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ANNULUS PRESSURE SETPOINT CORRECTION USING REAL
TIME PRESSURE WHILE DRILLING MEASUREMENTS

10 TECHNICAL FIELD

The present disclosure relates generally to equipment
utilized and operations performed in conjunction with a
subterranean well and, in an embodiment described herein,
more particularly provides for wellbore pressure control
15 with an annulus pressure setpoint correction being made

using real time pressure while drilling measurements.

BACKGROUND

In underbalanced and managed pressure drilling
20 operations, it is beneficial to be able to maintain precise
control over pressures exposed to drilled-through formations
and zones. For example, in typical managed pressure
drilling, a bottom hole pressure is maintained at a desired
level by adjusting backpressure applied at or near the
25 earth’s surface while fluid is circulated through a drill

string and wellbore.

Improvements are continually needed in the art of
wellbore pressure control. Such improvements can enable

more difficult drilling situations (such as narrow pore
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enbody principles of the present disclosure. FIG 2 is a block

di agram of a pressure and flow control system which may be used with the
well system and 10 nethod of FIG 1. FIG 3 is a flowhart for a

met hod whi ch enbodi es principles of the present disclosure. FIG 4 is

a schemat |,¢..0L0 %E%Q al oYW, 0b heqwakl S¥BL§Mbnpuhigh aukELRh
REI%E gr ?PWB¥ g g

pressure I ng 15 sensorg aré interconnected at spaceg apart
| ocati onshahddgda drill string. DETAILED DESCRI PTI ON Representatively and
schematically illustrated in FIG 20 1 is a well system 10 and associ at ed
met hod whi ch can enbody principles of the present disclosure. In the system
10, a wellbore 12 is drilled by rotating a drill bit 14 on an end of a
tubular drill string 1GBRIEF|DESCRIPTION IGF THETDRAWING®WN as nud, isS
circulated 25 downward through the drill string 16, out the drill bit 14
and upvar d t hr gagh anianaubuheaatﬁorpadtbaum@enrbbe deckhioatili rgeandft he
wel | bore 12, Bi order to cool the

cate th rill string,
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non-returpryakve13d8 3% th¥pbeakkntadikappsurktype check valve) prevents flow
of the drilling fluid 18 upward through the drill string 16

FIG. 2 is a block diagram of a pressure and flow
control system which may be used with the well system and

10 method of FIG. 1.

FIG. 3 is a flowchart for a method which embodies

principles of the present disclosure.

FIG. 4 is a schematic cross-sectional view of the well
system in which multiple pressure while drilling (PWD)
15 sensors are interconnected at spaced apart locations along a

drill string.

DETAILED DESCRIPTION

Representatively and schematically illustrated in FIG.
20 1 is a well system 10 and associated method which can embody
principles of the present disclosure. In the system 10, a
wellbore 12 is drilled by rotating a drill bit 14 on an end
of a tubular drill string 16.

Drilling fluid 18, commonly known as mud, is circulated
25 downward through the drill string 16, out the drill bit 14
and upward through an annulus 20 formed between the drill
string and the wellbore 12, in order to cool the drill bit,
lubricate the drill string, remove cuttings and provide a
measure of bottom hole pressure control. A non-return valve
30 21 (typically a flapper-type check valve) prevents flow of
the drilling fluid 18 upward through the drill string 16



WO 2011/ 159277PCT/ US2010/ 038586 -3 - (for exanple, when connections are
being made in the drill string). Control of bottom hole pressure is
very i npowobanti/ism7managed pressure and under bal anced dr iPCITiusgQ10as8$86 n ot her
5 types of well operations. Preferably, the bottom hole pressure is
accurately controlled to prevent excessive loss of fluid into an earth
formation 64 surrounding the well bore 12, undesired fracturing of the
formati on, undesired influx of formation fluids into the wellbore, etc.
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maintain the bottom hole pressure just greater than a pore
pressure of the formation 64, without exceeding a fracture
pressure of the formation. In typical underbalanced
drilling, it is desired to maintain the bottom hole pressure
15 somewhat less than the pore pressure, thereby obtaining a

controlled influx of fluid from the formation 64.

Nitrogen or another gas, or another lighter weight
fluid, may be added to the drilling fluid 18 for pressure
control. This technique is especially useful, for example,

20 in underbalanced drilling operations.

In the system 10, additional control over the bottom
hole pressure is obtained by closing off the annulus 20
(e.g., isolating it from communication with the atmosphere
and enabling the annulus to be pressurized at or near the
25 surface) using a rotating control device 22 (RCD). The RCD
22 seals about the drill string 16 above a wellhead 24.
Although not shown in FIG. 1, the drill string 16 would
extend upwardly through the RCD 22 for connection to, for
example, a rotary table (not shown), a standpipe line 26,
30 kelley (not shown), a top drive and/or other conventional

drilling equipment.
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wel | head 24 via a wing valve 28 in comrunication with the annulus 20 bel ow
t he RCD 220 20tw15617ai d 18 then flows through fluid retur RCriuse018038586 a choke
mani fol d 32, which includes redundant chokes 34. 5 Backpressure is applied
to the annulus 20 by variably restrictipng-flow of the fluid 18 through the
operative choke(s) 34. The greater the restriction to flow through

the choke 34, the greater the backpressure applied to the annulus 20. 10
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hydraulics model can be used, as described more fully below,
to determine a pressure applied to the annulus 20 at or near
the surface which will result in a desired bottom hole

15 pressure, so that an operator (or an automated control
system) can readily determine how to regulate the pressure
applied to the annulus at or near the surface (which can be
conveniently measured) in order to obtain the desired bottom

hole pressure.

20 It can also be desirable to control pressure at other
locations along the wellbore 12. For example, the pressure
at a casing shoe, at a heel of a lateral wellbore, in
generally vertical or horizontal portions of the wellbore
12, or at any other location can be controlled using the

25 principles of this disclosure.

Pressure applied to the annulus 20 can be measured at
or near the surface via a variety of pressure sensors 36,

38, 40, each of which is in communication with the annulus.
Pressure sensor 36 senses pressure below the RCD 22, but

30 above a blowout preventer (BOP) stack 42. Pressure sensor

38 senses pressure in the wellhead below the BOP stack 42.



Pressure sensor 40 senses pressure in the fluid return Iine 30 upstream of
t he choke manifold 32. Anot her pressure sensor 44 senses pressure in
t he standpOpe1liss726. Yet anot her pressure sensor 46 senTas2&H00BSGSUr €
downstream of the choke manifold 32, but upstream of a separator 48, shaker
50 and nmud pit 52. Additional sensors_imclude tenperature sensors 54, 56,
Coriolis flowreter 58, and flowreters 62, 66. Not all of these sensors are
necessary. For exanple, 10 the system 10 could include only one of the
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the annulus 20 should be during the drilling operation.

In addition, the drill string 16 may include its own

15 sensors 60, for example, to directly measure bottom hole
pressure. Such sensors 60 may be of the type known to those
skilled in the art as pressure while drilling (PWD),
measurement while drilling (MWD) and/or logging while
drilling (LWD) sensor systems. These drill string sensor

20 systems generally provide at least pressure measurement, and
may also provide temperature measurement, detection of drill
string characteristics (such as vibration, weight on bit,
stick-slip, etc.), formation characteristics (such as
resistivity, density, etc.) and/or other measurements.

25 Vvarious forms of telemetry (acoustic, pressure pulse,
electromagnetic, optical, wired, etc.) may be used to

transmit the downhole sensor measurements to the surface.

Additional sensors could be included in the system 10,
if desired. For example, another flowmeter 67 could be used
30 to measure the rate of flow of the fluid 18 exiting the

wellhead 24, another Coriolis flowmeter (not shown) could be



Fewer sensors could be included in the system 10, if desired. For exanple,
the output of the rig nmud punp 68 5 could be determ ned by counting punp
strokes, wo0sad997 by using flowreter 62 or any ot her PCONSR2E10/038586

Note that the separator 48 could be a 3 or 4 phase separator, or a nud gas
separator (sonetines referred to as a "goor boy degasser"”). However, the
separator 48 is not 10 necessarily used in the system 10. The
drilling fluid 18 is punped through the standpipe line 26 and into the

interior i t [l b (Wo] e.p
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mani fol d prop éBewercl5 to the standpipe line 26, the fluid then circul ates
downward through the drill string 16, upward through the annul us 20,

t hrough t he nu#ewetrusenkbme 80ultihbeughcflbdedhake thenislystdm320,and t hen via
t he separaton 4% and shaker 50 t% t he nudtpi% g% for. _con itionigg and

reci rcul af'F8Ar €2oNot 8%t FEE™Pi-f 1t ges9§F8H118 a$ o f-dr "4Es B "Bed ®above, the
choke 534 eanndt bbedusedmtifedobl ebubadkpr pampr etapprekedihetbha afinwlus 20
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line 26 and into the interior of the drill string 16 by the
rig mud pump 68. The pump 68 receives the fluid 18 from the
mud pit 52 and flows it via a standpipe manifold (not shown)

15 to the standpipe line 26, the fluid then circulates downward
through the drill string 16, upward through the annulus 20,
through the mud return line 30, through the choke manifold
32, and then via the separator 48 and shaker 50 to the mud

pit 52 for conditioning and recirculation.

20 Note that, in the system 10 as so far described above,
the choke 34 cannot be used to control backpressure applied
to the annulus 20 for control of the bottom hole pressure,
unless the fluid 18 is flowing through the choke. 1In
conventional overbalanced drilling operations, a lack of

25 circulation can occur whenever a connection is made in the
drill string 16 (e.g., to add another length of drill pipe
to the drill string as the wellbore 12 is drilled deeper),
and the lack of circulation will require that bottom hole

pressure be regulated solely by the density of the fluid 18.

30 In the system 10, however, flow of the fluid 18 through
the choke 34 can be maintained, even though the fluid does

not circulate through the drill string 16 and annulus 20.



In the system 10 as depicted in FIG 1, a backpressure punp 70 can be used
to supply a flow of fluid to the return 5 line 30 upstream of the choke
mani f ol d 80 2by/ypmipi ng fluid into the annul us 20 when necaak2(908ds8@s, when
connections are being made in the drill string 16). Alternatively, or in
addition, fluid could be diverted from4he standpipe manifold to the return
| ine 30 when needed, as described in 10 International Application Serial

No. PCT/ U508/ 87686, and in US Application Serial No. 12/638,012.
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backpressure pump 70 will thereby cause pressure to be

applied to the annulus 20.

15 The choke 34 and backpressure pump 70 are examples of
pressure control devices which can be used to control
pressure in the annulus 20 near the surface. Other types of
pressure control devices (such as those described in
International Application Serial No. PCT/US08/87686, and in

20 US Application Serial No. 12/638,012, etc.) may be used, if

desired.

A pressure and flow control system 90 which may be used
in conjunction with the system 10 and method of FIG. 1 is
representatively illustrated in FIG. 2. The control system

25 90 is preferably fully automated, although some human
intervention may be used, for example, to safeguard against
improper operation, initiate certain routines, update

parameters, etc.

The control system 90 includes a hydraulics model 92, a
30 data acquisition and control interface 94 and a controller
96 (such as, a programmable logic controller or PLC, a

suitably programmed computer, etc.). Although these



The hydraulics nodel 92 is used in the control system 90 to determ ne the
desired annul us pressure at or near the surface to achieve the desired
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such as 10 wel|l geonetry, fluid properties and offset well information
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15 Thus, there is a continual two-way transfer of data and
information between the hydraulics model 92 and the data
acquisition and control interface 94. Preferably, the data
acquisition and control interface 94 operates to maintain a
substantially continuous flow of real-time data from the

20 sensors 36, 38, 40, 44, 46, 54, 56, 58, 60, 62, 64, 66, 67
to the hydraulics model 92, so that the hydraulics model has
the information it needs to adapt to changing circumstances
and to update the desired annulus pressure. The hydraulics
model 92 operates to supply the data acquisition and control

25 interface 94 substantially continuously with a value for the

desired annulus pressure.

A greater or lesser number of sensors may provide data
to the interface 94, in keeping with the principles of this
disclosure. For example, flow rate data from a flowmeter 72

30 which measures an output of the backpressure pump 70 may be
input to the interface 94 for use in the hydraulics model
92.



10 use as the data acquisition and control interface 94 in the control
system 90 are SENTRY (TM and INSITE (TM provided by Halliburton Energy
Ser vi ces,woOne11/1Am77sui t abl e data acqui siti on and cont r olPCirniSeshAsssséray be
used in the control system 90 in keeping with the principles of this

di scl osure. 15The controller 96 operates 10 nmaintain a desired setpoint
annul us pressure by controlling operation of the fluid return choke 34, the
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20 and control intertface 94 to tﬁe control ler 98, the contro ﬁer uses the
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pressure'acquisition and control interface may be used in the control

system 90 in keeping with the principles of this disclosure.

15 The controller 96 operates to maintain a desired
setpoint annulus pressure by controlling operation of the
fluid return choke 34, the backpressure pump 70 and/or
another pressure control device. When an updated desired
annulus pressure is transmitted from the data acquisition

20 and control interface 94 to the controller 96, the
controller uses the desired annulus pressure as a setpoint
and controls operation of the choke 34 and/or backpressure
pump 70 in a manner (e.g., lncreasing or decreasing flow
through the choke as needed) to maintain the setpoint

25 pressure in the annulus 20.

This is accomplished by comparing the setpoint pressure
to a measured annulus pressure (such as the pressure sensed
by any of the sensors 36, 38, 40), and increasing flow
through the choke 34 if the measured pressure is greater

30 than the setpoint pressure, and decreasing flow through the
choke if the measured pressure is less than the setpoint

pressure. Of course, if the setpoint and measured pressures



The controller 96 can, thus, be used to automate the process of supplying
fluid flowto the return Iine 30 when needed. Again, no human intervention
may be rewoizoadisp2r 15 this process. Ref erri ng ad@criuse@blogsssow t o
FIG 3, a schematic flowhart for a nmethod 100 of controlling pressure in
the well bore 12 is representatively LI hgstrated. The nethod 100 may be used
with the well system 10, or with other well 20 systens. In the nethod 100,
a correction factor is applied to a friction pressure determ ned by the

hydrauli ca-godel 2neandnks HeedayfsRrbits LECLABOKAORE 33 Apaded to -
mai ntai n an annul us pressure setpoint. As discussed above, the hydraulics
model 92 begchpedssnregspump FOnbrel reyutierdld0 Tbidepsppene tike desired

annul us pressure, at ortg%a%e%hessu%ka%e toha%hke{%tggeed ﬁgked bottom hol e
pressure,po? a désired pressure at “anot Agr "FOCAt ron i Nt e RelPbore. The

hydr aul i caecaedehr9? alppbugh hheadatataegensibnomnagndbecastrolifi nterface 94
subst anti II{ 30 continuously with a value for the desired annul us pressure
(the ahnuPGS1pPEssure setpoint). WO 2011/ 159277PCT/ US2010/ 038586 ne

vari abl e cal cul at ed b¥ t he hydraulics_nodel 92 is friction_pressure, which
is due to circdPgt FBRTEPILRE PPUMAY181ERr BEgHSEAe tReFPRGEE L1 OPSEREL P ON

pressure b$ @nBagkpkpseysArdugul® F8Si Skidreeriewl kaw 8k Eagphlivgd £:8md
t hrough the well bore 12 (influenced by various factors, sucﬁ as,

r heol ogi c&hepbagkprresuse pPHEP! Qi dfi thel meagurrPopEegeviet ip, 1B bor e
dept h, 5“Ehaﬁeghgugg@géinteEEeksu§@abaggd1%%%9%18%r%Qg ﬂbsghggﬁqget of the
I'nth Il I ydr aul 1 cS™node

drill string 1 we ore, eté. n-a prior |, the
annul & pfessutbesbbpbpbresaoukedpbapcalfcthat mdaasrequalressutrke idesi red

bottonlhoI% Eessg e nigus t@e bo%tonlholg hydrostatic pressure mnus a
cal cul at ed FACL| Brg SuP&-PrRé h?ﬁ?ﬁﬁPi?é nodel woul d use the data

supplied to it _to calculate t friction 15 pressure, but no, nmatter how

sourate the dZh8, SPREFETHEFI %l G@Ps BBUFeaPBWSRRY §ar PABPEStAnSEBount od

for in therdakds of supplying fluid flow to the return line 30 when
needed. Again, no human intervention may be required for

15 this process.

Referring additionally now to FIG. 3, a schematic
flowchart for a method 100 of controlling pressure in the
wellbore 12 is representatively illustrated. The method 100
may be used with the well system 10, or with other well

20 systems. In the method 100, a correction factor is applied
to a friction pressure determined by the hydraulics model
92, and is used to adjust the choke 34 as needed to maintain

an annulus pressure setpoint.

As discussed above, the hydraulics model 92 is used in
25 the control system 90 to determine the desired annulus
pressure at or near the surface to achieve the desired
bottom hole pressure, or a desired pressure at another
location in the wellbore. The hydraulics model 92 supplies
the data acquisition and control interface 94 substantially
30 continuously with a value for the desired annulus pressure

(the annulus pressure setpoint).



To solve this problem the nmethod 100 uses pressure neasurenents obtai ned
fromone or nore downhol e pressure sensors (such as PWD sensors, pressure
sensors iwothe/deil7l 20 pipe, etc.) to determ ne a corr@CTiuse0msse6 to be
applied to the calculated friction pressure. In this manner, real tine
pressure neasurenents are used to genenate the correction factor, which
accounts for the various real world variables which would not otherw se be
considered in the 25 friction pressure cal cul ati on. In step 102, the

data rel ated (g ENGaYeLi,15y8LaRLIAeES B0t 2hacHlyaTlut 188! AolBY o suppli ed

to the hydraulics no via t ata’acqui sition & control interface 94
as descri fedc&bonepressmug, bwhiigputisddnectby ctioctuhethypdr adl tbe FQuiaddel ,

etc. WO 20Q11/159277PCT/ US2010/ 038586 -, 12 - hydraulics npdel 92 in rea
Cime. For atBtaHBln ohafgie Parattval brarsipl PEBERUER Bl Fhore geomerry) .
"real tinkackpyebeunkt Hue @beresisbaackoubs f1bar odathewiilalhdcas change

relatively_ rapidl suc s pressure, flow and choke 5 pasition data),

"real ﬁin%hrp ggrépéryﬁﬂ}%ﬂthﬂ éﬁ@fﬁPﬁBFﬁg thNSE@ﬁu?n%QSHQrévréﬁ t ances
a few m ngkes rABY16gidANr pRbbAKRies of tReegIuia ARasuEeNRBiILeRB be
relatively erratic, and pressure nmeasurenents from downhol e sensors can be

10 spor adBEaMEfr¥ecUPFEROTENdeRENit SNETaFef EPPEANEREY EEEhNIqE¥aPsAEH as
filteringg,ayer adi-igy EEFFggébhgh@aBEOQPetBEEE@OE@r!ﬂ§U€%’iﬁt%ﬂgard

devi ation, etc., are app to the real time pressuré neasurenents. In

t hi s mannwellbbeereeltcti ne pressure neasurenents are validated to ensure
that 15 only reasonable data is used in the subsequent cal cul ati ons. These
t echniQues may Ibeaupedofrohydirhed itypmedefl ,dahea, aasulek| pressure In step
104, a fric%ion Eress;ée corr ch'on Eactor IS dgtergin d_using t@% r eal
tinme pres?ﬁ BOmBas e npedSF CUA3LE p?gfgﬂPQ& 8u5 Fonfor anulgping t he
correcti onoflacheesksareCnphus ERebbottBh hofa, hydrBEtiric presknrehi ch CFpf
is the frigtion pressure carrection factor i e real, tinme wellbore

, Pwb, is th
pressure Z<NHEa8uFédcHyatRE dowRkorE Pressure-sefbsr hyBrapdieRe™edreul at ed

would use the data supplied to it to calculate the friction
15 pressure, but no matter how accurate the data, there will

always be real world variables unaccounted for in the data.

To solve this problem, the method 100 uses pressure
measurements obtained from one or more downhole pressure
sensors (such as PWD sensors, pressure sensors in the drill

20 pipe, etc.) to determine a correction factor to be applied
to the calculated friction pressure. In this manner, real
time pressure measurements are used to generate the
correction factor, which accounts for the various real world
variables which would not otherwise be considered in the

25 friction pressure calculation.

In step 102, the data related to the well system 10 is
obtained. This data may be supplied to the hydraulics model
92 via the data acquisition & control interface 94 as
described above, or may be input directly to the hydraulics

30 model, etc.

Preferably, for variables which change over time during

the drilling operation, the data is supplied to the



25 hydrostatic pressure at that downhol e pressure sensor (nud density *
true vertical depth to the pressure sensor), Pa" is the real tinme annul us
pressur e woasuwsgk7at or near the surface, and Pf is thePCTiustél0m3§58€SSUr €
as cal cul ated by the hydraulics nodel 92. The friction pressure Pf is due
to 30 circulation of the fluid 18 throygh_the well bore 12 and depends on
factors such as depth of the drill string 16 in the wellbore during such
circulation, etc. Friction WD 2011/159277PCT/US2010/038586 - 13 - pressure

can al so Hgggaﬁlﬁe disakacepent, of &h%igéL"FBEVHQQal@hHBBOBQQ LRe vellbore
12 (e.g., ects Enomn to those sﬁllle In the art as swab ana surge). In
step 106, rehetduedgcsilowliyadsuchChpf wied lappki gdometsyt) he “cabdultamed
friction pressure.Pf. yielding a corrected friction essure ( * CFpf)

whi ch accladc B4 5 Chip) B pRardas: PHETF abPEc RS BPASRWCER SERBIRt o for
i n the hydeadkieelyodapid2y Caluetl ati preebuirbe €dbiweahdophbaet or, and
application of .the correction_factor to the calgglated 10 fricti.on pressure

i s preter BBPYEpERT 8R@d r aut 6%t APy 18nBTaf erahhal L tEA8r PRPNIEPYEPS .

In step 1@8thblighanRukbmePteseunetaatrel At few ﬁ@hﬁ%@%nﬁﬁy ysi ng the
corrected frictiogon pressure. A preferred equation for calculating the

annul us pPERERPELELCsetpoint is: Pas, = Pwb" - Ph - (Pf * CFpf)(2) in
whi ch Pas, is the annulus pressure setpoint, Pwb" is a desired wellbore
pressure, Ph i EreReuEgl rgpatseMepisosSeat ke pedasiavelyPeriratire eadcul at ed

friction pressure measurements from downhole sensors can be

10 sporadically received, and so it is preferred that
techniques such as filtering, averaging, spike elimination,
threshold values, standard deviation, etc., are applied to
the real time pressure measurements. In this manner, the
real time pressure measurements are validated to ensure that

15 only reasonable data is used in the subsequent calculations.
These techniques may be used for other types of data, as

well.

In step 104, a friction pressure correction factor is
determined using the real time pressure measurement data. A

20 preferred equation for calculating the correction factor is:
CF,; = (Pwbg, - Ph - Pa,,) / Pf (1)

in which CF,; is the friction pressure correction

factor, Pwbg, is the real time wellbore pressure as measured
by the downhole pressure sensor, Ph is the calculated

25 hydrostatic pressure at that downhole pressure sensor (mud
density * true vertical depth to the pressure sensor), Pag,
is the real time annulus pressure measured at or near the
surface, and Pf is the friction pressure as calculated by
the hydraulics model 92. The friction pressure Pf is due to

30 circulation of the fluid 18 through the wellbore 12 and
depends on factors such as depth of the drill string 16 in

the wellbore during such circulation, etc. Friction



20 pressure, and CFpf is the friction pressure correction factor. The
annul us pressure setpoint is supplied by the hydraulics nodel 92 to the
dat a acquweioilorsomnd control interface 94 for use by theCtarste10loBssse 96 t o
control 25 operation of the choke 34. Preferably, the annulus pressure
setpoint is updated continuously and_aytomatically, so that the choke 34
can be continuously and autonmatically controll ed, based on the | atest
avai l abl e data. In step 110, the choke 34 and/or backpressure punp 70 30 is

adj ust ed §§ee§99@dc59 a&getgbndheetgnagggiae@wgﬁﬂr6fakhbher§§&pgk9&ng

determned in ste escri be

2011/1592IBPcmkUSQ®1®he38586bore412 t(kegchoké f8¢taolihdwbe topshedenore i f
t he annului Rh&gsyre, xceegsath% S tgomtu ang t he choke woul d be cl osed
more if tREannul us prgssure s ~Bero th S€CP6i nt. More flow can be

lied by the b : 5 bel h
el poi nt, and TBSECFPoy Ban tBE SUBAEFEdoBy (AL Babhpr deavR Dot T the

annul BB prassubécaiaeeds firhetsehppirabsure Pf,Siep3didd- d18oat-ecpedf er ably
per formed _continuously durlngéa drllllngloperatlon such as, .at any tine

fluid 18 ?61F§18PrBEP§§EHetH udhCie #MLGR SCCONE R 108 VaFdRUhen f 1 ui d

is not C'&%Hha%%Qth%QBQBbhgg dbk! btdkiiige AbbBaugBat k8rsti@pent04-110 are
depicted in FIG as belngaperforned foll ow ng one or nore other steps,

some of th&ééagﬂé§§ aadebe 9ger f GRACY LRk ipar affl Ehewcplreeképnsfegsorand do

not 15 ”eﬁﬁﬁsékngcgﬁﬁ Rdogn h@e g&?gétibﬁp%a €bg BeEhgrgggcuﬂFted For
exanpl e, step can e per Formed Continuous y and automatically I'n the

wel | ¥¥yst émit®ioavemesbunpdasedrafrubbld yppessormedetpsiomas iané lgotinduppl i ed
accordi ng to %helnethog 190ia% d%sgribed above. In one scenario, the
control | ef 96°38-8an EOREIT NGB 6 V8ot r ol operation of the choke 34, based

| ast det d I t t | I t I
b casure set pott SCEVoRCPy ERE AVALAGF BECASHER 82°REEN sobbcome

i noper ati ¥etermined, using the corrected friction pressure. A
preferred equation for calculating the annulus pressure

15 setpoint is:
Pa, = Pwb, - Ph - (Pf * CF,;) (2)

in which Pa,, is the annulus pressure setpoint, Pwb, is
a desired wellbore pressure, Ph is the calculated
hydrostatic pressure, Pf is the calculated friction
20 pressure, and CF,; is the friction pressure correction

factor.

The annulus pressure setpoint is supplied by the
hydraulics model 92 to the data acquisition and control
interface 94 for use by the controller 96 to control

25 operation of the choke 34. Preferably, the annulus pressure
setpoint is updated continuously and automatically, so that
the choke 34 can be continuously and automatically

controlled, based on the latest available data.

In step 110, the choke 34 and/or backpressure pump 70
30 is adjusted as needed to maintain the annulus pressure at

the setpoint determined in step 108. As described above,



An automated drilling event detection systemis 25 described in

I nternational Application No. PCT/U509/52227, filed 30 July 2009. In that
system wibDues/#pE7assi gned to behaviors of various dri PCrng2@anassss er s,
and paraneter signatures are forned by conbinations of the values. If the
paranmeter signatures partially or coaphqtely match a 30 signature of a
drilling event, then a drilling operation can be controlled based on the
match. WD 2011/ 159277PCT/ US2010/ 038586 - 15 - The correction factor
det er m nednbn hBRBUNGBLIA0LES SfeRek! Rsdeabevencadniaiachudedyas one of
the drilling paraneters in the dri l'i'ng event detection sy fem described in
t he i nt er racieedal thppbietabiiot,r ehdr tbe¢ tbokboweul8 Beeadbgedamommangé in t he
correctio%hfac%%hl %hi%hswgggdige i@d%c%hévg %f an%han %rin galcg%rld
condi ti ons ot accounfed ror by tﬁg ﬁydraullg ROGEl *92 CSUF Beffdi cati ve
of a cert aensdppllliedgbgvent. bRekeiressgradguimponal LY maw banklGs 4, anot her
10 configuration of tge downhol e port.ion of tEe mel&oﬁﬁste 10 is

r epr esent REPFERY i HPubEAVellel RetRPIPEonPPGur &80k &3ePPbore 12
i ncl udes Bapbplaecaengr ghkyp¥ekbireskusechunp 12ataBdaanaensr phk¥sheri zont al

section 12b. In addition, the drill string 16 includes multiple spaced
apart preS¥geedsstiensetpointa-e. The pressure sensors 1ll4a-e may be
of the type known as pressure while drilling (PW) sensors, which are

i nt er connect edS&sppaiP20fl 10harer Prefsrabhy perfpypedarrytinigiedyi ons of
Wi e therrard Tedre ha g CEerabTefaq SPRRoHSH fheond: el rRge1d  hu
ot herl@ or s ofirtelletetr yhmaypgbethsedyriilfi désingdl6, or even when

fluid is not circulated through the drill string. Although

the steps 104-110 are depicted in FIG. 3 as being performed

following one or more other steps, some of these steps can

be performed in parallel with other steps, and do not

15 necessarily depend on the other steps being performed.

For example, step 110 can be performed continuously and
automatically in the well system 10, even if updated annulus
pressure setpoints are not supplied according to the method
100 as described above. 1In one scenario, the controller 96

20 can continue to control operation of the choke 34, based on
a last determined annulus pressure setpoint, or a manually
input annulus pressure setpoint, even if the hydraulics

model 92 were to become inoperative.

An automated drilling event detection system is
25 described in International Application No. PCT/US09/52227,
filed 30 July 2009. 1In that system, values are assigned to
behaviors of various drilling parameters, and parameter
signatures are formed by combinations of the values. If the
parameter signatures partially or completely match a
30 signature of a drilling event, then a drilling operation can

be controlled based on the match.



Al ternatively, the pressure sensors 1l4a-e could be other types of sensors,
such as sensors incorporated into 25 the drill string 16 itself (e.g.,

usi ng | ntwbl20RIPBe7TM wired drill pipe marketed by | nt elPCrEsea10/088586 ) .

I ndi cati ons of downhol e pressure neasured by such sensors can be
transmtted continuously, and whether gk not the fluid 18 is being
circulated through the drill string 16. 30Preferably, the pressure sensors
114a-e are positioned at |ocations proxi mte areas of the wellbore 12 at

which it woul d i : I I ur n o]
2011/ 159277PCT. % 2%%%?%%3%%% £agkbe ?%ggﬁgéggﬁbeg “E%vgekﬁ§9"§§§ngfe
depi ct ed ﬂnsgr@bed abhgesengobelinaluéegosstponedfimhehdrgéhénally vert|cal

section 12a_of the we t.he senso 114b P2 ion te a
cosi ng. snbazspgtaFsa, MBErat1150G 880D abtet ol YR o BReBRIBRD: €.
t he sensoinltée iatpedbtionad ppeiibateoca téaesrbdomolaaobetmeen the

generally yertical an generall hori zont al sections &% g re (known
to those EﬁPPF d:i # CRBNGPr 1Rsthe fREFecfon E&FEP&I( e oWBP @ sensor

114d i s pesdticaredel brt Becaangealihy r&@1h@birzantahdseebhannet the wel | bore,
and the sensor 114e is g05|t|oned proximate the drill bit 14 and a bottom

120 of thacgerpsefefor by tBendydzandie H@éﬁldggél§9§&dwhﬁcﬁné&ﬁaééﬁérnlne
the pressyge ﬁlefggglgoaggwgggﬁagggqtof the drill bit 14 (i.e., 15in a
t he

portion o ormati on has not yet been drilled into, but which is

N the path of gL dibb! Jtkiolysy HBLNGo! BRGR! WIChALERR! his

di scl osure, the pressure In t|on ahea bit 14 can be
used ¥or conﬁngbkahgohhefpthssdownhnlehpowehbbooé the f801L systsm, 10he
posi tions .of the ensons I ange over tine e
bell bore 13 FeBaPRPRER Y frlfos 11 Rstbasrt  hah,rist reRtThubr ol £
remai n praxinBbeet he dhclludest bd4h andedamralepaverpieiinseettiba batt om 120
of the wellhore, at least during drilling or_qtherw se while the

and a generally horizohtal sectlon 12b. 1In addition, the

drill string 16 includes multiple spaced apart pressure

15 sensors l1ll4a-e.

The pressure sensors ll4a-e may be of the type known as
pressure while drilling (PWD) sensors, which are
interconnected as part of the drill string 16. Typically,
indications of pressure sensed by PWD sensors are

20 transmitted via mud pulse telemetry, while the fluid 18 is
being circulated through the drill string 16, but other

forms of telemetry may be used, if desired.

Alternatively, the pressure sensors ll4a-e could be
other types of sensors, such as sensors incorporated into
25 the drill string 16 itself (e.g., using IntelliPipe(TM)
wired drill pipe marketed by IntelliServ, Inc.).
Indications of downhole pressure measured by such sensors
can be transmitted continuously, and whether or not the

fluid 18 is being circulated through the drill string 16.

30 Preferably, the pressure sensors ll4a-e are positioned
at locations proximate areas of the wellbore 12 at which it

would be desired to control the pressure using the method



25 drill bit remains near the bottom of the wellbore. Furthernore, the

ot her pressure sensors 1l14a-d can be appropriately spaced apart by advanced
pl anni ng,weaotihap27at | east one of themw || be near a | @cattsemoasssshi ch it
may be desired to accurately control the well bore pressure. 30Using
instrumented drill pipe (such as the_lngelLliPipe(TM nentioned above), any
nunber of sensors can be distributed along the drill string 16, and at any
WO 2011/ 159277PCT/ US2010/ 038586 - 17 - positions. Thus, the principles of

this diSCh@%“B@géEﬁbBBtabb@kEEdFBE @&hm%@e?ngsseg i egnyRbeRs 0y positions
of sensors in the wellbore 12. Note that it Is nol necessary in keeping
with the Shprsrosplred 14f tiki podiisdboedr énf thewgehbopé lpr ¥estiieaflo be

controll ed onl.y at .the_bottom of e |1 bore 12. .l nstead, well bore
o o SeRtibnd b eeorheORE 1800 120 YRe! BEhEpt2 1 uisRA, L POTS

For exanpbesiiktioneyd beosémbredat easanyr shoeelllllboae 401pivessmose ahskhe
casi ng_ shoe 6 to prevent i wn t he casingsshoe. Al.ternatively, or

1 K
in ad tiBH,iFPeﬁaﬁeﬁélBBsPgég%FoQg&ﬂgPSP'WEPPbSFE FessdFelSt the heel

transiti opodl8iohbdnprbikPnatBVR RE-EHSHEEcHENION Beldédane tAkE gunedaldyld
mul ti-frequency gressure pul se telenetry systemis available from Sperry
Drilling %er¥iiced apdHegsesallyehasiesatedr seririanedushe WeaASRIet i ng

pressure TRABHHeTBNELACLE ERe 136G 3necnlf aGRULSCa OhBEA -t YRE] 9LcBEGISUE

sSensors a
wellbore), the sensor 114d is positioned in the generally

10 horizontal section of the wellbore, and the sensor 1ll4e is
positioned proximate the drill bit 14 and a bottom 120 of

the wellbore.

Sensors have been developed which can determine the
pressure in the formation ahead of the drill bit 14 (i.e.,
15 1in a portion of the formation which has not yet been drilled
into, but which is in the path of the drill bit). Thus,
using the principles of this disclosure, the pressure in the
formation ahead of the drill bit 14 can be used for

controlling the pressure in the wellbore 12.

20 Of course, the positions of the pressure sensors ll4a-e
will change over time as the wellbore 12 is drilled further.
However, the pressure sensor ll4e can remain proximate the
drill bit 14, and can remain proximate the bottom 120 of the
wellbore, at least during drilling or otherwise while the

25 drill bit remains near the bottom of the wellbore.
Furthermore, the other pressure sensors 1ll4a-d can be
appropriately spaced apart by advanced planning, so that at
least one of them will be near a location at which it may be

desired to accurately control the wellbore pressure.

30 Using instrumented drill pipe (such as the
IntelliPipe(TM) mentioned above), any number of sensors can

be distributed along the drill string 16, and at any



ot her types of telenetry may be used in keeping with the 20 principles of
this disclosure. If, for exanple, it is desired to control wellbore
pressure WO 2bhe1shavel transition 118, the pressure measuPERaAISR&10/088586 ved
fromthe pressure sensor 114c or 114d and the hydrostatic pressure at the
pressure sensor can be 25 used in stepi1%04 to calculate the correction
factor to be applied to the calculated friction pressure. Then, in step 108
an annul us pressure setpoint can be determ ned which will result in a

desired 2@%@99&8n8t?5§ﬂﬁg aEhEhgrﬁhei B B¢Ne &slﬁégcgpféiédagénﬂotthus1

at the h fransition 118 30 by conpénsating for any erence I n

hydr ost at iLlémanedf pitctildntpr esyusepchéiingnubbeairgedrwpenithenshofe 34 is WO
2011/1592;7PgTéUS%glg£03%g?? br%812 adjusted to naintain the annul us
pressure sgpp8iﬁt in s?ep 8. * Thus, it will be appreciated that a

desired wel | bore, pressure,can be, obtai ned_at .any | ocation, al t he
wel | bore 5 12 0SFRgCPRE BFi ABI BPEs NEForRRETALIEERAEY THED 685t ion is not
necessmri byiatiplpesbifi @hief deselekulrbe fpresslldosenpeesshiéate, bei nce
differences in hﬁdrostatic and frictionlgressure can_be readily cal cul ated

usi ng t heCRPAFLIFEs ORbdePtosheopPOlitrBd 1dPi PE SPEeednbpECudéd to

di stribut enl@ecBHESFHNELSRBSPras8LrEBBY Nl Beahic-elFatan ye¥enteenicauges! y)
al ong the wel | bore 12 It can now be fully understood that several

advancemedny apeasiewi dadthe WRALREKE pRessure control art by the above
di scl osure. By use of the nethod 100, friction 15 pressure as cal cul ated by
t he hydraul i csFesdekagpleanibemeyr bectied iygdedconopteoduivelibaser enent s

receiyed ownh r n 43- i.tl.on, esi.red

FocuyFS BLASLA-osnohe Bessay puserace Liidisueht, SA0cki0R, ghyfesieer.

met hod 106as2@8f§hehakoveAditscheasirvelprovrdés bddiileéoarnt i& meyhbd 100
desired to control wellbore pressure at the heel transition

118.

If multiple PWD pressure sensors ll4a-e are used, a
15 multi-frequency pressure pulse telemetry system is available
from Sperry Drilling Services of Houston, Texas USA for
simultaneously transmitting pressure measurements to the
surface. O0f course, other types of pressure sensors and
other types of telemetry may be used in keeping with the

20 principles of this disclosure.

If, for example, it is desired to control wellbore
pressure at the heel transition 118, the pressure
measurements received from the pressure sensor 114c or 114d
and the hydrostatic pressure at the pressure sensor can be

25 used in step 104 to calculate the correction factor to be
applied to the calculated friction pressure. Then, in step
108 an annulus pressure setpoint can be determined which
will result in a desired wellbore pressure at the pressure
sensor 1l4c or 114d (and, thus, at the heel transition 118
30 by compensating for any difference in hydrostatic and

friction pressure) being obtained when the choke 34 is



of controlling pressure in a wellbore 12. The nethod 100 i ncl udes
determning a real tinme well bore pressure Pwb", at a first pressure sensor
(any of pwessuwreIxzensors 60 or 1l14a-e) in the well bore PEI/US201008%586 Ng
hydrostatic pressure Ph, 25 at the first pressure sensor in the wellbore
12; determining a real tinme annulus pregsure Pa,; calculating friction

pressure Pf due to circulation of the fluid 18 through the drill string 16
and depth of the drill string 16 in the wellbore 12; calculating a friction
pressure %85&%%%30@03Ra?ﬁ%595 Chef anfdYal F? GBWRe, etBBint Pal skep Pf: and
controlling operation of a pressure contro gEVICE base t he

friction pd@€ssure correction factor CFpfl. WO 2011/159277PCT/U82010/038586
- 19 - The step of determning a real tinme well bore pressure PWDRI1 at a
first pressureThaBsodtcwmlbebpeappraedaWhﬂlehatraudasﬁmgdeeﬂdbbsethrough
the drill strln is.not circulatin ough the
ari 1| st PRESeBSRacrPr be ppESined 8EncnY TordtAg) BACPYcEPEdvErakPIBLe a
bottoms 12@20hstihg wakl befiacipleki beé dater discngsule.r eahet iBRavEbhbase
pressure Pwb",. The first pressure sensor 114d qor 1l14e may be located in a
generalIynﬁarpfﬁﬁﬁéﬁrééEtPGnalﬁeséFlPHeoﬁePPSoPé £be1BrRAPPESdELBPRTRI ng

the real fgihge-vel khare BAEFEeWEBCBYDin: hydrostiiRect bhat fRhessBhe sensor 114b
may be | ocated prOX|nate a casing shoe ¥16 in the wellbore 12 while

detern1n|ﬁgesﬁéree§antbﬁer@@ﬁuﬁaréaécéééﬁeé papng. thgehydirsplpeessure
Sensor égdg? ?%4b09r %}éﬁ ?ngEiPe Bel Gt gd 18.A QS”@rngXbﬁ%Et'Ca'

section 1 ¢ wel 'bore eternlnlng the real tine well bore
pressif e Pmbssure sensdle hitr mangr éssateéosengor &v¥4o opntiadomeyybe | ocat ed
pr oxi mat e 3 tragglt%og %1% b? ween general ly vertical and generally

hor i zont aP 1888t it8&s “£24PBT6f 1fhe wel | bore 12 whil e

It can now be fully understood that several
advancements are provided to the well pressure control art
by the above disclosure. By use of the method 100, friction

15 pressure as calculated by the hydraulics model 92 can be
corrected based on pressure measurements received from a
downhole pressure sensor ll4a-e. In addition, a desired
pressure can be obtained at any location along the wellbore

12 using the method 100.

20 The above disclosure provides to the art a method 100
of controlling pressure in a wellbore 12. The method 100
includes determining a real time wellbore pressure Pwb,,, at
a first pressure sensor (any of pressure sensors 60 or 1ll4a-
e) in the wellbore 12; calculating hydrostatic pressure Ph,

25 at the first pressure sensor in the wellbore 12; determining
a real time annulus pressure Pa,; calculating friction
pressure Pf due to circulation of the fluid 18 through the
drill string 16 and depth of the drill string 16 in the
wellbore 12; calculating a friction pressure correction

30 factor CF,; equal to (Pwby, - Ph, - Pa,,) / Pf; and
controlling operation of a pressure control device 34, 70,

based on the friction pressure correction factor CF.;,.



20 determning the real time wellbore pressure Pwh",. The met hod 100
can also include calculating a desired well bore pressure Pwom at the first
pressur e wonsws9mmd cal cul ati ng an annul us pressure sePpdiustoiPassssequal to
Pwom - Ph, - (Pf * CFpfl). Controlling operation of the pressure 25 control
device 34, 70 preferably includes adiugping the pressure control device as
needed to maintain Pa, equal to Pasp. The first pressure sensor nay
be positioned at a renote | ocation which is renote froma bottom 120 of the

wel [ bore 30 12TﬁéngtégpégoBEEBQmQBE?%B%?EgQE Eﬁﬁep%giﬁpg?ecB?&EﬁhrgeViCe

34, 70 may further in e nmaintain esired we ore

2011/ 1592P%hkGT/ &/528101 038586essR0e - spnegs ucan Papnpatr fohmed ewbi kel ocat i on of
the first _pressure._sensar., The renote.location be .proxi mate a
casi ng. shEerERLaEEnEnaTtar 38, s19 08, BP0 RFiate ckranabt AB75T8 botween 5
gener al | ywhenei eak &ndidener ablychercuzantiah saecbughsth2adbioll theiwel.l bore
12. A second pressure sensor 1l4e may be positioned in the well bore
12 proxi mat e aTdei Iflirbitt ptésenrtheetbbl| 13tk Agylbe Tbheatelsbrpikematee
sensor 114a-d can be located renote from 10 the second pressure sensor

114e. a boffhemndeRodt188enkF il RErGdd 2a¥bel i APRGTRIPEAN £hRe M bore

pressure Ruhelyal1bBeespeandupkesgyr e, sensor 114e in the wel | bore 12;
cal cul ating hydrostatic pressure PhZ at the second pressure sensor 114e in

the wel | bore 1%he1§i§§kcg&%%%ﬂgeasEhEBEiQ@4Bf%§$qﬁ%ecﬂ5&eﬁbiQBcB%%HOF Chpf 2
equal to (Pwb", - Ph2 - Pa") / Pf;, and controlling operation of the
pressure éontr gengseildy BorizontpaseedcstaonhadZbr pft kbe peddbare ddrrection

Factof, CFph2: o THE 8L RRnhgUhe Tli Y ife” GB11LLTE WebLRALE BiBSSUre

The first pressure sensor 114b may be located proximate
a casing shoe 116 in the wellbore 12 while determining the

real time wellbore pressure Pwbg.

The first pressure sensor 11l4a or 114b or 1ll4c may be
15 located in a generally vertical section 12a of the wellbore

12 while determining the real time wellbore pressure Pwbg,.

The first pressure sensor 1ll4c or 114d may be located
proximate a transition 118 between generally vertical and
generally horizontal sections 12a,b of the wellbore 12 while

20 determining the real time wellbore pressure Pwbg.

The method 100 can also include calculating a desired
wellbore pressure Pwb, at the first pressure sensor; and
calculating an annulus pressure setpoint Pa,, equal to Pwb,
- Ph, - (Pf * CF,,). Controlling operation of the pressure

25 control device 34, 70 preferably includes adjusting the
pressure control device as needed to maintain Pag,, equal to

Pag.

The first pressure sensor may be positioned at a remote
location which is remote from a bottom 120 of the wellbore
30 12, and controlling operation of the pressure control device

34, 70 may further include maintaining the desired wellbore



20 PWwbRT2 at the second pressure sensor 114e may be perforned while the
fluid 18 is circulated through the drill string 16 and/or while the fluid
is not ciwoubuateek7mhr ough the drill string. The method POO/uUsay10fssssher

i nclude calculating a 25 desired well bore pressure Pwb,2 at the second
pressure sensor 114e; and cal cul ating ap annul us pressure setpoint Pas,
equal to Pwb"2 - Ph2 - (Pf * CFpf2). Controlling operation of the pressure
control device 34, 70 can include adjusting the pressure control device 34,

70 as nee ?. OP in q:l tha, Llll | 1 % . f\/\@h £i t
2011/ 1592?7%&%’?6%20%%%8586(3- rf%g)—% ol '?’h%g ;())r ess&reléfg’nt |porles él\:/fiece may

conpri se aehboird return choke 34 which variably restricts flow of the fluid
18 fromthe well bore 12. The pressure control device nay conprise a
backpressure plhpe Témntiechosappbhemag beowrokimhéef bucdsi8gbshoealdét urn

i ne 30 upstream o a choﬁg msmifold.32:t The angg giﬁclosure al so
descri bes "Ph& el Rdd266 oF ‘ cBht PEPFRG Hr 8sSHPESIE 8 el PbBFE"EE™ with the
met hodb i ngkudirag 1g¢eteritipangaadr gahetrbieywablrhebatpnessuteoRwbi2agb a first
pressure sensor %such as any of sensors 60 or 1l14a- 10 e) in the wellbore
12; cal cuPit FR§ WEALBSESt ¢ pressure Ph, at the first pressure sensor in
the well bore 12; determning a real tine _annulus_ pressure Pa,; calcul ating
friction pressfr&PPRduBTE§SEIrLcPREPEN Ldftet REYT PEi BOBatERPEHgRTt kbe

vel I bore J2;3pdrdepbhpi-BxiRgtuehl Berie118:tcahcuhathpga2ii? Eiir¢hiyOne.
pressure correction factor CrFpf, equal to (Pwb", - Ph, - Pa" [ Pf;

cal cul at i Rheafdesitr pdersbirbosengpesddte-Pubanabet hechicedt rgmessufeorensor
caICﬁkgtiﬁgeageggﬂp:p§eggﬁ§gu%gn§8Epgﬁqg_Pasnlequal to Pwom- Ph, - (Pf *

CFpflY); and confro ng operation of "a pressure control device 34, 20 70,
g;n?deSting tRGePRESANES 168 HEY 1HEYLES ARtBERIRInEC LT 2 R, equal to
wellbore pressure Pwb,,, at the second pressure sensor 1llde

in the wellbore 12; calculating hydrostatic pressure Ph, at
the second pressure sensor l1ll4e in the wellbore 12;

15 calculating a friction pressure correction factor CF,;,, equal
to (Pwbg,, - Ph, - Pa,,) / Pf; and controlling operation of

the pressure control device 34, 70, based on the friction

pressure correction factor CF.,.

The step of determining a real time wellbore pressure
20 Pwb,,, at the second pressure sensor 1ll4e may be performed
while the fluid 18 is circulated through the drill string 16
and/or while the fluid is not circulated through the drill

string.

The method 100 may further include calculating a
25 desired wellbore pressure Pwb,, at the second pressure
sensor ll4e; and calculating an annulus pressure setpoint
Pa,, equal to Pwb,, - Ph, - (Pf * CF,,). Controlling
operation of the pressure control device 34, 70 can include
adjusting the pressure control device 34, 70 as needed to

30 maintain Pa,, equal to Pag.



It is to be understood that the various enbodi nents of the present

di scl osure described herein may be utilized in various orientations, such
as inclimneo2oimsearred, 25 horizontal, vertical, etc., amdTiUs2MalBI586
configurations, wthout departing fromthe principles of the present

di scl osure. The enbodi nents are desccti bgad_nerely as exanpl es of useful
applications of the principles of the disclosure, which is not limted to
any specific details of 30 these enbodiments. In the above description of

t he represent atiue I t LSC u I ecti l: 4t such
as. VIO 2011/ 15530 BETPOR0L0r DB8he C 25e. M xp compPECh BTud Sehrp
"l ower," ehoke ddewhsel feriebiyvemeetcacits fédbwr pifngheo filheédad8odrpamyi ng
drawi ngs. .ln ge al . "above," "upper," "u rd" .and simlar terns refer to
o Girocti 5he SRATRRERe 1241 irs BYBRELEe.PURERRT, G RSP, oy R B I BrL S,

"l ower," bdewpwasdurangumpni7bawhtiehnsupelieest a &ldir ect the &daydf 18m t he
earth's surface al ong._t he | | bore. o c%grse,.% ggrégn skilled in
the art woQl & T&58h"aldarefll UBSHEFPARr 8Ei 8nCBPXENRaRBEPEdddSeri ption of 10
representative _enbodi nents of the disclosure, ;readily appreciate that many
modi i cati ons, TRdPPPYRs ALSGHEERE Gt PORS, d8E8FELPERs EhanBestREr 18RaRdes may

be made teohkeoineayf bee8Bhedi FBRNLSwe@NBosHC 2¢hGRAES tAREME@RALANP! at ed by
the principles of the present disclosure. Accordingly, 15 the foregoing

det ai | ed dasdudpngodetsrmgnpagcpeippy GaNer yeddROXS PELAGUHEVEIPhy @By of
oot 8306 BYBLGeoock 7B L 00 BE0BGb 8 pPES ke
equi vE) enes. in- th8d welWHADreS1C; AbhEBull8ting hydrostatic pressure Ph,
at the first pressure sensor in the wellbore 12; determining
a real time annulus pressure Pa,; calculating friction
pressure Pf due to circulation of the fluid 18 through the
wellbore 12 and depth in the wellbore 12; calculating a
15 friction pressure correction factor CF,; equal to (Pwby, -
Ph, - Pay) / Pf; calculating a desired wellbore pressure
Pwb,, at the first pressure sensor; calculating an annulus
pressure setpoint Pag,, equal to Pwb,, - Ph, - (Pf * CF.);
and controlling operation of a pressure control device 34,

20 70, by adjusting the pressure control device as needed to

maintain Pag, equal to Pag.

It is to be understood that the various embodiments of
the present disclosure described herein may be utilized in
various orientations, such as inclined, inverted,

25 horizontal, vertical, etc., and in various configurations,
without departing from the principles of the present
disclosure. The embodiments are described merely as
examples of useful applications of the principles of the
disclosure, which is not limited to any specific details of

30 these embodiments.

In the above description of the representative

embodiments of the disclosure, directional terms, such as



1. A nethod of controlling pressure in a wellbore, the nethod conprising:
S5determning a real tinme wellbore pressure Pwb"1 at a first pressure sensor
i n the waWblorer59277 cal cul ating hydrostati c pressurePPhUSa41010B8586 i r St
pressure sensor in the wellbore; determining a real tinme annulus pressure
Pa,; 10cal culating friction pressure_Phbydue at least to circulation of the
fluid through the drill string and depth of the drill string in the

wel | bor e; calculating a friction pressure correction factor CFpf,

equal to @BWBbe,w PBelwaanygﬁgggﬂ"aHQO%éggmtEQEth%rgpﬁgghi@BrOf a
pressure control device base t l'east in part on'the friction pressure
correcti opohaendenCepfih. referring 20 The methogaolyivbadmevingker eiln t he

first press%%%a%o S&ps oL Lsuhocgged phoxgr Lea% bgt%pghgftgg%swgg%bgre
while det &FRCRPAY tREOVEAl t RESHel | bSPYEeHFes 8life Shlite: 5L The

met hod of tel ai Mitecwheneitbwhitd thesktaptdssusarsansonlbagl acakédbbrea
generally horiéggtal section of the 25 | 1 bore . while determ ning the real

time well BBFe ‘BPES¥are "PAIRF1L" “HBVBHRIF158D¢7PEFIL32016FBS8586CT 52 -

a direction away from the earth’s surface along the

wellbore.

Of course, a person skilled in the art would, upon a

careful consideration of the above description of

10 representative embodiments of the disclosure, readily
appreciate that many modifications, additions,
substitutions, deletions, and other changes may be made to
the specific embodiments, and such changes are contemplated
by the principles of the present disclosure. Accordingly,

15 the foregoing detailed description is to be clearly
understood as being given by way of illustration and example
only, the spirit and scope of the present invention being

limited solely by the appended claims and their equivalents.



4. The nethod of claim1, wherein the first pressure sensor is |ocated
proxi mate a casing shoe in the wellbore while determning the real tine
wel | bor e woessuwse27Pwb” , . 55. The nmet hod of claim 1, wher @Ch/ush@ 038584
pressure sensor is located in a generally vertical section of the wellbore
while determning the real tinme well hopng pressure PWRT1" 106. The net hod of
claim1, wherein the first pressure sensor is |ocated proximate a
transition between generally vertical and generally horizontal sections of
the wel | bore wﬂh?@ et erAirfepo tkhe real time wellbore pressure Pwb",

157. The method o aim1, further conprising: calculating a desired
wel | bore pressure Pwbmat the first pressure sensor; and cal cul ati ng
an annul us pressure setpoint Pas, equal to Pwbm- Ph, - (Pf * CFpfl).

8. The method gf cl iH‘eZho‘g“‘SEeicBng? ?9%1 E%e%@%&%t Lgn O(ﬂeﬁtg pEessur e

control device further conprises a ressure con P*Gévi ce as
needed t othei meahndPapmegual ntje Pasp. 9. The nethod of claima8, wherein
the first pressure sensor positioned at a renote |ocation which is renote
fron1asbotton1dbtbhmiw&hbbareeaandimbeweﬂmbometp@bbbﬂgeopabgﬁi@ﬂ af the
pressure %ontrol devi ce further ,co rlseilgaintaining WO

ore;

2011/ 1592%+BEF/ BES58YF6385860°F 1n the we

calculating hydrostatic pressure Ph, at the first

pressure sensor in the wellbore;
determining a real time annulus pressure Pag;

10 calculating friction pressure Pf due at least to
circulation of the fluid through the drill string and depth
of the drill string in the wellbore;

calculating a friction pressure correction factor CF.,

equal to (Pwbg,; - Ph, - Pa,) / Pf; and

15 controlling operation of a pressure control device
based at least in part on the friction pressure correction

factor CF.;.

2. The method of claim 1, wherein the first pressure
20 sensor is located proximate a bottom of the wellbore while

determining the real time wellbore pressure Pwbg,.

3. The method of claim 1, wherein the first pressure
sensor is located in a generally horizontal section of the
25 wellbore while determining the real time wellbore pressure

Pwbg,;; .



- 25 - the desired well bore pressure Pwom at the renote | ocation of the
first pressure sensor. 10. The nmethod of claim9, wherein the
renot e | ovat2oomis®R77s proxi nate a casing shoe in the wel IPO®MUS2010/038586 11

The nethod of claim9, wherein the renote location is proxinmate a
transition between generally verticalL agd_generally horizontal portions of
the wel | bore. 12. The nmethod of claiml, further conprising a
second pressure sensor in the wellbore proximate a drill bit on the dril

string, and whgreinghhepbihsh e&eéigaﬁ sengak bg nl @Rat %ﬁrg%ﬁgkgagpgg} the

second pressure sensor. _ hé met of claim 12
conpri si ngensor isdépeeptriedi pgoaimese ti meswebl bboe pnesber wePhboZeat the
second pre re.sensor. i.n th mell cal cul ati hydrostatic
rosour o B is: ERETHiRilg BhchEEad rarsensdtPoRe: BECRa Eho PPN
calculating a friction pressure correction factor CFpf2 equal to (Pwbh", -
Ph2 - Pa") / Pf; and controlling operation of the pressure control

devi c based gn th frictio ressure corr ctlon f act CEpf2. 25
T T methodSor o TaeeshoR PERELddBnpri BRRgeLR the HieaFaPFRE S tesi r ed
wel | bore peassur esPMbcdtall tiReasgeaddapl§ssei-¢izanseectabd o¥Othe
2011/ 159277PCT/ US2010/ 038586 - 26 -
wellbore while determining the real time wellbore pressure

Pwbg,;; .

10 6. The method of claim 1, wherein the first pressure
sensor is located proximate a transition between generally
vertical and generally horizontal sections of the wellbore

while determining the real time wellbore pressure Pwbg.

15 7. The method of claim 1, further comprising:

calculating a desired wellbore pressure Pwb, at the

first pressure sensor; and

calculating an annulus pressure setpoint Pag equal to

Pwb,, - Ph, - (Pf * CF,,).

20
8. The method of claim 7, wherein controlling
operation of the pressure control device further comprises
adjusting the pressure control device as needed to maintain
Pa,, equal to Pag.
25

9. The method of claim 8, wherein the first pressure
sensor positioned at a remote location which is remote from
a bottom of the wellbore, and wherein controlling operation

of the pressure control device further comprises maintaining



cal cul ating an annul us pressure setpoint Pas, equal to Pwb"2 - Ph2 - (Pf *
CFpf 2) . 15. The nmethod of claim 14, wherein controlling 5

oper at i orwof20tihesoressure control device further conpri PE3/1HA)10HB858¢ t he
pressure control device as needed to maintain Pa, equal to Pasp.

16. The method of claim1l, wherein theggressure 10 control device conprises
a fluid return choke which variably restricts flow of the fluid fromthe
wel | bor e. 17. The method of claim1l, wherein the pressure contro
devi ce Coppgl asgiéeaa%@m;w ﬁreggﬁr\éﬁ‘b% P%Qpltl\]}l\%s rEmot el 1QWadfidhhe fluid
to a return |ine upstream of a choke manitold.

2011/ 159297PENLUS2050/ 028586 re BEnsor. 18. A nmethod of controlling
pressure in a well bore, the method conpri sing: determning a rea
time well bore pressure Pwb"1 at a 5 first pressure sensor in the wellbore;
cal cul ating hydrostatic pressure Ph, at the first pressure sensor in the
wel | bore; detenfi.ni Mheameeabdt bfecaanm 95 pheselinetRe, remakeullatamngon
fric&gfn pressure Pf due at.Ieas% to.10 %ircuaigion of the fluid through

t he | bdPePARGBEHtH 3 APEHBIMEPPBorME; the WellBPkGrating a friction
pressure correction factor CrFpf, equal to (Pwb", - Ph, - Pa") / Pf;

11. The method of claim 9, wherein the remote location
is proximate a transition between generally vertical and

generally horizontal portions of the wellbore.

10
12. The method of claim 1, further comprising a second
pressure sensor in the wellbore proximate a drill bit on the
drill string, and wherein the first pressure sensor is
located remote from the second pressure sensor.
15

13. The method of claim 12, further comprising:

determining a real time wellbore pressure Pwb,, at the

second pressure sensor in the wellbore;

calculating hydrostatic pressure Ph, at the second

20 pressure sensor in the wellbore;

calculating a friction pressure correction factor CF.,

equal to (Pwbg, - Ph, - Pa,,) / Pf; and

controlling operation of the pressure control device,

based on the friction pressure correction factor CF.,.
25
14. The method of claim 13, further comprising:

calculating a desired wellbore pressure Pwb,, at the

second pressure sensor; and



calculating a desired wel |l bore pressure Pwbmat the 15 first pressure

sensor; cal cul ati ng an annul us pressure setpoint Pasmequal to Pwbm -
Ph, - (Pfwo 2€HpishY77 and controlling operation of &Cprisse08ss8ent r ol
device as needed to maintain Pa, equal to Pam 20 19. The met hod of

claim 18, wherein the first pressure_segsar is |ocated proxinmate a bottom
of the wellbore while determning the real tinme well bore pressure Pwh",
2520. The nmethod of claim 18, wherein the first pressure sensor is |ocated

in a generally | : ctl b Lhexdet erymni t he
oal {ime el | Bore aPeandr A PRBRILT BTN TIr1 S8 STTReT BEs0 L) 6aste - 26 -
21. The mewbed ofPhgl ai (P18* @herkin the first pressure sensor is |ocated
proxi mate a casing shoe in the wellbore while determning the real tine
wel | bore pressure Pwb,|. 522. The nmet hod of claim 18, wherein the first
pressure sensor is located in a generally vertical section of the wellbore
whi | e det erm nilBg t Taer makthbdnmefwellbbhor @ 4pr @dsurén controlling

5 operation of the pressure control device further comprises
adjusting the pressure control device as needed to maintain

Pa,, equal to Pag.

16. The method of claim 1, wherein the pressure
10 control device comprises a fluid return choke which variably

restricts flow of the fluid from the wellbore.

17. The method of claim 1, wherein the pressure
control device comprises a backpressure pump which supplies
15 a flow of the fluid to a return line upstream of a choke

manifold.



PWRT1" 1023. The nethod of claim 18, wherein the first pressure sensor is
| ocated proximte a transition between generally vertical and generally
hori zont avo=ertitise273 of the wel | bore whil e determ ning tIRETAS20101088586
wel | bore pressure Pwb,|. 1524. The nethod of claim 18, wherein the first
pressure sensor is positioned at a |l acatian which is renmote froma bottom
of the wellbore, and wherein controlling operation of the pressure control
device further conprises naintaining the desired well bore pressure Pwbm at
the renote location 20 of the first pressure sensor. 25. The net hod
of claim 24, rei e hen .S I,mat e a_casi oe in the
wel | bor e. 2522&%TheﬂnégﬁgéggpkcFgﬁﬁgggglﬁhepg%%§P%§ ?gngtgapggg?gén IS
pr oxi mat ethet matboti opmpetiseeg:general |y vertical and generally horizontal
portions of the wellbore. WD 2011/159277PCT/US2010/038586 - 29 - on the
drill string, detenhéneéng dheehilr stimpr @edlbersepsessusel Bwatgdateavte from
the s ong.%rgssure sensor. . 28. Ege met hod of claim 27, further
conpri3i ng T 84ePEFRPHE g SEFRAI 11 FBeWHPLBBPESpr essure Pwb, 2 at the second
pressure sensor En Hhe,mel bar e; ) )

calculating hydrostatic pressure Ph; at the first

pressure sensor in the wellbore;
determining a real time annulus pressure Pag;

calculating friction pressure Pf due at least to
10 circulation of the fluid through the wellbore and depth in

the wellbore;

calculating a friction pressure correction factor CF.,

equal to (Pwby, - Ph, - Pa,) / Pf;

calculating a desired wellbore pressure Pwb, at the

15 first pressure sensor;

calculating an annulus pressure setpoint Pag,; equal to

Pwb,, - Ph, - (Pf * CF,,); and

controlling operation of a pressure control device as

needed to maintain Pa,, equal to Pag,.

20
19. The method of claim 18, wherein the first pressure
sensor is located proximate a bottom of the wellbore while
determining the real time wellbore pressure Pwbg,.
25 20. The method of claim 18, wherein the first pressure

sensor is located in a generally horizontal section of the
wellbore while determining the real time wellbore pressure

Pwbg,;; .



cal cul ating hydrostatic pressure Ph2 at the second pressure sensor in the

wel | bor e; calculating a friction pressure correction factor
CFpf 2 10 wqualvitse27( Pwb, 2Ph2 - PaRT) / Pf; cal cul arcmgsaridassssed
wel | bore pressure at the second pressure sensor PwbR2; cal cul ating an

annul us pressure setpoint Pasp2 equaL bg PwobR2 - Ph2 - (Pf * CFpf2); and
15adj usting the pressure control device as needed to nmaintain Pa, equal to
Pasp2. 29. The nmethod of claim 18, wherein the pressure control

device comprises.a fhil AetburBroBOkE RSN YaLLAN g0 ciest bebastiaw of

the fluid fromthe wellbore. hé met | ai m 18, erein the
pressure eenspul lde&pcetednp:rbsémaaebacIzpsesgusbownrp Whlecweédlpptrees a flow

of the T1ghd1L048eb8hYhiny' RReURRETC3Tha" B1512KE 2 HRULORGL, ...

5 22. The method of claim 18, wherein the first pressure
sensor is located in a generally vertical section of the
wellbore while determining the real time wellbore pressure

Pwbg,;; .

10 23. The method of claim 18, wherein the first pressure
sensor is located proximate a transition between generally
vertical and generally horizontal sections of the wellbore

while determining the real time wellbore pressure Pwbg.

15 24. The method of claim 18, wherein the first pressure
sensor is positioned at a location which is remote from a
bottom of the wellbore, and wherein controlling operation of
the pressure control device further comprises maintaining
the desired wellbore pressure Pwb,, at the remote location

20 of the first pressure sensor.

25. The method of claim 24, wherein the remote

location is proximate a casing shoe in the wellbore.

25 26. The method of claim 24, wherein the remote
location is proximate a transition between generally

vertical and generally horizontal portions of the wellbore.

27. The method of claim 18, further comprising a

30 second pressure sensor in the wellbore proximate a drill bit



10
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20

25
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- 29 -

on the drill string, and wherein the first pressure sensor

is located remote from the second pressure sensor.

28. The method of claim 27, further comprising:

determining a real time wellbore pressure Pwb,, at the

second pressure sensor in the wellbore;

calculating hydrostatic pressure Ph, at the second

pressure sensor in the wellbore;

calculating a friction pressure correction factor CF.,

equal to (Pwbg, - Ph, - Pa,) / Pf;

calculating a desired wellbore pressure at the second

pressure sensor Pwb,,;

calculating an annulus pressure setpoint Pa,,, equal to

Pwb,, - Ph, - (Pf * CF,,); and

adjusting the pressure control device as needed to

maintain Pag, equal to Pag,.

29. The method of claim 18, wherein the pressure
control device comprises a fluid return choke which variably

restricts flow of the fluid from the wellbore.

30. The method of claim 18, wherein the pressure
control device comprises a backpressure pump which supplies
a flow of the fluid to a return line upstream of a choke

manifold.



