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MopgenupoBaHme BblHOCA LUlamMa B npoLiecce
bypeHnst HaKIOHHO-HanpPaBNEHHOWN CKBa>KMHbI
NPV PasINYHbIX CKOPOCTAX MPOXOOKN

Drill Cuttings Transportation in Deviated Wells

BeeneHmne

HayyHo 060CcHOBaHHbIV BbIOOP pexxmuma dypeHust

1 OUYUCTKM CKBaXKMHBI OT 06pasytoLLerocs Lnama
MO3BOJISIET CYLLIECTBEHHO COKPATUTbL BPEMS 1 3aTpaThl,
CBSA3aHHblE C FE0STIOMMYECKUMM N TEXHONIOMMHYECKMM
puckamu. s Bbibopa ONTVMabHOIO peXxmnma
HEeoHX0VMO UMETb COOTBETCTBYIOLLINE NHCTRYMEHTbI
MaTeMaTUHECKOro MOOEMPOBaHNS, ONMPaIOLLMECS HA
COBPEMEHHbIE PACHETHbIE aTTOPUTMbI U PU3NYECKIE
MO[e/ M NPOLIECCOB, KOTOPbIE MPOUCXOOST BO BPEMS
Bypenrs. B HacTosen paboTe NpeacTaBneHbl
pe3ybTaTbl PACHETOB Pa3fINYHbIX PEXNMOB BbIHOCA
Li1ama 13 HakIOHHO-HanpPaBAEHHbBIX CKBaXKMH

C UCMNOMb30BaHVEM pa3paboTaHHOrO aBTopamMm
nporpamMMHoro cpeacTaa.

[na MooenmMpoBaHns BbiHOCA LaMa npu GypeHnn
BEPTUKASbHBIX, FOPU3OHTAsTbHbIX 1 HAK/TOHHO-
HanpaB/eHHbIX CKBaXKNH paspaboTaHa ogHOMepHas!
HecTaUMOoHapHas TEPMUYECKM-HepaBHOBECHAS
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Introduction

A scientifically justified program to drill and clean the
wellbore from the resulting cuttings makes it possible to
significantly reduce the time and costs associated with
drilling due to the geological and technological risks.

To choose the optimal set of conditions, it is necessary to
have the appropriate mathematical modeling tools, based
on modern computation algorithms, as well as physical
models of the processes that occur during drilling.

This paper presents the results of calculations performed,
for various conditions, under which drill cuttings are
removed from deviated wells using the software developed
by the authors.

A one-dimensional non-stationary thermal non-equilibrium
mathematical model has been developed for modeling
the removal of drill cuttings during the drilling of vertical,
horizontal, and inclined wells. The model simulates the
movement of the fluid and the cuttings particles, as well
as the deposition of these particles and the formation of
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mMaremMartundeckas Mogene. B Mogenu paccumtbiBaeTCcs
OBVKeHVEe dnonaa, YacTuL, Wiama, OCadKOEHNE 3TUX
YacTuL, 1 POPMUPOBaHNE HEMOOBUMXKHOW 3PMDEKTUBHOM
FVHUCTOM KOPKK (Moanoxku) (puic. 1). Peonorna darovaa
MOXXET ObITb Kak HBIOTOHOBCKOW, Tak I HEHBIOTOHOBCKOW.
[Py 3TOM y4UTbIBAETCA TEMNOOOMEH MEXIY LLUIAMOM,
HONAOM U CTEHKaMM CKBaXKWMHbBI. B ka4ecTBe BXOAHbIX
napameTPOB MOAEN PACCMaTPUBAKOTCH: KOHLEHTPALMS
(MCTOYHMK) LLNamMa Ha
BXO[€; JaBrieHve (pacxop) 27

Ha BXOAE 1 BbIXOOE; °®
TemnepaTtypa Lunama, ()
dtonaa v ropHbIX Nopog; ()
CKOPOCTb BpalleHus 000Ta; o I
YroJl HaK/TOHa CKBaXKWHbI

o
K ropun3oHTy. B kayecTse I P
BbIXOOHbIX NapaMeTPOB: [
pacnpenesneHe gaBneHus, o
Temneparypbl LWnama u o
dovaa, KOHLEHTpaLUmm

Lama v niowaam

MOAJI0XKKM MO CTBOJTY V
CKBaXXWHbI B pa3nyHble
MOMEHTbI BPEMEHMU.
Bo3MoXxxHO MopenvpoBaHie
MOBTOPHOrO BbIHOCA U
OCaXKOEHVA YacTuL, Lnama
N3 CKBaKMHbI.

/

MartemaTtnueckas monenb

[ByxcnonHas Mmofesnb, nccnenoBaHHas B paboTax

[1,2] npeononaraeT, YTO BEPXHUM CNOW COOTBETCTBYET
YKVMOKOCTW C B3BELLUEHHBIMW B HEW YacTULaMm. HVDKHWN
CJIOM COOTBETCTBYET HEMOABVXHOW MOANTOXKE,

KOTOpas obpasoBaHa BbINaBLUVMM B OCaA0K YacTuLiaMm
wnama. 8 Kaoxkaoro Cnost 3an1cbIBaoTCA YpaBHEHNS
COXPAHEHVS MaCCbl, SHEPIUM 1 UMMyIbCa A1 KaKOOM
KOMMOHEHTbI: Lama Ui XXMaKocTu. pn aToM
KOHLEHTPALIMSA B3BELLEHHbIX B MOTOKE YaCTUL, U TONLLMHA
HEMOOBVIKHOM MOAJIOXKKN USMEHSAKOTCS U3-3a OCKAEHMS
LsiaMa Ha MNoOJI0XKKY 1 yHOCA C MOANTOXKMN.

CKOPOCTb TBEPObIX HaCTUL, B XXMOKOM dhase 1
CKOPOCTb XXMAKOW hasbl MOryT ObITb HaMAEHbI MyTeM
PELLEHNS YPaBHEHWN COXPaHeHNs nMmnybca. [py aTom
NMMYJSIbC CUCTEMbI MOXXET U3MEHATLCH U3-3a OENCTBUS
rPaBUTaLIMOHHBIX CUM, TPEHWUS YaCTUL, C MOTOKOM
YKUOKOCTW, TREHNS O HEMOABVKHYHO MOAJIOKKY, TPEHUS
CO CTEHKaMI KaHana, a Takxke 3a CHET OCaKaAeHVs U
BblHOCa YacTuL,.

B HacTosLwen paboTe Takke npegnonaraeTcs, Yto
noaJ10)KKa HenmoApukHa. 3TO CnpaBe/MBO 4SS
ckopocTeln 6yperus ot 50 o 400 m/c npu cpegHem (3-7
MM) 1 OTHOCUTENBHO BOSbLLIOM (>7 MM) pasmepe YacTul,
Lnama.
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Puc. 1. YnpoLueHHas cxema Modenn BbiHOCA Luiama
Fig 1. A simplified diagram of the drill cuttings transport model

a stationary effective mud sheath (bed) (Fig. 1). The fluid
rheology can be either Newtonian or non-Newtonian. The
heat exchange between the cuttings, the fluid, and the
wellbore walls is also considered. The following parameters
are taken as inputs to the model: concentration (source) of
the cuttings at the inlet; pressure (flow rate) at the inlet and
at the outlet; temperature of the cuttings, the fluid and the
reservoir rocks; drill bit speed; wellbore inclination angle
relative to the horizontal.
7_ The model’s outputs are:
pressure distribution,
o temperatures of the cuttings

° and the fluid, cuttings
Te
([

(]

concentrations and bed
e 7
. T

areas along the wellbore
surface at different points in
times. It is possible to model
the repeated removal and
deposition of the cuttings
particles from the wellbore.

Mathematical Model
The two-layer model studied
in [1,2] assumes that the
upper layer corresponds

to fluid with particles
suspended in it. The lower
layer corresponds to a stationary bed formed by deposited
cuttings particles. For each layer, the mass, energy, and
momentum conservation equations are set down for each
component thereof, viz. cuttings or fluid. Notice that the
concentration of particles suspended in the flow and the
thickness of the stationary bed vary due to the deposition
of cuttings onto the bed and the entrainment thereof from
the bed.

The velocity of solid particles in the liquid phase and the
velocity of the liquid phase can be found by solving the
respective momentum conservation equations. Notice
that the momentum of the system may change depending
on the effects of gravitational forces, on the particles’
friction against the fluid flow, against the stationary bed, or
against the channel walls, as well as on the deposition and
transport of the particles.

In this paper it is also assumed that the bed is stationary.
This is true for drilling speeds between 50 and 400 m/s
for medium (83—7 mm) and relatively large (>7 mm) cuttings
particle sizes.

Friction against the channel wall, as well as friction between
the cuttings particles and the drilling fluid, is calculated
based on the ratios set forth, €. g., in [3,4].

The approach used to describe how the drill string rotation
speed affects cutting transport is indicated in [2].
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PacyeT TpeHWst O CTEHKY KaHasa, a TakxKe TPeHVe YacTul,
wnama ¢ 6ypoBbIM PACTBOPOM ONPEAesiieTcs Ha OCHOBE
COOTHOLLIEHM, MPeACTaBNeHHbIX, HanpuMep, B paboTax
[3,4].

s yqeta BIVSHNSA CKOPOCTUY BpaLleHnst BypoBo
KOJIOHHbI Ha NEPEHOC LL1ama UCNOb3yEeTCS NOAXOM,
yKa3aHHbIN B paboTe [2].

3Has pacnpepneneHne gaBJieHN4 No BbICOTE CTBOJIA
CKBa>KVHbIl, MO>XXHO BbIHNCJTNTb SKBNBAJIEHTHYHO

LIMPKYISLMOHHYIO MAOTHOCTb P Kak PYHKLMIO OT
BPEMEHM:

Zap,(z}
-

p,()=p, (1)
o, =
gh

30ech E Ap, cymmapHble NoTepn AaBeHNs B KOMbLEBOM
i

MPOCTPaHCTBE; g — YCKOpeH/ie CBOBOAHOTO nageHwst; i
— BepTVKasibHast ryovHa; p, — AaBieHune Ha 3a6oe; p,-
[aBJIeHNe Ha YCTbe CKBAKMHbI.
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Puc. 2. Mpodwnb ckBaxkmHbl — Fig 2. Well profile
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Knowing the pressure distribution along the wellbore
column, it is possible to calculate the equivalent circulating

density  as a function of time:
> ap, (1)

g-h

p,(O)=p, (1)
o, =
gh

here 2 Ap, is the total loss of pressure in the annulus; g

is the gravitational acceleration; / is the vertical depth; p; is
the downhole pressure; py is the wellhead pressure.

Modeling the cuttings movement in an inclined
well - Formulating the problem

To demonstrate the adequacy of the mathematical
model for removing the non-stationary cuttings transport
calculations, a realistic model of an inclined well was
formulated (Fig. 2-3).

Cron potopa
Rotary table

295.3 mm 245 mm

1311 mm 1311 mm
iR 1] 146 mm
3691 Mmm
ckBakuHa Well KHBK BHA

Puc. 3. KoHcTpykumsa ckeaxkuHbl  Fig 3. Well design
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MonoenupoBaHue nepeHoca Lwiama B HakJIOHHO Considering the welloore geometry, it is necessary to
— HanpaBfIeHHON CKBaXKMHe. [NocTaHoBKa 3a0aumn construct an analytical model of the well comprising a series of

[nsa peMoHCTpaumm CnocobHOCTY CO30aHHOM interconnected elements (channels). Each channel simulates a
MaTemMaTn4ecKon MOLEIM NPOBOAUTL HECTALMOHaPHbIE specific welloore section characterized by a specific inclination
pacyeThbl BbIHOCA L1ama bblna NocCTpoeHa peanbHas angle relative to the horizontal and a specific geometry. The
MOZE/b HAK/TOHHO-HAMNPaB/IEHHOW CKBaXKWHbI (prC. 2-3). rotation of the drill bit is also considered. The parameters of

Lng y4éta reometpum
CKBaXKMHbI HEOOXOAMMO

each channel are set forth in Table 1.

OnvHa Konunyectso BHyTpeHHMi BHeLuHWn Yrnosas
o
Ne SrieMeHTa | snemeHTa | pacueTHbIX siueek | HaKioH, onameTp

(M) | pmnametp (M) |ckopocThb (1/c)

COCTaBUTb PACHETHYIO CXeMy Element No. | (v) Element Number of Inclination, °| Inner diameter | Outer diameter | Angular velocity

3TOWN CKBaXKWHbI, KOTOpas length (m) |computational cells (@) () (1/9)
COCTOUT 13 nocnenoBaresibHO 1 150 75 90 0.127 0.245 1.333
COEONHEHHbIX 3/1EMEHTOB 2 170 85 85 0.127 0.245 1.333
(kaHanoB.). Kaxxabln kaHan 3 90 45 80 0.127 0.245 1.333
MOZEMPYET HEKNI YHaCTOK 4 90 45 75 0.127 0.245 1.333
CKBaXXWNHbI C OrnpeaeneHHbIM 5 100 50 65 0.127 0.245 1.333
YFIOM HaKJIoHa M0 6 100 50 55 0.127 0.245 1.333
OTHOLLEHWIO K FOPUSOHTY 7 100 50 45 0.127 0.245 1.333
\l 3aaHHOM FeoMETPUEI. 8 510 255 41 0.127 0.245 1.333
KpoMme Toro yunTbiBaeTcs 9 670 335 41 0127 0.2207 1.333
\ BpaLLieH1e AoNoTA. 10 720 360 41 0.147 0.2207 1.333
MapameTpbl K&X0ro KaHana 11 100 50 55 0.147 0.2207 1.333
MOEACTaBNEHbI B TA6/. 1. 12 100 50 50 0.147 0.2207 1.333
13 100 50 60 0.147 0.2207 1.333
[l cO3AaHHOM MoZenm 14 50 25 65 0.147 0.2207 1.333
CKBAXKVIHbI NPV PABINYHbBIX 15 50 25 70 0.147 0.2207 1.333
CKOPOCTSX ID0XORK A 5 R O T N
BpemMeHax HapalinBaHnA Obln - - .
18 4 2 74 0.165 0.2207 1.333
npoBeeHbl pacyeTbl BbIHOCa
. 19 96 48 80 0.127 0.2207 1.333
LLIama v SKBVIBaNIEHTHOM
VDKV ASLIMOHHOM MAOTHOGTY 20 100 50 82 0.127 0.2207 1.333
;LSZBiICML:AOCTM OT BDEMEHM 21 160 80 83 0.127 0.2207 1.333
BoeMs NOOXOOKM P b ' 22 20 10 84 0.172 0.2207 1.333
pe POXOAKI SASC 23 12 6 85 0.178 0.2207 1.333
onpeaenaeTcs CKOPOCTLIO
NPOXOAKY O[HOTO TPYGHOTO Ta6n. 1. MapameTpbl pacdeTHon Mogen  Table 1. Parameters of the computational model

CcerMeHTa 3afaHHoM ASIVHbI.

[nvHa Takoro cermeHTa nonaranack pasHom 10 M.
Kpome Toro, Ans nccneqoBaHns BAVSHUS pasmMepa
YacTuL, LamMa Ha 3HadeHnsa ST npu CKoOpoCTAxX
5-150 M/4 gMameTp YacTuL, MPUHUMaUICS PaBHbIM 9 MM

The outputs of the created well model at different rates of
penetration and connection times were used to describe
the cuttings removal and equivalent circulating density as

functions of time. Here, the drill time is determined by the rate

HvameTtp yacTuy

CkopocTb npoxoaxu, M/4 | Bpems npoxodkn, MyH | Bpemsi HapaluyBaHms, MyH Lwnama, MM.H
Rate of penetration, m/h Drilling time, min Connection time, min Cuttings particle

diameter, mm

400 1,5 2,4,6,9,12,15 3

300 2 2,4,6,9,12,15 3

200 3 2,4,6,9, 12,15 3

150 4 1,2,8,4 9

100 6 2,3,4,6 9

50 12 2,4,6,8,10,12 9

40 15 2,3,6,9,12,15,17,20 9

30 20 2,4,8,12,16,20 9

5 120 20, 40, 80, 120 9

Tabn. 2. MNapameTpbl PACHETOB, NCMOb30BaHHbIE NP MOLENMPOBaHNM
Table 2. Computational parameters used in modeling

50 [ ROGTEC

of penetration per pipe segment
of a given length. The length of
said segment was assumed

to be 10 m. Additionally, with

a view to studying how the
cuttings particle size affects

the resulting ECD values, the
particle diameter was assumed
to be 9 mm at penetration

rates of 5-150 m/h (drilling with
roller-cone bits) and 3 mm at
200400 m/h (for polycrystalline
diamond compact (PDC) bits).
These parameters were fur-ther
used in modeling (Table 2).
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B GYPEHVE

(BypeHne LapoLleYHbIMM OOI0TaMK), a 419 CKOPOCTEN
200-400 m/4 — 3 mm (ons polycrystalline diamond contact
(PDC)-ponor). danee a1 napameTpbl MCNONb30BaIUCH
npwv MoaeMpoBaHun (Tabsn. 2).

XapakTepHas 3aBMCUMOCTb CKOPOCTU MPOXOOKM

OT BpeMeHu NpeacTaefieHa Ha puc. 4. B kavecTse
rPaHNYHbIX YCIOBMIA 3adaBasiacb Macca BbIHOCMMOTO B
e HNLY BPEeMEeHU LLlaMa 1 pacxop, OypoBOro pacteopa
Ha 3a60e, a TaKke JaB/ieHVe Ha YCTbe CKBaxKMHbI. Macca
BbIHOCYMOIO B €AMHWLY BPEMEHM LLilaMa onpeaensrcs,
NCXOAs U3 CKOPOCTU MPOXOKM, B COOTBETCTBUN C

M. =pV g

3peck V — ckopocTb npoxoaku, D — BHEWHWN grameTtp
CKBaXKVHb!.

Bb1no npuHaTo, 4To pacxon BypoBOro pactesopa
Yepes BypoBYHO KOMMOHHY cocTaBnseT 35 n/c.

[110THOCTb NOPOAbI MPUHSTA PaBHOW P, = 2.3 g/cm?,
NMOTHOCTL OypoBoro pacTteopa 1,25 r/cmé. Peonorvs —
HBIOTOHOBCKas. Takke Npeanoaarasioch, YTo YacTuLpl
LiamMa UMEKOT cpepryeckyto hopmy, OAMaMeTp KOTOPbIX
cyMTancs paBHbIM ds = 3 MM (0199 CKOPOCTEN MPOXOOKM
200-400 m/4) 1 9 MM (onga ckopocTen meHee 200 M/u).

Pe3ynbTaTtbl pacyetoB

3aBNCUMOCTb 3KBUBANEHTHOW LMPKYISLIMOHHOM
nAoTHOCTM (SLUI) OT BpeMeHM OTHOCUTENBHO MNAOTHOCTU
OypOBOro pacTeopa Npu CKOPOCTU MPOoxXodxku 50

M/4 NpeacTaBneH Ha puc. 5. HadanbHbI pocT SLUIM
CBSI3aH C yBeJIMYEHNEM MacChl Liilama B MOTOKE

B peaynbrate bypeHus. INpoBaibl COOTBETCTBYOT
HapaLLBaHNIO CKBaXKMHbI, MPWY KOTOPOM MPOUCXOMUT
OCTaHOBKa DypeHns 1 MPOMbIBKU. Hepes onpeaeneHHoe
BpeMs 3HadeHne S BbIXOOWT Ha cTaumoHap, YTo

5

N

w

N

Relative change in ECD, %

—

BypeHrue (npoxopka) — 12 muH - Drilling (penetration) — 12 min
HapawwmsaHne — 10 muH - Connection — 10 min

OTHocuTenbHoe nameHeHune SLUIM, %

OI T T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180

BpeMsi, MUH - time, min

Puc. 5. 3aBrcumocTb SLUM oT BpemeHn
Fig 5. ECD vs. time dependence
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The peculiar dependence of the rate of penetration on

time is shown in Fig. 4. The parameters used to define the
boundary conditions were the mass of cuttings transported
per unit time, the downhole drilling fluid flow rate, and

the pressure at the wellhead. The mass of cuttings
transported per unit time is determined based on the rate of
penetration, as shown in the expression below:

D’
M=pV =
4
here V is the rate of penetration, D is the outer wellbore
diameter.

The drilling fluid flow rate through the drill string was
assumed to be 35 I/s. The rock density was assumed to

be equal p_ = 2.3 g/cm?, and the drilling fluid density —

1.25 g/cm?®. Newtonian rheology was assumed. It was also
assumed that the cuttings particles have a spherical shape,
and their diameter was assumed to be equal ds = 3 mm (for
rates of penetration 200-400 m/h) or 9 mm (for rates lower
than 200 m/h).

Computation Results
The dependence of the equivalent circulating density (ECD)
on time relative to the driling fluid density at a penetration rate

PN

4
M/4ac
m/h

»

4
< > “—> t, MUH
npox Hap t min
t,.
drill conn

Puc. 4. I'padmk 3aBNCUMOCTI CKOPOCTU MPOXOAKM OT BPEMEHN
Fig 4. Rate of penetration vs. time dependence plot

of 50 m/h is shown in Fig. 5. The initial growth of the ECD is
associated with an increased mass of cuttings in the flow, as
a result of driling. The dips correspond to pipe connection
operations, during which the driling and cleaning processes
stop. After a certain time, the ECD value reaches a stationary
phase, which corresponds to a dynamic equilibrium in which
the volume of cuttings transported becomes equal to the
amount of cuttings formed as a result of driling. The stopping
vs. driling difference in the ECD values is determined by the
difference in pressure loss due to the friction of the drilling fluid
against the wellbore walls.

Fig. 6 shows the time dependence of the increase in the

www.rogtecmagazine.com
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Fig 6. Minimum ECD vs. time dependence

COOTBETCTBYET ANHAMNYECKOMY PaBHOBECUIO, MPK
KOTOPOM KOJIN4eCTBO BbIHOCMOIO LLIJ1aMa YpaBHMBaAETCA
KOIMYeCTBY LUama, 06pas3oBaBLLUErOCs B pesy/ibTaTte
Bypenrs. OTnnure mexay SLUIM npy ocTaHOBKe U npwn
BypeHn onpeaenseTcs pasH1LEe noTepb AaBeHrs 3a
CYET TPEHMS BYPOBOIO PacTBOPA O CTEHKM CKBaXKWHbI.

Ha puc. 6 nokasaHa 3aB/CUMOCTb OT BPEMEHM
HapalmBaHNS MUHUMaJIbHOrO YCTaHOBMBLLIEMOCS
3HayveHus SLUIM oTHocKTENBHO NNOTHOCTM BYPOBOro
pacTBOpa NpY PasdHbIX CKOPOCTAX MPOXOAKM.
3aBMCMMOCTb OTHOCUTENTBHOrO MakCHMasIbHOrO
3HayeHus OLUM oT BpeMeHu HapallmBaHUs Npy Pas3HbIxX
CKOPOCTSX MPOXOOKN N306paxkeHa Ha puc. 7.

Kak MO>XHO yBWOETb Ha puUC. 6 U 7 3Ha4YeHns
MVH/MaJTBHOTO Y MakCUMaslbHOMrO OTHOCUTETbHOMO
3HayeHus SLUM Takoke BbIXOAAT Ha CTalUMOHapHbIe
3Ha4veHnd. Ha puc. 8 npeacrasiieHa 3aBUCHMOCTb

YCTaHOBMBLLErOCS OTHOCUTENBHOIO 3HaveHus SLM npu
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Puc. 8. 3aBMCMMOCTb MakcMasibHOro aHadeHus SLIMN ot
CKOPOCTM MPOXOAKM
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Fig 7. Minimum ECD vs. time dependence

minimum steady-state ECD value relative to the driling fluid
density at different rates of penetration. Dependence of
the relative maximum ECD value on the connection time at
different rates of penetration is shown in Fig. 7.

As can be seenin Fig. 6 and 7, the minimum and maximum
relative ECD values also enter a stationary phase. Fig. 8
shows the dependence of the steady-state relative ECD value
at different rates of penetration. It should be noted that for
different rates of penetration, the rate of change in the ECD will
be different.

During the model’s construction, it was also determined

that for each rate of penetration value, there is a maximum
connection time at which the flow area formed between

the drill string and the wellbore is completely clogged by

the deposition of cuttings particles. The dependence of the
connection time, at which the flow area clogging occurs, on
the rate of penetration is shown in Fig. 9. The red line shows
this dependence for cuttings particles taken to be 9 mm in size
(the rate of penetration being 5-150 m/h), and the blue line

—{F— maximum, d =9 mm
—— minimum, d =9 mm
—&— maximum, d =3 mm
—%— minimum, d =3 mm

PDC bit

o ] Roller-cone bit

Relative change in ECD, %
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Fi

g. 8. Maximum ECD vs. rate of penetration dependence
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B GYPEHVE

Pa3HbIX CKOPOCTAX MPOXoAku. CTOUT OTMETUTb, YTO A5
Pa3/IMYHbIX CKOPOCTEN MPOXOAKN TeMN n3MeHeHNs SLIIM
OyneT pasHbli.

B xone pacyeToB Takke Obl10 ONpeaeneHo, YTo 4as
KaKAOW CKOPOCTU MPOXOAKM CYLLECTBYET MakCUMaIbHOE
BPEMSI HapalLLMBaHUS, MPY KOTOPOM MPOXOHOE CEYEHME,
06pa3oBaHHOE BYPOBOV KOSTOHHOM 1 CKBaXKNHON,
MOJTHOCTBIO MEPEKPLIBAETCH OCAKAAOLLMMUCS
yacTyuamm wnama. 3aB1UCMOCTb BPEMEHM
HapalLmBaHWs, NPY KOTOPOM MPOUCXOOUT NEPEKPLITNE
MPOXOAHOr0 CeYeHMs, OT CKOPOCTU MPOXOAKM
npegcTasneHo Ha puc. 9. KpacHas IMHWA NoKasbiBaeT
3aBMCMMOCTb, B KOTOPOW pasMephbl HYacTuL, Lunama
MPVHUMaNCh paBHbIMK 9 MM (CKOPOCTb MPOXOAKM
5-150 M/4), a CUHSA MHUS — PaBHBIMU 3 MM (CKOPOCTb
npoxodky 200-400 m/4). Tak Kak 4acTuLpl AMaMETPOM

9 MM Tspkenee Yactul, 3 MM, TO BPEMS X OCELaHNS
3HaYUTEbHO MeHbLLIE. Kak 1 OXXmaanock, Yem 0onblue
CKOPOCTb MPOXOAKM, Tem B0SbLLE LUfTamMa 0bpasyeTcs

B MpoLiecce BypeHrs, a 3Ha4UT MEHbLLE MakCUMaslbHOe
3HaYeHME BPEMEHM HapalBaHUS.
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Puc. 9. 3aB1CMMOCTb MaKCMasIbHOrO BPEMEHN HapalLMBaHUs OT
CKOPOCTW MPOXOAKM

Takke paccuntaHo pacnpenenerne SUIM no cteony
CKB&XXWHbI C YHETOM HECTaLMOHAPHbIX 3PMEKTOB BbIHOCA
L1ama fpu pasnyHbIX MEXaHUYECKX CKOPOCTHAX
npoxogku. CornacHo [5] npomsseneH pacyeT SLM ¢
YHYETOM VIBMEHEHUST PEXKNMA TEHEHNS B KOJTbLIEBOM
NPOCTPaHCTBE, TakXKe NoJlydeHa 3aBUCUMOCTb U3MEHEHMS
OLUIM B 3aBMCUMOCTU OT CKOPOCTY MEXAHNHECKOW
MPOXOOKN.

Ha Punc.10 oTobparkeHo pacnpenenenmne SLIM ot
ryouHbl. KpacHas KpnBas 0TOBparKaeT MIOTHOCTb
OypOBOro pacTBopa, CUHASA KpmBasi — pacrnpenesieHne
SUI oT rnybuHbl, 3eNeHble KpuBble — pacnpeaeneHe
MVHMaUbHOIO CPeaHEro 3HadeHns SUMM npw
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Fig 9. Maximum connection time vs. rate of penetration dependence

— for those taken to be 3 mm in size (the rate of penetration
being 200—400 m/h). Since particles with a diameter of 9 mm
are heavier than 3-mm particles, their deposition time is much
shorter. Just as expected, the higher the rate of penetration,
the greater the amount of cuttings formed during driling and,
hence, the lower the maximum value of the connection time.
value as a function of the mechanical penetration rate.

The ECD distribution along the wellbore was also
calculated, taking into account the non-stationary effects of
cuttings transportation, at different mechanical penetration
rates. ECD computations were carried out as shown in [5],
taking into account the change in the flow regime in the annulus;
also obtained was a dependence of the change in the ECD
value as a function of the mechanical penetration rate.

Fig. 10 shows the ECD distribution as a function of depth.
The red curve shows the density of the drilling fluid; the blue
curve shows the ECD distribution as a function of depth; the
green curves show the distribution of the minimum average
ECD value at rates of penetration between 50 and 200 m/h;
the pink curve shows the distribution of the maximum average
ECD value at rates of penetration between 50 and 200 m/h.
Obviously, as the mechanical penetration rate increases,
bottom hole mud accumulation begins to accelerate, thereby
causing a local increase in the ECD value. It is, thus, necessary
to ensure a high accuracy in determining the timing for making
a connection and to perform the well cleanout routines more
frequently, otherwise there is a high risk of loss of circulation.

Conclusion

The nonstationary mathematical model developed by the
authors of this paper to describe the movement of drill cuttings
in the wellbore has been used to carry out demonstrative
computations for the displacement of cuttings by driling fluid
in an inclined well. Based on the actual grain size distribution in
drill cuttings, two types of computations have been carried out,
one for particles with a diameter of 9 mm (drilling with a roller-
cone bit) and one for 3-mm particles (driling with a PDC bit).
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DRILLING

CcKopocTK Npoxodku oT 50 o 200 m/4y, po3osasd
KpuBasi — pacnpeneneHne MakCMMasibHOrO CPEOHEroO
3HaveHna UMM npu ckopocTn npoxodku oT 50 oo 200
M/4. OUeBNOHO, YTO MPW YBENNHEHNN MEXAHNYECKOWN
CKOPOCTU MPOXOOKW, 3arpsi3HeHne 3a605 CKBXKMHbI
NpPONCXOAUT BbICTPEE, TEM CaMbIM MPOVICXOANT
nokanbHoe yBenmdeHue SLIM. MNostomy Heobxoaymo ¢
BbICOKOWM TOYHOCTBIO OMPEAENATh BPEMS HapalLLIMBaHNS
OypPOBOWV KOJIOHHbI 1 Yallle MPOV3BOOUTL MPOLEayRY
MPOMBIBKM CKBaXKVHbI, HAY€e CYLLIECTBYET BbICOKMIM PUCK
NOrnoLLeHs 6ypoBoro pacteopa.

3akJitoueHue

C ncnonb3oBaHmeM pa3paboTaHHOW aBTopamu
HacTosLLEeN paboTbl HECTALIMOHAPHOM MaTEMAaTUYECKON
MOAENN OBUXEHUS LIflaMa B CKBaXKMHE MPOBeOEHbI
OEeMOHCTPaLUMOHHbBIE PACHETLI MO BbITECHEHUIO

Lnama 6ypoBbIM PacTBOPOM B HAK/TOHHO-
HanpaB/IEHHOW CKBaXKMHe. VIcxoasa 13 peasnbHOro
rpaHyIOMETPUHECKOro cocTaBa BypoBoro LwiamMa
NpoBeAeHO ABa TUMNa pacyeTa Ong vyacTul, AMamMeTpoM
9 MM (BypeHmne LapoLLeYHbIM JO0TOM) 1 YacTuL,

3 MM (Bypenne PDC-gonoTtom). NokasaHo, 4to
OTHOCUTENBbHOE M3MeHeHMe ST B 3aBUCMMOCTU

OT MEXaHMYECKOW CKOPOCTU MPOXOAKMN MOXKET
yBenmumBatbes 0o 15%. s nogbopa BpemeHu
HapallMBaHUg NoyvYeHa 3aBUCUMOCTb MEXaHUYECKOW
CKOPOCTW NMPOXOAKN Y MUHUMAaNbHOIO BPEMEHN
MOJSTHOrO ocedaHus Wnama. lokasaHo, 4To Moaenb
No3BONSIET aeKBaTHO NPeacka3biBaTb 3aBMCMOCTb
SUI oT BpemeHu, B TOM YMcie 1 npu BONbLLINX
ckopocTax npoxogxku (200-400 m/v).
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Fig 10. ECD distribution along the wellbore at different rates of
penetration

It has been shown that the relative change in the ECD value,
depending on the mechanical penetration rate, may increase
up to 156%. The dependence between the mechanical
penetration rate and the minimum time to complete deposition
of the cuttings has been obtained to support the choice of
connection time. It has been shown that the model makes it
possible to adequately predict the time dependence of the

ECD value, including that observed at high rates of penetration
(200-400 m/h).
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