drill bit, wherein: the drilling fluid
exits the drill bit and carries cuttings from the drill bit,
the cuttings and drilling fluid (returns) flow from the
drill bit through an annulus defined between the tu-
bular string and the wellbore, and a seal of a rotating
control device is engaged with the drill string, the
seal diverting the returns into an outlet of the rotating
control device; and while drilling the wellbore: chok-
ing the flow of returns such that a bottomhole pres-
sure corresponds to a target pressure, wherein the
target pressure is greater than or equal to a pore
pressure and less than a fracture pressure of an ex-
posed formation adjacent to the wellbore; increasing
the returns choking returns such that the bottomhole
pressure corresponds to a pressure expected during
cementing of the exposed formation; and while the
returns choking is increased: measuring the first flow
rate; measuring a flow rate of the returns; and com-
paring the returns flow rate to the first flow rate to
ensure integrity of the exposed formation.

[0144] While the foregoing is directed to embodiments
of the present invention, other and further embodiments
of the invention may be devised without departing from
the basic scope thereof, and the scope thereof is deter-
mined by the claims that follow.

Claims

1. A method for operating a wellbore, comprising:
performing a drilling operation by injecting fluid to
the wellbore having a tubular string disposed therein
to circulate the fluid in a path including a bore of the
tubular string and an annulus between the tubular
string and a wall of the wellbore, and while perform-
ing the drilling operation:
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drilling through a formation while a bottomhole
pressure is at a target bottomhole pressure;
increasing the bottomhole pressure from the tar-
get bottomhole pressure to an expected pres-
sure while drilling through the formation, where-
in the expected pressure is a pressure expected
during cementing of the formation exposed to
the wellbore;
measuring a difference between an injection
flow rate and a return flow rate in the path to
detect leak and determine whether the formation
withstands the expected pressure; and
returning the bottomhole pressure to the target
bottomhole pressure after maintaining the bot-
tomhole pressure at the expected pressure
while drilling through a depth or drilling for a pe-
riod of time.

2. The method of claim 1, wherein the expected pres-
sure is greater than or equal to a bore pressure and
less than a fracture pressure of the formation ex-
posed to the wellbore.

3. The method of claim 1 or 2, wherein the tubular string
is a drill string having a drill bit, and performing the
drilling operation further comprises rotating the drill
bit, and optionally wherein increasing the bottomhole
pressure is performed periodically.

4. The method of any preceding claim, wherein increas-
ing the bottomhole pressure comprises choking a
return flow of the fluid.

5. The method of any preceding claim, further compris-
ing maintaining the expected pressure for a desired
period of time.

6. The method of any preceding claim, wherein the fluid
is injected into the bore of the tubular string and re-
turned through the annulus between the tubular
string and the wall of the wellbore, or wherein the
fluid is injected into the annulus between the tubular
string and the wall of the wellbore and returned
through the bore of the tubular string.

7. The method of any preceding claim, further compris-
ing:

reducing the expected pressure when the return
flow rate is less than the injection flow rate; and
modifying parameters for cementing operation
according to the reduced expected pressure,
and optionally wherein the wellbore is a subsea
wellbore.

8. A method for operating a wellbore, comprising:
performing a drilling operation by injecting fluid to
the wellbore having a tubular string disposed therein

to circulate the fluid in a path including a bore of the
tubular string and an annulus between the tubular
string and a wall of the wellbore, and while perform-
ing the drilling operation:

drilling through a formation while a bottomhole
pressure is at a target bottomhole pressure;
increasing the bottomhole pressure from the tar-
get bottomhole pressure to an expected pres-
sure while drilling through the formation, where-
in the expected pressure is a pressure expected
during cementing of the formation exposed to
the wellbore; and
measuring a difference between an injection
flow rate and a return flow rate in the path;
reducing the expected pressure when the return
flow rate is less than the injection flow rate; and
performing a cementing operation at the re-
duced expected pressure.

9. The method of claim 8, wherein reducing the expect-
ed pressure comprises modifying properties of ce-
menting slurry corresponding to the expected pres-
sure.

10. The method of claim 8 or 9, wherein reducing the
expected pressure comprises pumping return fluid
during the cementing operation using a returns
pump.

11. A method for cementing a wellbore, comprising:

injecting cement slurry into the wellbore having
a tubular string disposed therein;
injecting chase fluid to pump the cement slurry
into an annulus formed between the tubular
string and the wellbore;
performing a mass balance between the chase
fluid and fluid displaced from the wellbore;
controlling flow of fluid displaced from the well-
bore using results of the mass balance;
after injecting the cement slurry, circulating in-
dicator fluid across a wellhead of the wellbore;
and
comparing a flow rate of the indicator fluid into
the wellhead to a flow rate of the indicator fluid
from the wellhead.

12. The method of claim 11, wherein controlling flow of
fluid displaced from the wellbore is performed by a
programmable logic controller.

13. The method of claim 11 or 12, wherein performing a
mass balance comprises:

measuring a flow rate of the chase fluid;
measuring a mass flow rate of the fluid displaced
from the wellbore; and

41 42 



EP 3 505 720 A2

23

5

10

15

20

25

30

35

40

45

50

55

comparing the measured fluid rates.

14. The method of claim 13, wherein measuring a mass
flow rate of the fluid displaced from the wellbore com-
prises:
diverting the displaced fluid from a bore of a pressure
control assembly connected to the wellhead of the
wellbore through a mass flow meter of the pressure
control assembly, and wherein optionally the well-
bore is a subsea wellbore, and the mass flow meter
is a subsea mass flow meter.

15. The method of any of claims 11 to 14, wherein in-
jecting the cement slurry comprises injecting the ce-
ment slurry through a bore of the tubular string, and
injecting the chase fluid comprises injecting the
chase fluid through the bore of the tubular string,
and/or wherein the method comprises monitoring
curing of the cement slurry using one or more cement
sensors on the tubular string.
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