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(57) Abstract: A method for maintaining pressure in a wellbore during drilling operations is disclosed. The method includes The
steps of providing fluid from a reservoir through a drill string, circulating the fluid from the drill string to an annvlus between the
drill string and the wellbore, isolating pressure in the annulus, measuring pressure in the annulus, calculating a set point backpres-
sure, applying back pressure to the annulus based on thc set point back pressure, diverting fluid from the annulus to a controllable
choke, eontrollably bleeding off pressurized fluid from the annulus, separating solids from the fluid, and directing the fluid back
to the reservoir. An apparatus for maintaining pressure in a wellbore during drilling operations that includes an adjustable choke
for eontrollably bleeding off pressurized fluid from the wellbore annulus. a backpressure pump for applying a calculated set point
backpressure, and a processor for controlling the adjustable choke and backpressure pump is also disclosed.
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METHOD AND APPARATUS FOR CONTROLLING BOTTOM HOLE
PRESSURE IN A SUBTERRANEAN FORMATION DURING RIG PUMP

60811

{00021

OPERATION

Background of Iavention

The exploration and production of hydrocarbons from subsurface
formations ultimately requires a method to reach and extract the hydrocarbons
from the formation. Referring to FIG. 1, a typical oil or gas well 10 includes a
borchole 12 that traverses a subterranean formation 14 and includes a wellbore
casing 16. During operation of the well 10, a drill pipe 18 may be positioned
within the borchole 12 in order to inject fluids such as, for example, drilling mud
uito the wellbore.  As will be recognized by persons having ordinary skill in the
art, the end of the drill pipe 18 may mclude a drill bit and the injected drilling
mud may be used to cool the drill bit and remove particles drilled away by the
drill bit. The {luid then circulates back up the annulus formed between the
borehole wall and the drill bit, taking with it the cuttings from the drill bit and
clearing the borchole. A mud tank 20 containing a supply of drilling mud may
be operably coupled to & mud pump 22 for injecting the drilling mud into the

driil pipe 18.

Traditionally fluid is selected such that the hydrostatic pressure applied by
the fluid is greater than surrounding formation pressure, thereby preventing
formation fluids from entering into the borehole 12, 1t also causes the fluid to
enter into the formation pores, or “invade” the formation 14, Further, some of
the additives from the pressurized fluid adhere to the formation walls forming a
“mud cake™ on the formation walls. This mud cake helps to preserve and protect

the formation prior to the setting of casing in the drilling process. The selection
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of fluid pressure in excess of formation pressure is commonly referred to as over

batanced drilling.

The annulus 24 between the casing 16 and the drill pipe 18 may be sealed
in a conventional manner using, for example, a rotary seal 26. In order to control
the operating pressures within the well 10 within acceptable ranges, a choke 28
may be operably coupled to the annutus 24 between the casing 16 and the drill
pipe 18 in order to controtlably bleed off pressurized fluidic materials out of the
annulus 24 back into the mud tank 20 to thereby create back pressure within the
borchole 12, The clean, returned fluid flow is measured to determine fluid losses
to the formation as a result of fluid invasion. The returned solids and fluid {prior
to treatment) may be studied to determine various formation characteristics used
in drilling operations. Once the fluid has been treated in the mud pit, it is then
pumped out of the mud pit and re-injected into the top of the drill siring agam.
This overbalanced technique relies primarily on the fluid density and hydrostatic
force generated by the column of fluid in the annulus to generate pressure. By
exceeding the formation pore pressure, the fluid is wsed to prevent sudden
refeases of formation fluid to the borehole, such as gas kicks., Where such gas
kicks occur, the density of the fluid may be increased to prevent further
formation fluid release to the borehole. However, the addition of weighting
additives to increase fluid density (a) may not be rapid enough to deal with the
formation fluid release and {b) may exceed the formation fracture pressure,
resulting in the creation of fissures or fractures in the formation, with resultant
fluid loss 1o the formation, possibly adversely affecting near borehole
permeability.  In such events, the operator may ¢lect to close the blow out
preventors {BOP) below the drilling rig floor to control the movement of the gas
up the annulus. The gas is bled off and the fluid density is increased prior to

resuming drilling operations.

T
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The use of overbalanced drilling also affects the selection of easing during
drilling operations. The drilling process starts with a conductor pipe being
driven into the ground, a BOP stack attached to the drilling conductor, with the
drill rig positioned above the BOP stack. A drill string with a drill bit may be
selectively rotated by rotating the entire string using the rig kelly or a top drive,
or may be rotated independent of the drill string utilizing drilling fluid powered
mechanical motors installed in the drill string above the drill bit.  As noted
above, an operator may drill open hole for a period until such time as the
accumulated fluid pressure at a calculated depth nears that of the formation
fracture pressure. At that time, it is commeon practice to insert and hang a casing
string in the borehole from the surface down to the calculated depth. A
cementing shoe is placed on the drill string and specialized cement 1s injected
into the drill string, to wavel up the annulus and displace any fluid then in the
annulus. The cement between the formation wall and the outside of the casing
effectively supports and isolates the formation from the well bore annulus and
further open hole drilling is carried out below the casing string, with the fluid

again providing pressure control and formation protection.

FIG. 2 is an exemplary diagram of the use of fluids during the drilling
process in an intermediate borehole section. The top horizontal bar represents
the hydrostatic pressure exerted by the drilling fluid and the vertical bar
represents the total vertical depth of the borehole. The formation pore pressure
graph is represented by line 40. As noted above, in an over balanced situation,
the fluid pressure exceeds the formation pore pressure for reasons of pressuce
conirol and hole stability. Line 42 represents the formation fracture pressure.
Pressures in excess of the formation fracture pressure will result in the fluid
pressurizing the formation walls to the extent that small cracks or fractures will
open in the borehole wall and the fluid pressure overcomes the formalion

pressure with significant {luid invasion. Fluid invasion can result in reduced

ek
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permeability, adversely affecting formation production. The annular pressure
generated by the {luid and its additives is represented by line 44 and is a Hinear
function of the total vertical depth. The pure hydrostatic pressure that would be

generated by the fluid, less additives, i.e., water, is represented by line 46.

In an open loop {luid system described above, the annular pressure seen in
the borehele is a linear function of the borehole fluid. This is true only where the
fluid is at a static density. While the fluid density may be modified during
drilling operations, the resolling annular pressure is generally linear., In FIG. 2,
the hydrostatic pressure 46 and the pore pressure 40 generally track each other in
the Intermediate section to a depth of approximately 7000 feet. Thereafier, the
pore pressure 40 increases. This may occur where the borehole penetrates a
formation interval having significantly different characteristics than the prior
formation. The annular pressure 44 maintained by the fluid is safely above the
pore pressure prior to the increase. In the depth below the pore pressure increase,
the differential between the pore pressure 40 and anpular pressure 44 s
significantly reduced, decreasing the margin of safety during operations. A gas
kiek in this interval may result in the pore pressure exceeding the annular
pressure with a release of fluid and gas into the borchole, possibly requiring
activation of the surface BOP stack. As noted above, while additional weighting
material may be added to the Duid, it will be generally ineffective in dealing with
a gas kick due to the time required to increase the fluid density as seen in the

borchole.

Fluid circulation itself also creates problems in an open system. 1t will be
appreciated that it is necessary to shut off the mud pumps in order to make up
suceessive drill pipe joints. When the pumps are shut off, the annular pressure
will undergo a negative spike that dissipates as the annular pressure stabilizes.
Similarly, when the pumps are turped back on, the annular pressure will underge
a positive spike. This ocours each time a pipe joint is added to or removed from

4
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the siring. It will be appreciated that these spikes can cause fatigue on the
borehole cake and could result in formation fluids entering the borehole, again

leading to @ well control event.

fn contrast to open fluid circulation systems, there have been developed a
number of closed fluid handling systems. A closed system is used for the
purposes of underbalanced drilfing, i.c., the annular pressure is less than that of
the formation pore pressure. Underbalanced drilling is generally used where the
formation is a chalk or other fractured limestone and the desire 15 to prevent the
mud cake from plugging fractures in the formation. Moreover, it will be
appreciated that where underbalanced systems are used, a significant well event
will require that the BOPs be closed to handle the kick or other sudden pressure

ICrease.

Thus it would be an improvement to the art to have a system that can

manage pressure in the bore hole throughout drilling operations.

Summary

Embodimenis disclosed herein relate to a method for maintaining pressure
in a wellbore during drilling operations.  The method includes the steps ol
providing fluid from a reservolr through a drill string, civculating the fluid from
the drill string to an annulus between the drill string and the wellbore, isolating
pressure in the annulus, measuring pressure in the anpulus, caleulating a set point
backpressure, applying back pressure to the annulus based on the set point back
pressure, diverting fluid from the annulus to a controllable choke, controllably
bleeding off pressurized fluid from the annulus, separating solids from the fluid,

and directing the fluid back to the reservoir.

In another aspect, embodiments disclosed herein related to an apparatus for

maintaining pressure in a wellbore during drilling operations, wherein the
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wellbore has casing set and cemented into place. The apparatus includes a
reservoir containing fluid for the wellbore, a drill string in fluid communication
with the reservoir, wherein an annulus is defined between the wellbore and the
drillstring, a pressure transducer in the drill string to measure pressure in the
annulus. a rotating control device isolating pressure in the annulus and
communicating fluid from the reservoir to the drill string and diverting fluid and
solids from the annulus, an adjustable choke in fluid communication with the
rotating control device controllably bleeding off pressurized fluid from the
annuius, solids control equipment receiving fluid and solids from the adjustable
choke and removing the solids from the fluid, wherein the {luid from the solids
control equipment is directed to the reservoir, a processor receiving the measured
pressure from the pressure transducer and caleulating a set point backpressure,
and a backpressure pump in fluid communication with the reservoir and applying
a backpressure between the rotating control device and the automatic choke

based on the caleulated set point backpressure.

Other aspects and advantages of the claimed subject matter will be apparent

from the following description and the appended ¢laims.

Brief Description of the Drawings

Fig. 1 is a schematic ilustration of an embodiment of & conventional oit or

gas well.

Fig. 2 is a graph depicting annular pressures and formation pore and

fracture pressures,
Fig. 3 is a plan view of an embodiment of the apparatus of the invention,
Fig. 4 is a plan view of an embodirnent of the apparatus of the invention,

Fig. § is a plan view of an embodiment of the apparatus of the invention.
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Fig. 6 is an embodiment of the automatic choke utilized in an embodiment

of'the apparatus of the invention.

Fig. 7 is a block diagram of the pressure mounitoring and control system

wtilized in an embodiment of the invention,

Detailed Description

In one aspect, embodiments disclosed herein relate to a method for
maintaining pressure in a wellbore during drilling operations.  As used herein,
the term “drilling operations™ includes all operations or activities that take place
at the drilling site in connection with drilling a well, including, but not restricted
to, the actual act of turning the drill string to cause a rotary drill bit to drill into
the formation and including pumping the drifling mud, operating the draw works,
the generation of electric power, the running of machinery, all other activities

connected with operating a drilling site.

Referring to Fig. 3, an embodiment of an apparatus for maintaining
pressure in a wellbore during drilling operations is shown, While Fig. 3 is a plan
view depicting a surface drilling system employing the current invention, it will
be appreciated that an offshore drilling system may likewise employ the current
invention. The drilling system 100 is shown as being comprised of a drilling rig
102 that is used to support drilling operations. Mary of the components used on
arig 102, such as the kelly, power tongs. slips, draw works, and other equipment
are not shown for ease of depiction. The rig 102 is used to support drilling and
cxploration operations in formation 104. The borchole 106 has already been
partially drilled, casing 108 set and cemented 109 into place. In one
embodiment, a casing shutoff mechanism, or downhole deployment valve 110, is
installed in the casing 108 to optionally shutoif the annulus and effectively act as

a valve to shut off the open hole section when the bit is located above the valve.

=~
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The drill string 112 supports a bottom hole assembly (BHA) 113 that
includes a drill bit 120, a mud motor, a MWINLWD sensor suite 119, inchuding a
pressure. transducer 116 to determine the annular pressure, a check valve, to
prevent backflow of fluid from the annulus. Tt also includes a telemetry package
122 that is used 1o transmit pressure, MW/ WD as well as drilling information
to be received at the sirface. While FIG. 3 illustrates a BHA utilizing a mud
telemetry systom, it will be appreciated that other telemetry systems, such as
radio frequency (RF), clectromagnetic (EM) or drilling string transmission

systems may be emploved within the present invention.

As noted above, the drilling process requires the use of a drilling fluid 150,
which may be stored in reservoir 136. 1t will be appreciated that the reservoir
136 may be a mud tank, pit, or any type of container that can accommodale a
drilling fluid.  The reservoir 136 is in fluld communications with one or more
mud pumps 138 which pump the drilling fluid 150 through conduit 140, An
optional flow meter 152 can be provided in series with the one or more mud
pumps, either upstream or downstream thereof. The conduit 140 is connected to
the last joint of the drill string 112 that passes through a rotating control device
(RCDY 142, An RCD 142 isolates the pressure in the annulus while still
permitting drill string rotation. The fluid 150 is pumped down through the drill
string 112 and the BHA 113 and exits the drill bit 120, where it circulates the
cuttings away from the bit 120 and returns them up the open hole annulas 115
and then the annulus formed between the casing 108 and the drill string 112. The
fluid 150 returns to the surface and goes through diverter 117 located In the RCD
142, through conduit 124 to an assisted well control system 160 and various
solids conirol equipment 129, such as, for example, a shaker. The assisted well
control system 160 will be described in greater detail below.

In conduit 124, a second flow meter 126 may be provided. The How meter
126 may be a mass-balance type or other high-resolution flow meter. 1t will be

8
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appreciated that by monttoring flow meters 126, 152 and the volume pumped by
the backpressure pump 128 (described below), the system is readily able to
determine the amount of fluid 150 being lost to the formation, or conversely, the
amount of formation fuid leaking to the borehole 106. Based on differences in
the amount of fluid 150 pumped versus fluid 130 returned, the operator 18 be able
to determine whether fluid 150 is being lost to the formation 104, which may
indicate that formation fracturing has occurred, 1.e., a significant negative {fluid
differential. Likewise, a significant positive differential would be indicative of

formation fluid entering into the well bore,

After being treated by the solids conirol equipment 129, the drilling fluid is
directed to mud tank 136, Drilling fluid from the mud tank 136 is directed
through conduit 134 back to conduit 140 and to the drill string 112, A
hackpressure line 144, located wvpstream from the wwud pumps 138, fluidly
connects conduit 134 to what is generally referred to as a backpressure system
146, In one embodiment, shown in Fig. 4. a three-way valve 148 is placed in
conduit [34. This valve 148 allows {luid from the mud tank 136 to be selectively
directed to the rig pump 138 {o enier the drill string 112 or directed to the
backpressure system 146, In another embodiment, the valve 148 is a controllable
variable valve, allowing a variable partition of the total pump output to be
delivered 1o the drill string 112 on the one side and to backpressure line 144 on
the other side. This way, the drilling fluid can be pumped both into the drill
string 112 and the backpressure system 146, In one embodiment, shown in Fig.
S, a three-way fluid junction 154 is provided in conduit 134, and a first variable
How restricting device 156 is provided between the three way fluid junclion 154
and the conduit 140 to the rig pump 138, and a sccond variable flow resiricling
device 158 is provided between the three way fluid junction 154 and the
backpressure line 144, Thus, the ability to provide adjustable backpressure

during the entire drilling and completing processes is provided.
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Turning back to Fig. 3, the backpressure pump 128 is provided with fluid
from the reservoir through conduit 134, which is fluid communications wiih the
reservoir 136, While fluid from conduit 124, located downstream from the
assisted well control system 160 and upstream from solids control equipment 129
could be used to supply the backpressure system 146 with fluid, it will be
appreciated that [luid from reservoir 136 has been treated by solids control
equipment 129, As such, the wear on backpressure pump 128 is less than the

wear of pumping fluid in which drilling solids are still present.

In one embodiment, the backpressure pump 128 is capable of providing up
to approximately 2200 psi (15168.5 kPa) of backpressure; though higher pressure
capability pumps may be selected. The backpressure pump 128 pumps fluid into
conduit 144, which is in fluid communication with conduit 124 ypstream of the
assisted well control system 160, As previously discussed, fluid from the

amnuius 115 is directed through conduit 124, Thus, the fluid from backpressure

pump 128 effects a backpressure on the fluid in conduit 124 and back into the

annulus 115 of the borehole.

The assisted well control system, shown in Fig. 3 includes an automatic
choke 162 1o controtlably bleed off pressurized fluid from the annulus 115, As
shown in Fig. 6, the automatic choke 162 includes a movable valve element 164,
The position of the valve element 164 is controlied by a furst control pressure
sighal 166, and an opposing second control pressure signal 168. By contrast,
{fixed position chokes used in some prior art versions of closed loop systems, rely
on signals obtained and relayed outside of the choke to adjust the opening
through the choke and cannot, therefore, readily adapt to rapid pressure changes.
It will be appreciated that the advantage of an automatic choke is that rapid
pressure increases, decreases, and spikes that occur in the second control

pressure signal are dampened by the first opposing pressure signal.

10
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In one embodiment the first conirol pressure signal 166 is representative of
a set point pressure {SPP) that is generated by a control system 184 (described
below and shown in Fig. 7). and the second control pressure signal 168 is
representative of the casing pressure (CSP). In this manner, if the CSP is greater
than the SPP, pressurized fluidic materials within the annulus 115 are bled off
into the mud tank 136. Conversely, if the CSP is equal 1o or less than the SPP,
then the pressurized fluidic materials within the annulus 115 are not bled off into
the mud tank 136, In this manner, the automatic choke 162 controllably bleeds
off pressurized fluids from the annulus 115 and thereby also controllably
facilitates the maintenance of back pressure in the borehole 106 that is provided
by the backpressure system 146.  In an exemplary embodiment, the automatic
choke 162 is further provided substantially as described in U.5. Pat. No.

6,253,787, the disclosure of which is incorporated herein by reference.

Referring to Figs. 3 - 5, automatic choke 162 may be incorporated on a
choke manifold 180. A back up choke 182 may also be incorporaled onto the
choke manifold 180, Valves {not shown) on the manifold 180 may be selectively
actuated to divert fluid from conduit 124 through back up choke 182, Such
diversion of flow through back up choke 182 may be desirable, for example,
when the automatic choke 162 needs to be taken out of service for maintenance.
Flow may be selectively returned to the automatic choke 162 when maintenance

is complete,

Referring to Fig. 7, a block diagram includes the control system 184 of an
embodiment of the present invention, System inputs to the control system 184
include the downhole pressure (DHP) 186 that has been measured by sensor
package 119, transmitted by MWD pulser package 122 and recetved by
transducer equipment (not shown) on the surface. Other system inputs include
pump pressure, input flow from flow meter 152, penetration rate and string
rotation rate, as well as weight on hit (WOB) and torque on bit (TOB) that may

1
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be transmitted from the BHA 113 up the annulus as a pressure pulse. Return flow
1s measured using flow meter 126, Signals representative of the data inputs are
transmitted to a control unit (not shown), which is it self comprised of a drill rig
control unit {not shown), a drilling operator's station {not shown), a processor
188 and a back pressure programumable logic controller (PLC) 190, all of which
are connected by a common data network., The processor 188 serves several
functions, including monitoring the state of the borehole pressure during drilling
operations, predicting borehole response to continued drilling, issuing commands
to the backpressure PLC to control the backpressure pump 128, and issuing
commands to a PID controller 172 to contro! the automatic choke. Logic
associated with the processor 188 will be discussed further below,

Continuing to refer to Fig. 7, the assisted well control system 160 may also
include a sensor feedback 170 that monitors the actual drill pipe pressure (DPP)

value within the drili string 112 using the output signal of a sensor. The actual

1IPP value provided by the sensor feedback 170 is then compared with the target

DPP value to generate a DPP crror that is processed by a proportional-integral-
differential {PID) controller 172 to generate an hydranlic SPP. A PID controller
includes gain coefficients, Kp, Ki, and Kd, that are muitiplied by the error signal,
the integral of the error signal, and the differential of the error signal,

respectively.

The processor 188 includes programming to carry ont Control functions
and Real Time Model Calibration functions. The processor 188 receives data
from various sources and continuously calculates in real time the correct
backpressure set-point based on the input parameters. The backpressure sel-
point is then transferred 1o the programmable logic comtroler 190, which
generates the control signals for backpressure pump 128, The input parameters
for the backpressure set point calculation fall into three main groups. The first
are relatively fixed parameters, incloding parameters such as well and casing

12
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string geometry, drill bit nozzle diamsters, and well trajectory.  While it is
recognized that the actual well trajectory may vary from the planned trajectory,
the variance mav be taken into account with a correction to the planned
trajectory.  Also within this group of parameters are temperature profile of the
fluid in the annulos and the fluid composition. As with the trajectory parameters,
these are generally known and do not change over the course of the drilling
operations. One objective is keeping the fluid density and composition relatively
constant, using backpressure to provide the additional pressure to condrol the

annulus pressure.

The second group of parameters are variable in nature and are sensed and
logged in real time. The common data network provides this information to the
processor 188, This information includes flow rate data provided by both
downhole and return flow meters 132 and 126, respectively, the drill string rate
of penetration (ROP) or velocity, the drill string rotational speed, the bit depth,
and the well depth, the latter two being derived from rig sensor data. The last
parameter is the downhole pressure data that is provided by the downhole
MWD/L WD sensor suite 119 and transmitted back up the annulus by the mud
pulse telemetry package 1220 One other input parameter is the set-point

downhole pressure, the desired annulus pressure.,

In one embodiment, a feedforward control is included. As will be
recognized by persons having ordinary skill in the art, feedforward control refers
to a control system in which set point changes or perturbations in the operating
environment can be anticipated and processed independent of the error signal
before they can adversely affect the process dynamics. In an exemplary
embodiment, the feedforward control anticipates changes in the drill pipe SPP
and/or perturbations in the operating environment for the bore hole 106. As used
herein, the term “perturbation”™ refers to an externallyv-generated undesired input
signal affecting the value of the controlied output.

13
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The hydraulic drill pipe SPP {s processed by the automatic choke 162 to
control the actual CSP. The actual CSP is then “processed” by the bore hole 106
to adjust the actual DPP. Thus, the system 160 maintains the actual DPP within

a predetermined range of acceptable values.

The processor 188 includes a control module to calculate the pressure in the
annulus over its fill well bore length utilizing various models designed for
various formation and fluid parameters. The pressure in the well bore is a
function not only of the pressure or weight of the fluid column in the well, bt
inciudes the pressures caused by drilling operations, including fluid displacement
by the drill siring, {rictional losses returning up the annulus, and other {actors. In
order to caloulate the pressure within the well, the control module considers the
well as a finite number of segments, each assigned to a segment of well bore
length. In each of the segments the dynamic pressure and the fluid weight is
calculated and used to determine the pressure differential for the segment. The
segments are summed and the pressure differential for the entire well profile is

determined.

It is known that the flow rate of the fluid 150 being pumped downhole is
proportional to the flow velocity of fluid 150 and may be used to determine
dynamic pressure loss as the fluid is being pumped downhole. The iluid 150
density is calculated in each segment, taking into account the fluid
compressibility, estimated cuiting loading and the thermal expansion of the fluid
for the specified scegment, which is itself related to the temperature profile for
that segment of the well. The Awid viscosify at the temperature profile for the
segment is also instrumental in determining dynamic pressure losses for the
segment.  The composition of the fluid is also considered in determining
compressibility and the thermal expansion coefficient. The drill string ROP is
related to the surge and swab pressures encountered during drilling operations as
the drill string is moved into or out of the borchole. The deill string rotation is

14
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also used to determine dynamic pressures, as it creates a frictional force between
the fluid in the annulus and the deill string.  The bit depth, well depth, and
wellfstring geometry are all used to help create the borehole segments 1o be
modeled. In order to calculate the weight of the fluid, the preferred embodiment
considers not only the hvdrostatic pressure exerted by fluid 150, but also the fluid
compression, flaid thermal expansion and the cuttings loading of the fluid seen
during operations. It will be appreciated that the cuttings loading can be
determined as the fluid is returned to the surface and reconditioned for further

use. All of these factors go into caleulation of the "static pressure”.

Diynamic pressure considers maay of the same factors in determining static
pressure. Fowever, it further considers a number of other factors. Among them
is the concept of laminar versus turbulent flow. The flow characteristics are a
function of the estimated roughness, hole size and the flow velocity of the fluid.
The calculation also considers the specific geometry for the segment in question.
This would include borchole cccentricity and specific drill pipe geometry
{(box/pin upsets) that affect the flow velocity seen in the borehole annulus. the
dynamic pressure calculation further includes cutlings accumulation downhole.
as well as fluid rheology and the drill string movement's (penctration and

rotation) effect on dynamic pressure of the fluid.

The pressure differential for the entive annulus is calculated and compared
to the down hole set-point pressure in the control module. The desired
backpressure is then determined and passed on to programumable logic controller
190, which generates control signals for the backpressure pump 128,

The above discussion of how backpressure is generally calculated utilized
several downhole parameters, including downhole pressure and estimates of fluid
viscosity and fluid density. These paramcters are determined downhole and

transmitfted up the mud column using pressure pulses.  Because the data
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bandwidth for mud pulse telemetry is very low and the bandwidth is used by
other MWD/LWD functions, as well as drill string control functions, downhole
pressure, fluid density and viscosity can not be input to a model based on
dynamic annular pressure control on a real time basis. Accordingly, it will be
appreciated that there is likely to be a difference between the measured downhole
pressure. when transmitted up to the surface, and the predicted downhole
pressure for that depth. When such occurs a dynamic annular pressure control
system computes adjustments o the parameters and implements them in the
model to make a new best estimate of downhole pressure. The corrections to the
model may be made by varving any of the variable parameters. In the preferred
embodiment, the fluid density and the fluid viscosity are medified in order fo
correct the predicted downhole pressure. Further, in the present embodiment the
actual downhole pressure measurement is used only to calibrate the calculated
downhole pressure.  {t is not utilized to predict downhele annular pressure
response. I downhole telemetry bandwidth increases, it may then be practical to
include real time downhole pressure and temperature information 1o correct the

model.

The control system 184 characterizes the transient behavior of the CSP
and/or the DPP and then updates the modeling of the overall transfer function for
the system. Based upon the updated model of the overall wansfer function for
the sysiem, the system 184 then modifies the gain coefficients for the PID
controller 172 in order to optimally control the DPP and BHP. The system 184
further adjusts the gain coefficients of the PID controller 172 and the modeling
of the overall transfer function of the system as a function of the degree of
convergence, divergence, or steady state offset between the theorstical and actual
response of the system.

Because there is a delay between the measurement of downhole pressure
and other real time (nputs, the control system 184 further operates to index the

16
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inputs such that real time inputs properly correlate with delayed downhole
transmitted inputs, The rig sensor inputs, calculated pressure differential and
backpressure pressures, as well as the downhole measurements, may be "time-
stamped” or "depth-stamped” such that the inputs and results may be properly
correlated with later received downhole data., Utilizing a regression analysis
based on a set of recently time-stamped actual pressure measurements, the model
may be adjusted to more accurately predict actual pressure and the required

backpressure.

The uvse of the disclosed control systemr permits an operator {0 make
essentially step changes in the annular pressure.  In response 1o the pressure
increase seen in a pore pressure, the back pressure may be increased to step
change the annular pressure in response to increasing pore pressure, in contrast
with normal annular pressure technigques.  The system further offers the
advantage of being able to decrease the back pressure in response to a decrease in
pore pressure. 1t will be appreciated that the difference between the maintained
annular pressure and the pore pressure, known as the overbalance pressure, is
significantly less than the overbalance pressure seen using conventional annudar
pressure control methods. Highly overbalanced conditions can adversely affect
the formation permeability be forcing greater amounts of borghele fluid into the

formation.

It is understood that variations may be made in the foregoing without
departing from the scope of the invention. For example, any choke capable of
being controlled with a set point signal may be used in the system 100
Furthermore, the automatic choke 162 may be controlled by a pneumatic,
hydraulic, electric, and/or a hybrid actuator and may receive and process
pneumatic, hydraulic, electric. and/or hybrid set point and control signals. {n
addition, the automatic choke 162 may also include an embedded controller that
provides at least part of the remaining control functionality of the system 184,

)
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Furthermore, the PID controller 172 and the control block 184 may, for example,
be analog, digital, or a hybrid of analog and digital, and may be implemented, for
example, using a programmable general purpose computer, or an application
specific integrated circuit.  Finally, as discussed above, the teachings of the
svstem 100 may be applied to the control of the operating pressures within any
borehole formed within the earth including, for example. a oil or gas production
well, an underground pipeling, a mine shaft, or other subterranean structure in

which it is desirable to control the operating pressures.

In one aspect embodimemts disclosed hercin relate to a method for
controlling annular pressure in a borehole, the method including the steps of
directing drilling fluid through a drill string and up an annulus between the dridl
string and the borehole, inputting a plurality of parameters to a processor,
calculating set point pressure for a backpressure pump, providing backpressure
into the annulus with the backpressure pump, controilably bleeding off
pressurized fluid from the annulus with an automatic choke, wherein controllably
bleeding off pressurized fluid from the annulug includes the steps of generating a
casing set point pressure signal, sensing an actual casing pressure and generating
an actual casing pressure signal, calculating an error signal [rom the casing set
point pressure signal and the actual casing pressure signal, processing the error
signal with a PID controller and adjusting the automatic choke with the PID

controller.

In another aspect embodiments disclosed herein relate to a method for
creating an equivalent circulation density in a subterranean borehole when one or
more rig pumps are started or stopped. the method including the steps of
directing drilling fluid through a drill string and up an annulus between the drill
string and the borchole, inputting a plurality of parameters to a processor,
calculating set point pressure for a backpressure pump, providing backpressure
mto the annulus with the backpressure pump, controllably bleeding off

15
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pressurized fnid from the annulus with an automatic choke, wherein controliably
bleeding off pressurized tluid from the annulus includes the steps of generating a
casing set point pressure signal, sensing an actual casing pressure and generating
an actual casing pressure signal, caleulating an error signal from the casing set
point pressure signal and the actual casing pressure signal, processing the etrror
signal with a PID controller and adjusting the automatic choke with the FlD

controller.

In another aspect embediments disclosed herein relate to a method for
controlling formation pressure in a subterrancan borchole during drilling
operations, the method including the steps of directing drilling fluid through a
drill string and up an annulus between the drill string and the borehole, inpuiting
a plurality of parameters to a processor, caleulating set point pressure for a
backpressure pump, providing backpressure into the annulus with the
backpressure pump, controllably bleeding off pressurized fluid from the annulus
with an avtomatic choke, wherein controilably bleeding off pressurized fluid
from the annulus includes the steps of generating a casing set point pressure
signal, sensing an actual casing pressure and generating an actual casing pressure
signal, calcolating an error signal from the casing set point pressure signal and
the actual casing pressure signal, processing the error signal with a PID

controller and adjusting the automatic choke with the PID controller,

While the claitned subject matfer has been described with respect o a
limited number of embadiments, those skilled in the art, having benefit of this
disclosure, will appreciate that other embodiments can be devised which de not
depart from the scope of the claimed subject matter as disclosed herein.
Accordingly, the scope of the claimed subject matter should be limited only by

the attached claims.
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Claims

What is claimed is:

b

Lt

A method for maintaining pressure in a wellbore during drilling operations

comprising:

providing [luid from a reservoir through a drill string:

circulating the fluid from the drill string to an annulus between the drill string and
the wellbore;

isolating pressure in the annulus;

measuring pressure in the annalus;

calculating a set point backpressure;

applying back pressure to the annulus based on the set point back pressure;

diverting fluid from the annulus to a controllable choke;

controllably bleeding off pressurized fluid from the annulus;

separating solids from the fluid; and

directing the fluid back to the reservoir.

The method of claim | further comprising:

determining the amount of Huid lost or gained in the wellbore.

The method of claim 2 wherein determining the amount of fluid lost or gained in
the wellbore further comprises:
measuring the flow rate of fluid from the reservolr to the wellbore; and

measuring the flow rate of the diverted fluid.

The method of claim 1 further comprising:
inputting fixed parameters related to the wellbore into a processor;

meastring a {fow rate of fluid provided from the reservoir 1o the wellbore:
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inputting the measured flow rate of fluid provided from the reservoir to the
wellbore into the processor;

measuring a flow rate of fluid diverted from the wellbore to the controlable
choke:

inputting the weasured {low rate of {luid diverted from the wellbore to the
controlable choke nto the processor;

measuring a downhole pressure;

inputting the measured downhole pressure into the processor;

calculating a set point downhole pressure from the fixed parameters, measured
flow rates and measured downhole pressure;

adjusting the backpressure applied to the annulus based on the caleulated set point

downhole pressure.

The method of claim 1 further comprising:

adjusting the backpressure applied to the annnlus.

The method of claim 1 further comprising:
pumping fluid from the reservoir through a backpressure iine to apply back

pressure to the annulus.

The method of clavm | further comprising:

measuring a drill pipe pressure;

inputting the drill pipe pressure into a processor;

caleulating a target drill pipe pressure;

transmitting the target drill pipe pressure to a PID controlier;

generating an hydraulic set point pressure:;

applying the hydraulic set point pressure to the choke;

wherein the choke automatically adjusts in response to the hydraulic set point

pressure to apply a casing pressure to the wellbore;
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wherein the casing pressure in the wellbore affects the drill pipe pressure.

An apparatus for maintaining pressure in a welibore during drilling operations,
wherein the wellbore has casing set and cemented into place, the apparatus
COmMprising:

a reservolr containing fluid for the wellbore;

a drill string ‘in fluid communication with the reserveoir, wherein an annulus is
defined between the wellbore and the dritlstring;

a pressure transducer in the drill string to measure pressure in the aonulus,

a rotating control device isolating pressure in the annulus and communicating {luid
from the reservoir to the drill string and diverting fluid and solids from the
annulus;

an adjustable choke in fluid communication with the rotating conirol device
controtlably bleeding oft pressurized fluid from the annulus;

solids control equipment receiving fluid and solids from the adjustable choke and
removing the solids from the fluid;

wherein the fluid from the solids control equipment is directed fo the reservoir;

a processor receiving the measured pressure from the pressure transducer and
calculating a sct point backpressure; and

a backpressure pump in fluid communication with the reservoir and applying a
backpressure between the rotating control device and the automatic choke

based on the calculated set point backpressure.

The apparatus of claim 8, further comprising

a flow meter between the reservoir and the deill string measuring a first flow rate
therethrough;

a second flow meter between the annulus and the choke measuring a second flow

rate therethrough; and

i
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wherein the processor receives the first and second flow rates and determines an

amount of fluid lost or gained in the wellbore.

Ju
<

‘The apparatus of claim &, further comprising:

a PID controller receiving communication from the processor;

wherein the PID controller generates an hydraulic set point pressure and applies it
to the choke;

wherein the choke sutomatically adjusis in response to the hydraulic set point

pressure 1o apply a casing pressure to the wellbore.

11, the apparatus of claim 8, further comprising:
a programmable logic controlier for controlling the backpressure pump.
wherein the processor caleulates a set point downhole pressure and transimits the
set point downhole pressure to the programmable {ogic controller; and
wherein the backpressure pump is controlled by the programmable logic controller

based on the set point downhole pressure.

12, The apparatus of claim & wherein the backpressure pump provides up to

approximately 2200 psi of backpressure.

13.  The apparatus of claim 8, further comprising:
a choke manifold;
a back up choke on the choke manifold;
wherein the choke and the back up cheke are selectively in fluid communication
with the rotating control device controllably bleeding off pressurized fluid

from the annulus.

e
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