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CPELOCTB ABTOMATU3ALUNN CUCTEM BEPXHEIO NPUBOLOA

Electrical Equipment & Controls for Top Drive Systems

HukynuH O.B., Bepyumn nkeHep-sHepretvk, OO0 «YK «TatbypHedTb», K.T.H.

LLla6aHoB B.A., npodeccop, YhUMCKMin rocyaapcTBeHHbIN HeTSHON
TEXHUYECKUN YHUBEPCUTET, K.T.H.

C ncTema BepxHero npueoga (CBIM) B nocnennee
BPEMSI CTAHOBUTCS Hanboee NonyaspHbIM
Ccnocobom BypeHnst HeTAHbBIX 1 Fa30BbIX CKBaYKMH.
OTOM CMCTEMOWN 060PYOYIOTCHA Kak MMMOPTHLIE, Tak

1 OTeYeCTBEHHbIE OypoBbIe YCTaHOBKM. B npuHLUMne,
BEPXHWI NPVBOA, NPeAcTaBiseT cObon NOABVKHbIN
BpaLLaTesib C CaflbHUKOM-BEPT/IFOIOM, OCHALLIEHHbIN
KOMMJIEKCOM CPEACTB MEXaHM3aLIMN CMYCKO-MOABbEMHbIX
onepaumin — cMnoBov BepTntor. [pu ero ncnosib3oBaHUM
He Hy>XHbl BypunbHasa BegyLLas Tpyba v wypd nog

Hee, a TaKkke HaMHOro obervaeTcs TPy, MOMOLLHVKA
OypusbLLMKa, MOCKOJbKY 3/1€BATOP MEXaHNYECKN
nofaeTcs B Heobxoaumyto nosuumio. Bmecto
HapaLLMBaHNA OAVHOYHBIMW TPpybamMK («0OuHOUKaMI»)
MO>XHO HapalLyBaTb 6YpUIbHYK KOSTOHHY CBEYaMMU.
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he top drive system (TDS), an oil and gas drilling

technology, is becoming very widespread lately.
Both imported and domestic drilling rigs are equipped
with such a system. Basically, the top drive is a
travelling rotary mechanism with a swivel provided
with a mechanical handling system, or a power swivel.
Its use eliminates the kelly and rathole and greatly
facilitates the labor of the floormen since the elevator
is automatically moved to the required position. Drilling
can be done with stands rather than with single drill
pipes (singles).

Further, the use of TDS is required by the oil safety rules if

the horizontal section exceeds 300 m [1]. The TDS general
arrangement is shown in Fig. 1.

www.rogtecmagazine.com



DRILLING M

Kpome Toro, npumeHeHne CBI npeoyCMOTPeHO npasuiamm
6e30MacHOCTY B HEITAHOM MPOMBILLIIIEHHOCT NP
YCNOBUW, YTO A/INHA FOPUSOHTA/TBHOIO YYacTKa COCTaBISET
6onee 300 m [1]. O6LLMIA BUO, CUCTEMBI BEPXHENO MprBoaa
rnokasaH Ha pUcyHke 1.

Cuncrtema BeEpPXHEro NprBoaa KPENUTCS C MOMOLLbIO
NoABECKM 1 K TasileBOMY
610Ky, BCSA cnuctema
OBVDKETCS BEPTUKASIBHO

no HanpaBASOLLM 2.

Ocb crcTembl coBnagaeT

C OCbO CKB&XKWHBI.
[NprBOAHOE YCTPOMCTBO
COOEPXUT aCUHXPOHHbIN
aNlekTpoapurarenis 3 ¢
KOPOTKO3aMKHYTbIM POTOPOM
1 penyktop 4. byposown
pacTBOp NOABOOUTCS NpKU
MOMOLLIM TMOKOTO LUNaHra K
Tpy6onposoay 5. B npouecce
CMYyCKO-MOABEMHbIX Onepaumm
K CUNOBOMY BEPT/IOMY

C MOMOLLBIO LUTPOMOB 6
noaBeLLVBAETCS 311eBaTOP

7, KOTOPbIN CIY>XUT A5
3axBara BepxHen MydTbl
BypunbHOM TRy6bI. Mpn

The top drive system attaches to the travelling block with
hanger 1; the entire system moves vertically along guides 2.
The system centerline is aligned with the well centerline. The
power train contains squirrel-cage induction motor 3 and
transmission 4. Drilling mud is supplied to pipe 5 through a
flexible hose. The power swivel hangs up elevator 7 to latch
the box end of the drill pipe with links 6 during handling.

The elevator is removed for
driling and the upper end of
the drill pipe is spun up to
stabbing guide 8 which is
essentially an output shaft of
the power train. When required
the drilling string is reversed
by reversing the drilling motor.
Reactive torque generated by
TDS operation is absorbed by
guide runners 2.

Induction motor 3 is the
drilling motor that has a
cooling system including
cooling fan motor 9 and air
duct 10. On motor shaft 9
encoder 11 provides speed
feedback.

OypeHnn 3/1eBATOP CHUMAETCH,
BEPXHWNIN KOHEL, BypUSIbHOM
TPy6bl NPUBMHYMBAETCH K
COEVHUTENTIBHOMY YCTPOWCTBY 8, KOTOPOE MO CYLLECTBY
ABMIFETCS BbIXOOHBIM Ba/TOM MPUBOLAHOIO YCTPOWCTBA.
Mpy HEOBXOAMMOCTU PEBEPC KOJIOHHbBI OCYLLIECTBSETCS
peBepcupoBaHneM apuratens. PeakTvBHbIA MOMEHT,
BO3HVKatoLLMM npw padoTe CBI, BoCnpuHMMaeTCs
HanpPaBAAOLLMMN 2.

ACVHXPOHHbBIN SNEKTpOoABUraTesb 3 ABASETCA rNaBHbIM
OBUraTenieM U UMEET CUCTEMY OXJTaXKOEHWS, COCTOSLLYIO
13 anekTpoasuratens obayea 9 n sozayxosoga 10. s
obecrnedeHns obpaTHOW CBSA3M MO CKOPOCTU Ha Basy
aNeKkTpoapurarend 3 pacrnosioxxeH sHkoaep 11.

CuncTtema BepxHero npveoga obecneumaeT [1]

nocpencTBOM rnaBHoro apuratens 3 (pUcyHok 1):

e BpalleHme BypPUbHOM KOMOHHBI MPpW GYPEHNN, CMyCKO-
noobeMHbIE onepaumm, NPopPabdoTKy 1 pacLUNpPEHne
CTBOJ1a CKBaXKMHbI METOAOM «CBEPXY BHU3» U
«CHI3Y-BBEPX>;

® CBWH4YMBaHWE, 3aKpEN/IeHNe, PackpenieHme u
pPa3BMHYMBAHME BYPUIIBHBIX KOJTOHH; 3aKpenieHne
TPYOHbIX COEAVHEHU C KOHTPOMPYEMbBIM
OYPUNBLLIMKOM MOMEHTOM;

® MpoBopayrBaHve BypUIbHON KOMOHHBI MpK GypeHnn
3ab0VHbIM OBUraTesiem.

www.rogtecmagazine.com

PucyHok 1. Obwmi B1a, CUCTeMbl BEPXHErO NprBoaa
Figure 1. Top drive system general arrangement

Through drilling motor 3 (Fig.

1) the top drive system [1]

supports

e Dirill string rotation during drilling, pipe handling, forward
and back reaming and hole opening

e Spin-up, make-up, break-out, and spin-out of the
drill strings; making up connections with a torque set by
the driller

e Dirill string rotation during DTH drilling

Through links 6 (Fig. 1) equipped with hydraulic link tilts 12
and holding tongs 13 to latch pipes the top drive system [1]
supports

¢ Pipe handling

e Casing running

¢ Drilling with stands and singles

Wells flushing out and drill string reciprocation and cleaning
during emergency and mitigation response activities are
through pipe 5 incorporated into the top drive system.

The key TDS benefits are

e Reduced scope and time of secondary operations (e. g.,
adding new pipes during drilling)

e Underreaming while tripping in and out

e Precision well placement for directional drilling

e Reduced time of the drill crew’s initial actions at the first
indications of gas, water or oil ingress and diminished risk
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Mpy NOMOLLIM 47469
LITPONOB 6 (pUCYHOK D
1), obopyaoBaHHbIX 40688
rmapaBINHECKMU
WTPOMOOTKIOHUTENAMA 33906
12 i cTonopHoro kitova % C
13, obecnednBaroLLEero e 27125
hukcaumo Tpyb: =
* MPOBe/eHNE CryCKOo- £, 20344
nogbeMHbIX onepaunin; i
® MPOBeAeHVEe onepaLmin 13565
no cnycky o6caaHbIX
KOJIOHH; 6781
* HapallvBaHue
BYPWIBHON KOSTOHHBI 0
C BEYaMK 1 0 50
OAHOTPYOKaMM.

100 150 200
N,os/MuH N, RPM

Bnarogaps Hanuuno
Tpybonposoaa 5,
VHTEMPUPOBAHHOIO B
CUCTEMY BEPXHEro NpunBoaa 06ecnevnBaeTcst MpPOMbIBKa
CKBaXKMHbI, a TaK XKE PacXaKMBaHME C MPOMbIBKOW
OYpPUIIbHbBIX KOSTOHH MNPY NNKBUOALMM aBapui 1
OCJTOXXHEHUSIX.

OcHoBHble NpenmyLLiecTsa CBI:

e CoOKpalleHe obbema 1 BPEMEHM BCMIOMOraTebHbIX
onepaumn (HanprmMep, HapalvBaHue TRyo Mpu BypeHn);

® paclMpeHne CTBOSTA CKBaXKMHbI MPY CMyCKe U
nogbeMe UHCTPYMEHTa;

® MOBbILLEHNE TOYHOCTW NPOBOAKN CKBEXKUH MPU
HanpaB/eHHOM BypeHny;

® yMeHbLLEHME BPEMEHW MNEPBOOHEPEOHbIX AENCTBUM
BypoBon Gpurafpl Npw NEPBbIX NPU3HaKax raso-Boao-
HeTENPOSBNEHNSIX N CHYPKEHNE BEPOSTHOCTU
Bblibpoca htonaa N3 CKBaXKNHbI Hepes
OYPWIIbHYIO KOTOHHY;

® COKpaLLEHME PUCKOB BEPOATHOCTY NpuxBaTta
BYPUIBHOMO NHCTPYMEHTS;

e obseryeHme crnycka obcagHbix Tpyd B 30HaxX
OCJIOXKHEHWIN 3a CHET BPALLEHMS U MPOMbIBKY;

® MOoBbILLEHME BE30NACHOCTM BypoBOM Bpuragpl;

® COKpaLLEeHNE CPOKOB BYpPEHVS 1 B LIESTOM
CTPOUTENBCTBA CKBaXKMH [1].

Ha prcyHke 2 nokadaHa MexaHU4ecKas XapakTepuncTka
CBI1. YuyacTtok A-B gBSIeTCs KprBOW MOCTOSIHCTBA
pa3BMBaEMOW 3MIEKTPOMNPUBOAOM MOLLIHOCTH, y4aCTOK
B-C — pexxuM nocTosaHCTBa MOMEHTA, MpK 3TOM
MaKCUMaJTbHbIN «CTOMOPHbIN» MOMEHT OOCTUraeTCH B
Touke D. B pexxnme M1UHUMaIbHOMO MOMEHTA BBOAUTCS
B OENCTBME OOMOJIHUTEIBHOE XXECTKOE OrpaHnYeHne
MOMeHTa (ydacTok A-A1).

Bbibop TOro nnm MHoro 13 pacCMOTPEHHBIX PEXUMOB
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PucyHok 2. MexaHnyeckas xapaktepucTrka CBI'1
Figure 2. TDS speed/torque curve

of a kick through the drilling string

e Diminished risk of drill tool sticking

e Facilitated casing running in the tight spots through
rotation and flushing

e Enhanced drill crew safety

e Reduced driling time and well construction time in general [1].

Figure 2 shows a TDS speed/torque curve. The A-B
section is a constancy curve for the power generated by
the electrical drive and the B-C curve is a torque constancy
curve. The maximum «braking» moment is reached at point
D. Additional strict limitation on torque (the A—A1 section) is
effected in the minimum torque mode.

Any of the modes discussed above is selected by the driller
with help of relevant switches on the panel. A minimum
torque mode (the A—A1 section) is selected for turbo drilling
with simultaneous rotation of the drilling string. The constant
power mode is used for drilling with the TDS drilling motor
that transmits torque to the drill pipes. The constant torque
mode (the B-C section) is used for pipe recovery, etc.
Operation within the C-D section is for drill pipe spin-in and
spin-out.

The power train of TDS is set up as a transformer-rectifier-
inverter (Fig. 3). The transformer T steps down voltage
from 6kV to 600V. The diagram includes the commutating
inductors L at the input of the rectifier B and filtering
inductors at the output of the inverter 1 to neutralize higher
harmonics. The diagram features a TDS dynamic braking
unit to remove extra power to the braking resistor R.

The three phase sine-wave input voltage with a constant
amplitude and frequency is rectified in the rectifier B and
then converted in the inverter 1 to alternating voltage with
a variable frequency and amplitude. Output frequency f

BbIX"
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MPOBOPaYMBaHNEM KOJSIOHHbI
OypunbHbIX TPYD yCTaHaBIMBAETCS
PEXNM MUHMMaTBHOMO MOMEHTA
(yyacTtok A-A1); pexxmm NOCTOAHCTBA
MOLLHOCTM MCMOMb3YETCS Npu
OypeHU C MCNOb30BaHVEM [TaBHOMO
npuratensa CBI, nepepatollero
BpaLleHne BypuibHbIM Tpybawm;

npw IMKBUOALMM NPUXBATOB U T.M.

MNCMOJIb3YETCH PEXXM MOCTOSIHCTBA
MoMmeHTa (yqacTtok B-C). PaboTa Ha
ydacTke C-D nponcxoauT B MOMEHTbI
CBVHYMBaHUS U Pa3BUHYMBAHVISA
OypUnbHbIX TPYOD.

OnekTponpwveog CBI nocTpoeH No cxeme
«TpaHcthopmaTop-Bbinpamutens-VIHBepTOp» (DUCYHOK
3). TpaHcdhopmaTop T MOHMKAET HanpshkeHre oT 6

kB 0o 600 B. Cxema coaep>xmtT KOMMYTURYHOLLIME
apoccenu L Ha Bxoge BbinpamuTens B n dunestpytoLwme
Opocceny Ha BbIxOAe MHBepTepa /1 ong nogasneHns
BbICLUNX FrapMOHMK. OCOBEHHOCTBLIO CXEMbI ABSETCS
Hamdme 61oKa AMHaMUYECKOro TopMmoxeHns BT,
CHpachIBAIOLLETO USNLLKM SHEPTUM HA TOPMO3HOMN
pesuncTop R.

BxogHoe TpexdasHoe CrHycouaanbHOE Hanpsh>keHne

C NMOCTOSIHHOM aMM/IUTYAOM U YaCTOTON BbINPSIMASIETCS

B BbinpaMuTene B, a 3aTem BHOBb NMpeobpasyeTcsd B
MHBepTOpE V1 B NepemMeHHoe HanpshKeHNe N3MeHIeEMON
4acTOTbl 1 aMNNTYObl. PerynnpoBaHme BbIXOO4HOM
4acToThbl f_ . v HanpskeHws U_ . OCYLLECTBNAETCS

B MHBEPTOPE 3a CHET BbICOKOYACTOTHOMO LLMPOTHO-
VMMMYSIbCHOrO ynpaeieHns. LLIMpOTHO-MMNynbCcHoE
ynpaBneHME XapakTepmayeTcs MePOAOM MOAYISALNN,
BHYTPW KOTOPOro 06MOTKa cTaTopa 3/1eKTpoaBmraTens
MOOK/TKOHAETCS MOOYEPEAHO K MOSIOXKNTEBHOMY U
oTpuvlaTenlbHOMyY NoMocaM BbiNpaMUTeNs. JanTensHOCTb
NOAKJTKOHEHVA Kaxk40M 0BMOTKM B Mpeaenax

nepuroaa crneaoBaHvs MMMy 1bCOB MOOYIMPYETCS Mo
CUHYCOMOaNbHOMY 3aKOHy. HambonbLuas wprHa
MMMNYJIbCOB 06eCneYnBaeTCs B CepeavHe nonyneproaa,
a K Ha4vaJsly 1 KOHLY nonynepvioaa yMeHblLIaeTCs.

Taknm 0bpasom, cucTema ynpaBAeHNs MHBEPTOPOM
obecrneumBaeT LUMPOTHO-UMMYIbCHYH MOAYSLIMKO
HanpPsHKeHWs, NPUKIaapIBaeMoro K 0bMOoTKaMm OBuraTens.
AMNNNTYOa 1 YacToTa HanpPsXKeHVs onpeaenatoTcs
napameTpamMi Modyn pYHOLLEN CUHYCOUOANBHON
yHKUMK. Taknm 06pasoM, Ha BbIXOAEe Npeobpa3oBaTens
4acTOTbl POPMUPYETCS NEPEMEHHOE HAMPSKEHWE
WM3MEHSIEMOW YacTOTbl U aMMnTydbl. VI3MeHeHne 4acToThbl
1N aMNAUTYObl MATAOLLErO HAMPSPKEHWS MO3BOSISIET
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PucyHok 3. CTpykTypHas cxema anexkTponpusoaa CBIT
Figure 3. Block diagram for TDS electrical drive

and voltage U_ . are adjusted by the inverter through high-
frequency pulse-width modulation. Pulse-width modulation
is described by a modulation period within which the stator
winding of the motor is alternately coupled to the positive
and negative poles of the rectifier. Coupling time for each
winding is sinusoidally modulated within the pulse repetition
period. The maximum impulse length is at the middle of the
half-wave and decreases by the start and end of the half-
wave. As such the inverter control system provides for the
pulse-width modulation of the voltage applied to the motor
windings. Voltage amplitude and frequency are defined by
the characteristics of the modulating sine function. This way
alternating voltage with a variable frequency and amplitude
is produced at the converter output. Adjusting frequency
and amplitude of the supply voltage supports better
utilization of motor capacity by the drive operation in the
constant power or constant torque modes [3, 4, 5].

Shaft horse power of the TDS drilling motor in different

modes can be represented as a sum of three components:

* Horse power used for idle rotation of the driling string N

e Horse power used for rock breakdown at the bottom
hole N3

¢ Drive mechanism horse power losses N_ .

Horse power used for idle rotation of the drilling string is
determined based on a multitude of parameters: well depth,
diameter and course, drilling practices, rock condition and
drilling mud type. For operational calculations the following
empirical equations can be used for straight holes with a
maximum angle of 75° [3]:

N, =55.8-10°k -k, k, (1+40.44-CosB+(0.9+20+8))-k,-q-d-n1 $-L075
1)

where k: Drill pipe connection type factor (k,=1
for flush coupled pipes; k,=1.3 for box-
and-pin ends)
K, Mud type and dope use factor

(k,=1.1+1.3 for mud laden fluid flushing;

www.rogtecmagazine.com
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B GBYPEHVE

MoJIHee 1CMoJb30BaTh MOLWHOCTL 3MIEKTPOABUIraTESNA,
obecneunBas paboTbl NPUBOOA B PEXXMME NMOCTOSIHCTBA
MOLLIHOCTM UM NOCTOSHCTBA MOMeHTa [3, 4, 5].

MOLLHOCTb, pa3BrBaeMas Ha Basly 3/1EKTPOABUraTeNs

CBI B pas/inmyHbIx Pexxmmax, MOXeT ObITb NpeacTasneHa

KaK CyMMa TPex COCTaBNAOLLMIX:

® MOLLHOCTb, pacxodyemMas Ha X0nocToe BpaLleHue
KOJTOHHbI OypuibHbIX TY6 (KBT) N__;

® MOLLHOCTb, pacxofdyemMas Ha paspyLLUeHme ropHON
nopoApl Ha 3a60e CkBaKMHbI N__;

® MOLLHOCTb, pacxofdyemas Ha notepu B MexaHnm3max
npvisoda N .

MOLLHOCTb, pacxogyemas Ha Xon10cToe BpalleHne KBT,
OonpenensieTcs B 3aBMCUMOCTU OT BOMbLLIOIO Y1cia
(hakTopPOB — rAyObUHbI, AnaMeTPa 1 NPOMOUNA CKBaXKUHDI,
napamMeTPOB pexxmMa BypeHnsi, COCTOSIHMS MOpoS 1 BMaa
MNPOMbIBOYHOW XNOKOCTU. N5 NpakTUYEeCKMX pacHeToB
MO>XHO BOCMNOJ1b30BaTbCA 3KCNepnMeHTaJ1bHbIMN
hopMyamm 01 BEPTUKAIbHBIX CKBXKVH C YI/IOM
HaknoHa ao 75° [3]:

N_=55.8-10"k -k, k, (140.44-osp+(0.9+20-8))-k,-q-d-n1 L7

(1)
roe K, KOS(MMULIMEHT, YHUTLIBAIOLLM

TUM CoeauHEHNsT BYPUIbHBbIX TPYO

(0015 HUNNEebHOro coeamHeHys K =1; ans

My(hTOBO-3aMKOBOIo — k,=1,3);

Kk KOS(MMULIMEHT, YHUTBIBAIOLLMM
BV, MPOMbBIBOYHOW XKNOKOCTU U
MPVYMEHEHNE aHTUBMOPALIMIOHHOM CMa3KK
(MpY NPOMBIBKE FVHNCTbLIM PaCcTBOPOM
k,=1,1+1,3; npu NnpombiBke BOAOM K,=1;
MpY UCMOIb30BaHMUM aHTVBMOPALMOHHOM
CMa3Ku1 1V SMYJSIbCUOHHOIO pacTBopa
k,=0,4+0,6);

Kk KOS(MMULIMEHT, YHUTBIBAIOLLMI XapaKTep
CTEHOK CKBaXKWHbI (0151 HOPMaJIbHOrO
paspesa K,=1; B C/IOXKHbIX M€0SIOMHECKINX
ycnosusx K,=1,5+2);

Kk KOSM(MMULIMEHT, YUUTBIBAIOLLMI MaTepuran
BypuibHbIX TPYD (015 CTaSbHbIX
BypuribHbIX TPYOK,=1; 0019 a/OMUHVEBbIX
BypusibHbIX TPYO K,=0,75);

6=(D-d)/2 3a30p Mexay CTEHKaMU CKBaXKMHbI U
BypuibHbIMU Tpybamu, M, rae D —
OVaMETP CKBaXKVHbI, M;

d avameTp BypuibHbIX TRYD, M;

q mMacca 1 M BypuibHbIX TPYO, KI/M;

n 4yacToTa BpalleHus 0ofoTa, ¢

L rybuHa CKBaXKMHbI, M;

KOCUWHYC yrna Hak/ToHa CKBaXKWHBbI.

s onpeneneHns MOLLIHOCTIW, HEOBXOOMMOW O1s
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k,=1 for water flushing; k,=0.4-+-0.6 for
dope or emulsion mud)

k.. Hole wall factor (k,=1 for normal section;
k,=1.5+2 for difficult wells)

K, Drill pipe material factor (k,=1 for steel
drill pipes; k,=0.75 for aluminum drill pipes)

6=(D—-d)/2: Gap between hole walls and drill pipes,
m, where D is the well diameter, m

d: Drill pipe diameter, m

o} Weight of 1m of drill pipes, kg/m

n: Bit speed, s

L Well depth, m

cosf3 Well angle cosine

A semi-empirical equation suggested by A. E. Saroyan [6] is
used to determine the horse power required for idle rotation
of a steel drill string when drilling wells with an angle less
than 5° [6]:

N_=13.510%-L-d@*-(60-n)'>-D*-y 2
where v, : Mud weight, N/m?,
N, decreases with the decrease in the pipe specific gravity

for the light alloy pipes.

Horse power for rock breakdown during drilling depends on
the rock breakdown tool type and drilling parameters.

For hard metal bit drilling the horse power used for rock
breakdown is determined by the following equation

N,_=53-10*0.1 -P-60-n~Dcp_k-(0. 137+) 3)
where P: Axial load, N
D_.: Average bit diameter, m
cpll
Dcp,K:le+D2k/2 (4)
where D, ,D,: Bitoutside and inside diameter, m

L Friction coefficient between cutting
insert and bottom hole rock

Friction coefficient between cutting insert and rock is a
function of many factors and an approximate value. It is
related to the drilling parameters, drilling fluid composition,
rock drilled and a range of other factors.

The p values for different rock types are shown in Table 1.
For drilling with a diamond core bit
N,,=210*0.1-P-60-n-D_ . ©)

For none-core drilling

N_=(3+4) -10+0.1-P-60-n- D. )

www.rogtecmagazine.com



DRILLING M

XOJIOCTOrO BPAaLLEHMS CTaslbHOM
OYyPUNIBHOM KOMOHHBI NP
OYPEHUN CKBaKMH C YTIOM
HaKJIoHa MeHee 5° UCnosb3yeTcH
nonyamMnupuyeckast hopmyna,

Drilled rock type

Tun npobypmBaemon nopoabl

KoadbdomumneHT TpeHns pe3L,0B KOPOHKN
o nopony 3abos

Friction Coefficient between Cutting Insert
and Bottom Hole Rock

npenoxerHHasd A.E. CaposHom [B]: | MECKU, CYrIMHKN

N_=13.5-10"-L-*(60-n)'5-D°>-
Y @)

[Ae v,— ynenbHbIA BeC Dolomite, limestone

Sand, loam 02
MecYaHKU, MnHbI -
Sandstone rock, clay '
OOSIOMUTbI, N3BECTHSIKN

0.35

MPOMbIBOYHOM XXNAKOCTU, H/MS3,

Tabnuua 1. KoahduLmeHT TpeHrs pe3LoB KOPOHKM O Mopoay

Onsa Tpy6 13 nerkux cnnasos N

X.B
CHW>XXaETCS NPOMNOPLIMOHASIBHO
YMEHBLLEHWNIO YAENBHOMO Beca
mMatepuana Tpy6.

MolLHOCTb Ha pa3pylleHe nopodbl Npu GypeHnn
3aBKMCUT OT TWMNa NOPOAOPA3PYLLAKLLIErO UHCTRYMEHTA 1
napamMeTpOoB pexximMa bypeHus.

[Mpu BypeHun TBepAOCTIaBHbIMN KOPOHKaMU MOLLIHOCTb,
pacxogyemas Ha paspyLUeHne ropHon Nopoabl
OMNpPeRensAnTCa No hopmye

N,=5.3-10%0.1-P-60-n-D_ +(0.137+p) ©)
roe P oceBad Harpyska, H;
D, CPEAHU ONaMETP KOPOHKM, M.
DCP_K=D]k+D2k/2 (4)
roe D, .D, HapyXHbli ¥ BHYTPEHHWI AVameTp
KOPOHKU, M;
1) KOS MOULMEHT TPEHWS PESLIOB KOPOHKM O

nopoay 3abosi.
KoathhuUmeHT TPEHNS PESLIOB O MOpoay 3aBUCUT
OT MHOIMX PaKTOPOB U SBASIETCA BENYMHOMN
NPUBIMXKEHHOW. Ero 3HaYeHns 3aBUCAT OT MapamMeTpoB
pexxunma bypeHusl, CocTaBa OUYUCTHOrO areHTa,
NpPOXoaMMbIX NOPO, 1 psiaa Apyrnx (akTopos.

3HaveHns w419 pasHbIX TUMOB NMOPOL, MPVBEOEHb! B
Tabnvue 1.

[Mpu ByperHnn anMasHbIMU KOPOHKaMM
N,,=2:10%0.1-P-60n-D__. )
Mpwn 6eckepHOBOM BypeHum

N, =(3+4) -100.1-P-60+n- D. ©)

|_|pl/l MCNoJib30BaHM LLapoLUeYHbIX 00JI0T MOXXHO

www.rogtecmagazine.com

Table 1. Friction coefficient between cutting insert and rock

Horse power used at the bottom hole when drilling with
a cone cutter bit can be also calculated by the following
equation

N, =10%0.1-P-60-n-D. (7)

pu=0.17 for bits with a diameter equal to or greater than
0.076m, and p=0.10 for bits with a diameter equal to or
less than 0.059m.

We would like to highlight the following equation obtained
by Hughes Company (USA) based on the cone cutter bit
bench testing when drilling sandstone, limestone, and
granite among an abundance of correlations for the horse
power used for 0.12-0.45 meter cone cutter bit operation

N, =¢-10°(1000-P)*60-n-(0.001-D)°* ®)

Where c¢: Rock hardness ratio assumed to be equal to
c=2.6 for soft rock; c=2.3 for medium hard rock; c=1.85 for
hard rock. The ¢ value for dull bits rises by 150%.

Nz increases perceptibly when drilling with the scraping-
cutting type bits—the horse power for rock breakdown
reaches

11-36 kW at D = 0.19m, n = 1.16s" and Pg =50 + 150 kN.

Drive mechanisms horse power losses N, . depends on
the transmission efficiency factor n,: and calculated by the
equation

N =(N_,+N, )-l-np‘/np_ 9

3a6.

Shaft horse power of the TDS drilling motor for a specific
mode can be represented as a sum of three components

NCBH:NX .B+N3a6+Nn (1 O)

Table 2 summarizes the development drilling parameters
for Well 21021 based on the Tatburneft Management
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paccUYUTbIBATbL MOLLIHOCTb, 3aTpaqMBaemyto Ha 3aboe,
TaKKe No opmysie

N,_=10"10.1-P-60-nD. @)

Ona ponot anametpom 0,076 m n 6onee p=0,17,
onametpom 0,059 M 1 meHee u=0,10.

113 60NbLLIOrO Y1Ca 3aBUCUMOCTEN MO BbIYVCIEHNIO
MOLLIHOCTH, 3aTpa4mMBaemMom Ha paboTy LWapoLLEYHbIX
ponot anameTtpom 0,12-0,45 M oTMETUM hopMy Ty
hupmbl «KO3» (CLLA), nony4eHHyto Ha OCHOBaHUK
CTEHAOBBIX VICMbITAHWIM TPEXLLAPOLIEYHBIX AO0T Mpn
OypeHUM B NECHaHNKE, N3BECTHSKE U MPaHUTe

N, =c10°:(1000-P)'*60-n:(0.001-D)’* )

rae C — KOahPUUMEHT KPENOCTM NOPO4, NMPUHUMAEMbII
ONs MArknx nopog, ¢=2,6; 419 NOPOL CpedHen TBEpAOCTH
c=2,3; oA kpenknx ¢c=1,85; 019 N3HOLLEHHbIX O010T
BE/IMYMHA C yBenuymBaeTcs B 1,5 pasa.

[Mpu BypeHnn oonoTamMmun pexylle-nctiparoLlero Tuna N
3HauMTENBHO Bo3pacTaeT: npn D = 0,19Mm, n = 1,16¢-1

n P =50 + 150 KH pacxod, MOLHOCTW Ha paspyLUeHme
nopopabl aocturaet 11-36 kBT.

MOLLHOCTb, pacxogyemMast Ha NoTepn B MEXaHN3Max
npveoga Nr. 3aBUCUT OT KO3DULMEHTa NONE3HOMO
OENCTBUS pefyKTopa np., U onpeaenseTca no hopmye

Company data for cone-rock bits. The optimum bit speed
at each drilling stage is set by geologists and shown in
Table 1.

The drilling process has seven stages in total. At the first
three stages the bit speed (of the TDS drive) is 2 s and
weight on bit is 29.42 kN. At the fourth and fifth stages
weight on bit increases up to 176.52 kN and at the sixth
and seventh stages bit speed increases up to 2.92 s with
no changes in weight on bit.

Table 2 shows that at each drilling stage horse power
used for idle rotation of the dfrill string and rock breakdown
at the bottom depends only on well depth and weight

on bit accordingly at a constant speed since the drilling
parameters don’t change within the drilling interval. So
equations (1) and (7) are represented as

N =C.nl .83.L0.75

X.B

(11)

N, =Kn-P (12)

where C and K: Factors for well drilling parameters

Well 21021 was drilled with the TDS electrical drive as a drill
bit drive at the first two stages. Other stages utilized turbo
drilling. The bit speed required for turbo drilling is supported
by the driling pump rate. The horse power necessary for
rock breakdown at the bottom hole is also supplied by

the driling pumps. Thus, shaft horse power of the TDS

Mpocunb CKBaXKNHbI VikTepsan P, n, D, ) q, Cnoco6 6ypernst
Driling course ping e KH | e | N T B W I Y B L I e by
0-130 | 2942 | 2 |0.3937| 0.127 | 1.3 | 1.08 | 1 | 1 | 0.133 | 32.98 1 0.2 | " e n
130w 130-200 | 2942 | 2 |03937 | 0127 |13 | 1.08 | 1 | 1| 0.133 | 32.98 | 0.992 | 0.35 | "*PepuiRecRM
00 200-301 | 2942 | 2 |0.3937| 0.127 | 1.3 | 1.08 | 1 | 1 | 0.133 | 32.98 | 0.981 | 0.35 RS
. 301-483 | 176,52 | 2 | 02953 | 0.127 | 1.3 | 1.06 | 1 | 1 | 0.084 | 32.98 | 0.915 | 0.35 Riiveg
MM
483-1,097 | 17652 | 2 | 02953 | 0.127 |13 | 1.3 | 15| 1 | 0.084 | 32.98 | 0.866 | 0.35 RS
1097 a0
1,097-1,305 176.52 | 2.92 | 0.2159 | 0.127 | 1.3 | 1.18 | 1 | 1 | 0.044 | 32.98 | 0.921 | 0.35 R
1305 u
1,305-1,754) 176.52 | 2.92 | 0.2159 | 0.127 |13 | 1.3 | 2 | 1 | 0.044 | 32.98 | 0.921 | 0.35 TYROULHL
1754 m

Tabnuua 2. NapameTpbl bypeHus ckBaxkHbl Ne 21021

Table 2. Well 21021 drilling parameters
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N,=(N_,+N, ;) 1=,/ ©

MoLLHOCTb, pa3BMBaeMast Ha Basly SNeKTPOABUraTens
CBI1, B KOHKPETHOM PEXNME ONPEOENSETCA CYMMOW
TPEX COCTaBNSAOLLMX
NCBH=NXAB+N136+NH (1 O)

B Tabnviy 2 cBeaeHbl napaMeTpbl SKCTyaTauyMoHHOrO
OypeHus ckBaxknHbl N2 21021 no gaHHbIM

oypoBon komnaHum OO0 «YK «TatbypHedTb» npu
MCMOMb30BaHUM LLApOLLEeYHbIX 00A0T. OnTumansHas

yacToTa BpalleHNs OoN0Ta Ha KaxkaoM aTane 6ypeHus
3ajaeTcd reosioramun 1 npueegeHa B Tabavue 1.

Bcero npougecc bypeHnsa cooep>XXnT CeMb 3Tanos.
Ha nepBbIX Tpex aTanax YacToTa BpalleHns goaoTa
(npriBoga CBI) coctaBngeT 2 ¢, a Harpyaka Ha
[onoTo 29,42 kH. Ha 4eTBEpPTOM 1 NATOM aTanax

drilling motor is expended on the idle drill string rotation
and mechanism losses. It should be noted that for turbo
drilling the TDS drive speed is 0.3 — 0.5 of the bit speed
and determined by production necessity only. In this vein,
starting from the third Well 21021 drilling stage the TDS
drive speed n1 was 1 s,

Table 3 presents calculation data for horse power,
coefficients C and K, speed and motor shaft torque.

Figure 4 depicts a speed/torque curve for the TDS electrical
drive and derived curves for the data shown in Table 3.
Drilling starts at point 1 with the TDS as a bit drive and
continues up to point 2. Point 2 is the end of the second
drilling stage. The third drilling stage starts at point 3 and
continues up to point 4. As Figure 3 shows the TDS drive
capacity is underutilized and for this reason a study of

the TDS drive operation in all drilling interval with no turbo
drilling is advantageous.

STan n] ? n/ ’ C K NX.B’ NX.B’ Nzaﬁ’ 3a6° Nn’ Nn’ NCBH’ NCBH’ waﬂ’ ('0311’ Mag ’ M()ﬂ’
Stage c-! s-! kBr kW | kBr kW | kBr kW | kBt kW |pag/c rad/s|kH.m kN.m
I 2 0,084 | 0,000472 0,000 27,798 3,089 30,887 153,89 0,201
2 0,084 | 0,000472 11,527 27,798 4369 43,695 153,39 0,284
1 2 0,084 | 0,000827 11,475 48,647 6,680 66,802 153,89 0,434
2 0,084 | 0,000827 15,851 48,647 7,166 71,665 153,89 0,466
1 0,083 | 0,000827 4428 - 4,920 4,920 76,94 0,064
111
1 0,083 | 0,000827 6,017 - 0,669 6,685 76,94 0,087
v 1 0,066 | 0,000062 4,744 - 0,527 5271 76,94 0,069
1 0,066 | 0,000062 6,764 - 0,752 7,515 76,94 0,098
v 1 0,118 | 0,000062 12,106 - 1,345 13451 76,94 0,175
1 0,118 | 0,000062 22,398 - 2,489 24,886 76,94 0,323
VI 1 0,062 | 0,000453 11,766 - 1,307 13,073 76,94 0,170
1 0,062 | 0,000453 13,402 - 1,489 14,891 76,94 0,194
1 0,139 | 0,000453 30,280 - 3,364 33,644 76,94 0437
1 0,139 | 0,000453 37,798 - 4,200 41,998 76,94 0,546

Tabnmua 3. PeadynbTaThl pacyeToB Npu ByPeHn CKBaXKMHBI BEPXHM MPYBOAOM U Typ606ypOoMm

Table 3. Calculation data for top drive and turbo well drilling

0e3 3MEeHEHWs1 YacTOoThl BpalleHNsA yBesindmBaeTcH
Harpyska Ha gonoTo 0o 176,52 kKH, a Ha wecTom u
CcedbMOM 3Tanax yBeIM4nBaeTCs YacToTa BpalleHns
gonoTta go 2,92 ¢! 6e3 USMEHEHMS Harpysku Ha
OOJ10TO.

V13 TabnuLbl 2 BUOHO, YTO Ha KaXKOOM aTarne dypeHus
MOLLHOCTb, pacxofyemasi Ha X0f10CToe BpallleHve

KBT n Ha paspyLueHne ropHOM nopoadbl Ha 3ab6oe

MpY MNOCTOSIHHOM YaCTOTe BPALLEHMS 3aBUCAT TOJIbKO

OT FNYOVHBbI CKB2XKMHbI 1 HArPy3KX Ha 0OS10TO,
COOTBETCTBEHHO, T. K. MapamMeTpbl BypeHns He
N3MEHSIOTCA B Mpefenax MHTepBanoB bypeHus. NMostomy
npeacTasum dopmyssl (1) 1 (7) B Buae

www.rogtecmagazine.com

Table 4 contains the calculation data for well drilling
with the TDS drive as a bit drive at all drilling stages
and the same coefficients C and K. As the table shows
shaft horse power of the TDS drilling motor reaches its
rated value by the end of the fifth drilling stage at point
2. From that moment on the TDS drilling motor speed
should be limited at the fifth drilling stage at point 2.
Then the drilling process will follow the constant power
curve up to point 3 and the drive power will be fully
utilized. The entire sixth and seventh stages will follow
the constant power curve.

Use of the TDS drive as a bit drive during the entire
well construction cycle may not always be possible.
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NX.B:C.nl,SS.LOJS (1 1) MB,ZZ, 3
KH-Mm
N_=KnP (12) KN-M
2.5
roe C n K — KOahPULMEHTBI, YYUTbIBaKOLLME
napameTpbl OYPEeHUS CKBaXKMHbI.
2
bypeHune ckBaxknHbl Ne 21021 Ha
nepBbIX ABYX 3Tanax OCyLleCTBASI0Ch C
1CMNOJSIb30BaHMEM B Ka4yecTBe npmBoaa
15

nonota anekTponpusoga CBI1. Ha
OCTalbHbIX 3Tanax UCMoJsib30BasiCs
Typ606yp. MNpn 6ypeHnn TyPOUHHBIM
cnocobom Tpebyemas yacToTa 1
BpallleHnsa aosaoTta obecnevmBaeTcs
NPOV3BOANTENBLHOCTLIO BYPOBbIX
HacocoB. MowHOCTb, Tpebyemas ons

0.5
paspyLEHNs FOPHOM NOPOAbl Ha 3aboe
Tak e nepefaercy OT 6ypOBbIX HACOCOB.
[MoaTomy Npu BypeHun TYPOUHHBIM o

CNocob0oM MOLLHOCTb, PasBrBaeMas Ha Basy
anekTpoasuratens CBI1, satpadnBaeTcs
TOIbKO Ha xonocToe BpalleHne KBT

¥ Ha noTepu B MexaHmnamax. Cnenyet

AN

29
4 l
3
1
50 100 150 200 250 300
WA,
RAD/S panfc

OTMETUTb, YTO MPK BypeHnn TYPOUHHBLIM
cnocobom, YacToTa BpalleHus Npreoaa
CBIM coctaBnget 0,3 — 0,5 OT YacTOThHI
BpaLleHnsa 40N0Ta, U ONpeaenseTcs TONbKo
TEeXHONOrn4ecKom HeobxoaMMOCTbIO. Tak, HaYMHas
C TpeTbero atana OypeHns ckBaxkuHbl Ne 21021,
yacToTa BpalleHunsa npmusoga CBIT n1

cocTtasnania 1 c=.

B Tabnnue 3 nprBeaeHbl pe3ynbTaThl pacyeToB
MoulHocTen, kKoadduumeHToB C 1 K, 4acToTbl
BpaLleHns 11 MOMEHTa Ha Basy ABurarens.

PucyHok 4. PacuyeTHble KpViBble NMpu BYpeHn C MCMOSIb3OBaHNEM
BepXHEro npreoaa v Typbobypa
Figure 4.

Derived curves for top drive and turbo drilling

It is attributed to the drilling process specifics: the
need to use deflectors for turbo drilling to ensure
the required well angle, special drill stem assembly
with telemetry equipment, etc. The TDS drive power
is basically determined by pipe spin-out with a large
torque during handling that may

reach 100kN.m.

Equations (1) — (8) also apply to rotary drilling. Horse

Jran n, n, X8’ Nx.s’ NsaG’ Nsaﬁ’ Nn’ Nn’ NCBH’ NCBH’ Ooppr - Oy Mazz’ Mazz’
Stage c! s kBr kW kBT kW kBr kW | kBr kW |payc rad/s | kHm kN.m
I 2 0,000 27,798 3,089 30,387 153,89 0,201

2 11,527 27,798 4369 43,695 153,89 0,284

11 2 11475 48 647 6,680 66,302 153,89 0,434
2 15,351 48 647 7,166 71,665 153,89 0,466

111 2 15,745 48 647 7,154 71,545 153,89 0,466
2 21392 48 647 7,782 77.821 153,89 0,506

v 2 16,867 218,930 26,200 261,997 153,89 1,703
2 24047 218,930 26,997 269975 153,89 1,754

v 2 43,042 218,930 29.108 291,080 153,89 1,892
1,831 67,752 200,431 29,798 297981 140,88 2,115

VI 2,541 64,831 203,362 29,799 297.992 195,51 1,524
2473 70,271 197,920 29,799 297,990 190,28 1,566

VI 2,0027 107,922 160,281 29,800 298,003 154,10 1,934
1,869 118,717 149,580 29811 208,108 143,81 2,073

Tabnuua 4. PesynbTaTthl pacyeToB Npu BypeHny CKBaKMHbI BEPXHUM NPUBOAOM

Table 4. Calculation data for top drive well drilling
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Ha pucyHke 4 nokasaHbl MexaHu4eckas Mon, °
XapakTepucTuKa a/1eKTponpueoaa KH-M
CBI 1 pac4yeTHble KpuBbIE MO AaHHbIM, KN-M

npueeneHHbIM B Tabnvue 3. bypenue 25
Ha4yMHaeTCsa B TOYKe 1 C MCNONb30BaHNEM
CBI1 B ka4ecTBe NpuBoda Aos10Ta n
NPOAOPKAETCH A0 TOYKM 2. Todka

2 9BNAETCS KOHLOM BTOPOro atana
BypeHuns. B Touke 3 Ha4YMHaeTCsa TpeTUi
aTan bypeHus TYpPOUHHbIM COCOBOM r
NPOAOIKAETCH A0 TOYKM 4. V13 pricyHka 3 1.5
BMOHO, 4TO Npueoa CBI1 Hegoncnonb3oBaH

no MOLLHOCTW, MOSTOMY NpeacTaBnseT

WNHTEepeC nccnenoBaHns paboTbl NprBoaa 1
CBI Ha Bcex nHTepBanax bypeHus 6e3
MCNONb30BaHWsA Typbobypa.

0.5
B Tabnue 4 npvBeneHbl pesyibTaThl
pac4eToB Npu GypeHUn CKBaXMHbI C
NCMoNb30BaHMEM B Ka4ecTBe npusoaa 0

nonoTta npueog CBI Ha Bcex aTanax
oypeHns, koadduuneHTsel C n K npy aTom
ocTalTcsa TemMun xe. V13 Tabanubl BUOHO, Y4TO

3.5
2
4
1
50 100 150 200 250 300
wo,
RAD/S PAJ/C

MOLLHOCTb Ha Basny anektpoasuratens GBI
OOCTUraeT CBOEro HOMUHAIbHOrO 3HA4YEHNS

K KOHLLy N9TOro atana bypeHus B Touke 2.
HaunHaa ¢ aToro MOMeHTa Ha NSToM aTane
OypeHns B TOUKe 2 CneayeT orpaHnymnBaTh
yacToTy BpalleHua asuratens CBI. Torga
npouecc bypeHnsa byaeT NpoTekaTb N0 KPUBOM
NMOCTOSHCTBA MOLLIHOCTU A0 TOYKM 3, MOLIHOCTb
npueoaa dyaeT MCNnosb3oBaHa NOHOCTLIO. LlecTonm
1 CeAbMOW 3Tanbl MOSIHOCTbLIO ByayT NpoTekaTb Mo
KPWBOW MOCTOSIHCTBA MOLLIHOCTM.

Vicnonb3oBaHune CBI B kadecTBe npuBo4a 4osaoTa

Ha MPOTSXKEHUN BCErO LKA CTPOUTENbCTBA
CKBaXXMHbI HE BCerga BO3MOXXHO. 3TO CBA3aHO

C TEXHOMOMMYECKUMUN OCOBEHHOCTAMU BypeHNs

— HEOBXOAVMOCTbLIO NCMONB30BAHNSA TYOOBYPOB-
OTK/IoHUTENEen ANna obecnedeHns He0OXoaMOro
HaKNOHa CKBaXXMHbI, UCMOb30BaHMEM CreLnanbHON
KOMMOHOBKMW BYPUNBHOM KONOHHBI C TENEMETPUYECKUM
obopynoBaHuem 1 T.4. MowHocTb npusoga CBI1

B OCHOBHOM OMnpenensieTcsa HeobXxoaMMOCThbIO
pasBUHYMBaHWSA TPYD ¢ 60MbLIMM MOMEHTOM MpPU
NPOBEOEHUN CMYCKO-NMOABbEMHbIX onepaLui, MOMEHT
PasBUHYMBAHWS KOTOPbIX MOXeT gocturatb 100 kH-M.

®opmynel (1) — (8) cnpaBef/MBbI Tak XXe 1 ANs
POTOPHOro BypeHud. MowHOCTb, pacxogyemas Ha
noTepun B MexaHmamax npueoda potopa Nm. nmeet
Boniee CNOXHYK 3aBUCUMOCTb. OTO CBA3AHO C TEM,
4TO Mepefada K poTopy OCyLLeCTBASETCS MB0
4yepes peaykTop U KOPOoOKy NepemeHbl nepenay
nebegkn nNpy KOMOUHNPOBAHHOM 3NEKTPOMNPUBOAE,

www.rogtecmagazine.com

PucyHok 5. PacueTHble KpriBble Npu BypeHn ¢ MCMOSIb30BaHNEM
BEPXHEero npreoga
Figure 5. Derived curves for top drive drilling

power wasted in the rotary drive mechanism losses
Nn. has a more complex correlation. It is linked to the
fact that transmission to the rotary is either through
the transmission and draw works gearbox for the
combination electrical drive or the transmission and
propeller shaft for the variable speed electrical drive,
that is, under a complex kinematics. The following
equations by B. M. Plyusch and V. S. Fedorov are
used for practical calculations of the horse power N.
dependent upon equipment type and condition and
rpm [7]

N, =k-n!3 (13)

N =a, -n+a2-n§., (14)

Where a,, a,, k: Equipment type factors; n: Rotary angular
speed

The general major drawback of drilling with the TDS as
a bit drive and a rotary is significant power losses in the
drill string idle rotation. As Table 4 shows the power N
gets comparable to the power for rock holing N, with
an increase in the well depth. However the use of TDS
is economically viable owing to high automation of its
control system. TDS supports rpm and torque
monitoring and adjustment and drilling process

and handling automation.
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NnBo Yepes pPeayKTop 1 KapaaHHbI Bas npu
PErYNNPYEMOM 3NIEKTPOMPUBOAE, TO ECTb CO CITIOMHOM
KMHEMaTNYECKOW CxeMou. B npakTuyeckmnx pacyetax
ans onpegeneHns mowHocTy Nn., 3aBUCSLLEN

OT TMNa, COCTOAHUS 060PYLAOBAHUSA 1 HacTOThI
BpaLleHns, NnpuMmeHsatoTcs popmynel B.M. Taowa n
B.C. ®epnopos.a [7]:

Nn_=k.n; 3 (13)
N =a, -n+a2-nlf‘, (14)
roe a, a,, k: — KOOPMULIMEHTbI, 3aBUCALLIME OT TUNa

MPMMEHAEMOr0 060PYA0BaHMS; 1, — YT/I0Bas CKOPOCTL
poTopaA.

O6LLMM CyLLIECTBEHHBIM HEQOCTATKOM OYpPEHUS

C MCMONb30BaHNeM B Ka4eCcTBe NpmMBoda AosoTta
CBI'l 1 poTopa aBAseTcs 3Ha4YNTENbHbIE NOTEPWU
MOLLHOCTW Ha xonocToe BpatleHne KBT. 13
Tabnuubl 4 BUOHO, YTO MO MeEpPe YBENMYEHNS FyOVHbI
CKBaXXVHbl MOLLIHOCTb N CTaHOBWTCA COM3MepumMa

C MOLLHOCTbIO Ha pasdbypusaHue nopodbl N, .. Tem
He MeHee, ncnonb3osaHne CBIT aKoHOMUYEeCKN
onpaBOaHo BBWAY BbICOKOM aBTOMaTU3aLMN CUCTEMBI
ynpaeneHus. CBI no3BOASET BECTU KOHTPOb U
perynmpoBaHMe 4acToTbl BPALLEHNS U MOMEHTA,
aBTOMATM3MPOBATb NPOLECC BypeHUs 1 NPOBEOEHUS
CMYyCKO-MOABEMHbIX OnepaLuii.
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