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BBEAEHME(INTRODUCTION)

YTo Takoe SciencEngineering? What is SciencEngineering?

Ingenium (s1am.) — n3obpeTaTenbHbli, UCKYCHbIN, 3HaKOLLNIA = SciencEngineering (SE) - aucumnauHa,
Ingenium (lat.) — inventive, skillful, knowledgeable " .

3a4ad4eNn KOTOpPOU ABAAEeTCA NpumeHeHune
MEeTOL0B U AOCTUXKEHUN GyHOAMEHTANbHbIX
HayK NpU NPOEKTUPOBAHMK, pa3paboTke u
dHa/in3e nponsBoaCcTBeHHbIX CUCTEM U
npoLeccos.
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= SE Bcerga 6bln OCHOBOM WHXEHEPHOro
Jena, HO ceWyac Hayvyan BblAenATbCA B
oTAeNbHYt0 06nacTb 3HAHUM U YMEHUN B
cBA3U C pocToMm «HAYKOEMKOCTM»
COBpPEeMEHHbIX NPOU3BOACTB.

= SE xapaKTtepusyer:

°  MeXAUCUMNAMHAPHOCTb
(multidisciplinary)

* KOMNJEKCHOCTb (integration)

° CUHEprMa TeopuM U  NPAKTUKM
(synergy of theory and practice)

*  WMHHOBaUMOHHOCTb (innovation)
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BBEZIEHUE (INTRODUCTION)

Y1o Takoe SciencEngineering? What is SciencEngineering?

Engineering SciencEngineering




BBEZIEHUE (INTRODUCTION)

[MonyaHanutuka
Semi-analytics
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[MopoanHamunyeckoe
MoOenMpoBaHne
Hydrodynamic
simulation
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CopepiKaHue aoKnaga

Presentation Content

Ans onTuMmmnsaumm cuctembl pa3paboTkm HeobxoanMo NMeTb BCe 3 YPOBHS MogenupoBaHus. Kaxabin
cnegyoLnin ypoBeHb YTOYHAET NpeablayLmMii, yMeHbLLaeT obnacTb nomcka.

All the three levels of modeling are required for well pattern optimization. Every next level specifies the
previous one and reduces the search area.



BBEZIEHUE (INTRODUCTION)

MapameTpbl onTUMM3aUUm
(Optimization parameters):
* Bupg cucrembl paspabotkum (Well pattern)
* [edopmaunsa cnctemsl paspaboTku
(Deformation of the well pattern)
» Cnocob 3akaHunBaHus ckBaxkuH (Method
of well completion)
* Bpems oTpaboTku HarHeTaTenbHbIX
CKBaXXWH Ha HeddTb (operation period of
injection wells in production mode)

NMapameTpbl onTUMM3aunm

(Optimization parameters):

Mopsgok BBoga ckBaxuH B Jobbivy (Order of
well commissioning)

PacnonoxeHune kaxgomn CKBaXXWHbI MO noLaan
(Location of each well over the area)

MpoBogka Kaxxgon ckBaXkuHbl no nnacty (Drilling
of each well into the reservoir formation)

Pexunm paboTbl kaxgon ckBaXuHbl (Operation
mode for each well) 6



BBEEHME (INTRODUCTION)

enb: BbIGOp CUCTEMBbI pa3paboTku,
Makcumusupyowen NPV npoekrta, npu 3afaHHbIX
3KOHOMMYECKMX MapamMeTpax M KOHUenTyanbHbIX
peLleHUsaX no MHdpacTpykType

llpu paccmMompeHuUuU oO2paHU4YEeHHO20 Kosluyecmea
eapuaHmos, ecmb pPUCK MNPUHAMUSI HeonmumasbHo20
peuweHusl.

Ans KpYMHbIX npoekmos, onpedensouyux
cmoumocmb KomnaHuu, uyenecoobpa3sHo cmpoumb
«HernpepbI8HbIE» modenu, MaKcumasibHO

oxeambiearouwjue 803MOXHbIe eapuaHmMbl.

Objective: selection of the well pattern that maximizes
the project NPV at given economic parameters and

conceptual infrastructure solutions.

When considering a limited amount of options there is

arisk of reaching a nonoptimal solution.

For large projects that define the value of Company it
is reasonable to build “continuous” models that most

cover the possible options.

A A MAX

o o [z
Z

BapnaHT 2g45 4547 3
@ (Option 2) (option 3)

NPV

BapuaHTt 1
(Option 1) > >
®doHAO CKBaXKUH ®dOoHA, CKBaXKNH
Well stock Well stock

Mpumep (Example)

e OnpegeneHve onTMMarnbHOW ANWHbBI TOPU30HTalbHOMN
ckBaxkuHbl (Defining optimal length of the horizontal
well)

ANPV = +20 mnpga. pyo. (bin Rub)

e BbIbop onTuManbHOW NNOTHOCTU CETKN CKBaXXWH
(Selecting optimal well spacing)

ANPV = +10 mnpga. pyo. (bin Rub)

* Bbibop ontnmansHoro npocunsa gobbium (Selecting
optimal production profile)

ANPV = +13 mnpga. pyo. (bin Rub)

CymmapHbIn npupocT ANPV = +43 mnpa. pyo.
(Total gain ANPV = +43 bin Rub) /



METOL TOYEYHbIX
MCTOUHHNKOB OJ1TA PACHETA
OEBNTOB CKBAXNH
POINT SOURCE METHOD FOR
WELL PRODUCTIVITY
CALCULATION



METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

MeToa TOYEYHBIX UCTOYMHWUKOB SBMSIETCS MNEPCrneKTUBHbIM METOAOM MOAENMpoBaHUA (PU3UYECKUX MOmen.
OTO MeTo[, 4YacTo HasblBaeMbl B 3apybexHon nuTepaTtype MeToaoM dyHOaMeHTarnbHbIX pPeLUeHun, B
HacTosiLee BpeMs UCMONb3YeTCH B NepBY0 odepenb ANndA peleHus ypaBsHeHna Jlannaca. OgHako OH MOXeT
ObITb MCNOMNb30BaH U ANA PeLleHns OpYrux ypaBHeHUN matemaTtmyeckon usmkn. (Point source method is
a promising technique for physical field modeling. This method, which in foreign literature is often called a
method of fundamental solutions, is currently used primarily for solving the Laplace equation. However it
may also be used for solving other equations in mathematical physics. )

82P_|_k 82P+k aZP . YpaBHeHue Jlannaca

k - = .
VG y 8y2 Z 72 (Laplace equation)

0°P N 0°P +62P _10P
2 2 2 T 4 A YpaBHeHUE Nbe30NPOBOAHOCTU
X oy oz Aot (Diffusion equation)




METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

YCTaHOBUBLLMMNCA PEKUM
(Steady-state flow)

CKBaXXMHbI NpeacTaBnstoT coObon ToHEYHbIE NCTOYHUKK/ CTOKM, paboTatouwme ¢
noctosiHHbIM aasneHneM. (Wells are point sources / sinks operating under constant

pressure)
,qu Rk BoamyLieHne gaBneHme ogHoOM CKBaXKMHbI (MCTOYHMKA)
P - Pk — In (Pressure disturbance of one well (source))
[ns cMCTEMbI CKBaXKMH CyMMapHoe

BO3MYyLIEeHNEe OaBrieHns onpegendercd Kak

,Uq j luql CymMMa BO3MYLLIEHU OaBreHus, Co30aBaeMbIX
P- — Pk Z OTAENbHbIMU CKBaXXNMHAMMW.

. Zﬂkh r : . .. (For a well system the total pressure
CJ 'J disturbance is defined as a sum of pressure
disturbances generated by individual wells.)io




METO/L, TOYEYHbIX MICTOYHMKOB (POINT SOURCE METHOD)

OnTuMmanbHaa cucTtema pPa3paboTKM rOPU3OHTA/IbHbIMU CKBaXKUHaMMU
(Optimal well patern of horizontal wells)

PspHas cuctema paspaboTky ropnsoHTanbHbIMU CKBaXKUHAMM (CNOLWHBIMU NIMHUAMU 0603HaYveHbl foObIBalOWne CKBaXMHbI, MYHKTUPHLIMU —
HarHeTaTesnbHbIE)
In-line well pattern of horizontal wells (solid lines show production wells, dotted lines show injection wells)

[1ebuUT ropn3oHTaNbHOM CKBAXKMUHbI:
Flow rate of a horizontal well:

27k,h(P = Pyog )

g, =

1 4A h’ h’
e Pl rorLTy A 7h
J1vA 27, sinhp
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METO/L, TOYEYHbIX MICTOYHMKOB (POINT SOURCE METHOD)

OnTUManbHaa cucTtema Pa3pPaboTKU FOPU30OHTAIbHbIMU CKBaAXKUHAMM
(Optimal well pattern of horizontal wells)
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3aBucumocTb hopM-hbakTopa OT reoMeTpum obnacTn ApeHNpPoBaHUS
Dependence of shape-factor on the geometry of drainage area

L° LY L
LX/Ly:2+115A CA: a(LzJ +ble Ly
L, = 2A+1.1512 a= f(L2/ A) =17.5e L%
L A b =const =-6

y

 2A+1.1507 c= F(L/A)=1.06e 0% 1A



METO/A TOYEYHbIX ICTOYHWMKOB (POINT SOURCE
METHOD)

OnTmanbHaA cucTema pa3paboTKM rOPU3OHTANbHbIMU CKBAXKMHAMMU
(Optimal well pattern of horizontal wells)

I'Ipumep: TpebyeTca BbIbpaTb ONTMMaA/IbHOE PACNONOXKEHME FOPU3OHTA/IbHbIX CKBAXKMH B PSAAHOM cMCTemMe pa3paboTkM U paccymTatb
0eOUT TaKUX CKBaXKWH, eCIN U3BECTHO, YTO NAOWAAb, NPMXOAALWANACA HA OAHY CKBaXMHy annHoi 1000 m, paBHa 72 la, 3aboiiHoe gasneHue
[o6biBatowmx ckBaxXmMH 100 atm, HarHeTaTenbHbix 300 aTm. Pagnyc ropmsoHTanbHoro cteosa 0.078 m. Mnact ¢ apdeKTMBHOM ToNWwMHOM 10 M 1

npoHuuaemoctbto 5 m/[, OTHOWEHWE FOPU3OHTANbHOM MNPOHULAEMOCTU K BepTuKanbHoi 10, ckuH-daktop 0, BA3KOCTb HedTn 1.2 cll,
06beMHbIi dakTop 1.24.

Example: It is required to select an optimal pattern of horizontal wells in the in-line development system and calculate well production
rate if it is known that the area per well equals to 72 ha, well length is 1000m, bottom hole pressure of production wells is 100 atm, bottom
hole pressure of injection wells is 300 atm. The radius of a horizontal hole is 0.078 m. The effective thickness of the reservoir is 10 m,
permeability is 5mD, horizontal to vertical permeability ratio is 10, skin factor is 0, oil viscosity is 1.2 cP, volume factor is 1.24.

2 2
Pewerue L,/L, =2+1. 155 2241151990 356
(Solution): A 720000
078 1000?
3 =17.5¢e 720000 ~ 5 Q2
10002

03
c =1.06e 720000 ~ (.64
L o
a—2>+be 7 x7

= ( 2 )

y

27k h{P —P
q, = h ( pmd) ~ 239 m° [ cym

1 4A h* h*
A1 e )L h
Viva 27, sinTp
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METOA TOYEYHbIX MCTOYHUNKOB (POINT SOURCE
METHOD)

HeyCcTaHOBUBLLUMINCA PeXUM
Unsteady-state flow

YpaBHeHne onsa pacnpegeneHna gasneHna nmeet sug (Equation for pressure distribution
IS):

w@apj_lap
ror\ or) Aot  ,_ K

mC
K

muC
P(r,0) = P(e0,t) = Py

— KO3 (PULUEHT NbE30IPOBOIHOCTH

where 4 = Is a diffusivity coefficient

3agaHbl criegyoume HayanbHble U rPaHnUYHbIE YCIOBUS:
Initial and boundary conditions are as follows:

P(rc,t) = B,

3agadva 06 onpegeneHnn aebuta XNMOKocTu Npu NOCTOAHHOM 3ab60MHOM gaBNEHUN
CBOANTCS K OTbICKaHMo doyHKUMKM g(t) N3 MHTEerpanbHOro ypaBHEHUS:
The problem of calculation the fluid flow rate at constant bottom hole pressure reduces to

finding the function g(t) from integral equation:

r2

t _
_ M 4A(t —7)
P —-P = d
C 0 4zKh _fq(r)e ‘
0 14




METO/A TOYEYHbIX ICTOYHWMKOB (POINT SOURCE
METHOD)

HeycTaHOBUBLUUINCA PeXKUM
Unsteady-state flow

HecTaumMoHapHbIN AeBUT }KUAKOCTM CKBAXKMHbI B panasibHOM NaacTe npu
NOCTOAHHOM 3ab0MHOM AaBAEHUN:

Unsteady fluid flow rate in radial reservoir at constant bottom hole pressure:

n-1
47th(P P) Z Ei(- b )— Ei(- b ) 2
q" = = n+1-k n—k e o 4o K
Ei(-b) ’ AAALT T muC
h — monwuna niacma h —thickness
M — nopucmocms m — porosity
K — nponuyaemocmo K — permeability
= Paouyc CK8ANCUHbBL = well radius
PO — HAUAIbHOE NIACIOB0e OABICHUE PO —initial reservoir pressure
PC — 3a00tiHoe 0asieHue PC —bottom hole pressure
U — BA3KOCMb HCUOKOCMU w— fluid viscosity

C —obwas coicumaemocms C —total compressibility — *°



METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

HeycTaHOBUBLUUINCA PeXKUM
Unsteady-state flow

[Mpn otcyTcTBUKM TpelwwmH NPT nnu npu Hanuyum TpewuH MNPl ¢ 6eckoHe4YHON NPOBOANMOCTbLIO CUCTEMA
ypaBHEHUIN, KOTOpas NO3BONSET NocnenoBaTenbHO BO BPEMEHWN ONpeaenuTb ANHaAMUKy 0edntoB BCex

CKBaXXWH, UMeeT BUA:
With hydraulic fractures of infinite conductivity or with no hydraulic fractures the equation system which

allows to define productivity dynamics in time for all wells is as follows:

2

- ._bri,- _4nkh, br? e
Zqi B rf [ ) Z Zq[ { (n+1—k)rf} E{ (n—k)rczﬂ R

Y7

[Mpun Hannumn TpewmH Pl ¢ KoHeYHOM NPOBOAMMOCTbLIO CUCTEMA YPaBHEHNI OOMKHA ObITb
OOMOofHeEHa CUCTEMOW ypaBHEHUIM NO pacyeTy 3abOMHbIX JaBNEHUAX HA NCTOYHUKAX
NMUTUPYIOLLNX TPELUNHDI:

With hydraulic fractures of finite conductivity to the equation system must be added
equations for bottom hole pressures at sources that simulate the fractures:

Uc,i+1 — UC,O quv + (I +1) ZCIV qu
NgrpF v=l v=i+1

riae (where)
2N +1 ckBakuH UMUTHPYIOT Tperuny I P11

2N, +1 wells simulating hydraulic fracture r



METO/L, TOYEYHbIX MICTOYHMKOB (POINT SOURCE METHOD)

OnTumanbHoe Bpema OTPabOTKM HarHeTaTeNbHbIX CKBAXKUH
Optimal operation period of injection wells in production mode

600
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MeTog nctouHnkoB 6bin peanusoBaH B BUAE pac4YETHOrO MOAYIS
Point source method was implemented as a calculation module



METO/L TOYEYHbIX MICTOYHMKOB (POINT SOURCE

METHOD)
OnTumanbHoe Bpemsa OTPabOoTKM HarHeTaTeNbHbIX CKBaXKUH
Optimal operation period of injection wells in production mode

s e emvioem™: - max Qq (alt) T, 1)}

e0e

T t
where Quse = [ (t)e "dt + j* [ g (t)e "dlt
0 0

0, (t), g, (t) - 0eBUTbI CKBaXXMHbI B pEXUME HarHeTaHns n gooblum
well flow rate in injection and production mode

T - Bpemsa paboTbl HAarHeTaTenNbHOM CKBaXXMHbI B pexxmme 000blum
Injection well operation time in production mode

[ - obuwee Bpems pacyeta
total calculation time

I - kKO3 PUUMEHT OUCKOHTUPOBAHUS
discounted rate of return

] - Konu4ecTBO A06bIBaOLMX CKBaXMH, COOTBETCTBYHOLLIMX OAHOW
HarHeTaTenbHON AN BblIbpaHHOW CUCTEMbI pa3paboTku
number of production wells corresponding to one injection well for

selected well pattern 18



METO/A TOYEYHbIX ICTOYHWMKOB (POINT SOURCE
METHOD)

OnTumanbHoe Bpema 0TPabOoTKM HarHeTaTe/IbHbIX CKBaXKMH
Optimal operation period of injection wells in production mode

099

e
2

s
&

cumulative discount production
= =
b 5

0.94 -

093

092

T T T T T v T T
0 50 100 150 200 250 300 350

0.91
400
T, day

t
Qo = fo q()eTidt
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METO/A TOYEYHbIX ICTOYHWMKOB (POINT SOURCE
METHOD)

MopaenmposaHne MHOr03aboMNHbIX CKBAXKUH
Multilateral well modeling

L
e N

(% ¥52;)

PaccmMoTpuM OTKpbIThIN CTBOM ANWHbLI L. Pa3zobbem ero Ha n y4acTkoB, KaXabli ANVHOWN |;, 3eHUTHBIM YIIOM O; U a3uMyTarnbHbIM
yrnom B;. Toraa noTeHuman ot i-ro y4acTka B TO4Ke (X;,Y},Z;) C Y4eTOM rpaHU4HbIX YCroBUI OyaeT:

Let us consider an open hole of length L. Let us split it into n number of areas each area being of |; length, inclination angle o;
and horizontal angle B;. Then the potential of each i-area in point (x;,y;,z;) considering the boundary condition is:

oo [ -1 -1
F = —% Z Ji([,j.ﬂq + 4, +;:13J_1 + [VA + 4, +A4J_1 - [JR§+ (zj—z + th)zJ - JR§+ (z +z +2mh}zl );ﬂ
2

m=s—o

rae (where) Ay = (x; = (o + Using cos ), A= (¥ — O + Usiney sin )
Az = (2= (z + lcosa;) + 2mh)’, A, = (zj + (2 + lcosa) + 2mh)’

Mo maTtepuanam pabotsli: M.B. [1BonHukos, XX.M. Kones, [1.[1. Bogopesogs, A.B. Ownbkoe «Moaenb paboTbl MHOro3abonHom
CKBaXXWHbl C pasnMYHbIMK TUNamMM KOHCTPYKLMM 3aB0eB Npu cTaumoHapHoMm pexnme —HedTaHoe xo3ancteo 2014 » 20



METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

MopaenmpoBaHme MHOro3aboMHbIX CKBaXKUH
Multilateral well modeling

B : Iy !

Let us take the integral equation.

lne

Where a=1 b=-2 ((xj — x;) sina;cos B + (y; —yi) sina;sin f; + (z; — z; + Emh]).

c=(x - .r,-}z +(y - }n-)z +(z -z + th)z

PelwweHnem byget
The solution shall be

[t e [ (2] cva(2) ) vl [ 4 oo (B)eeva(-)

AHanorm4yHo HaxoguTCsl BTOPOE cnaraemoe, TpeTbe U YeTBepToe crnaraemMble He 3aBucAT oT |. O6o3HauMmM cymmy Kak Sij u

nepenaem K genpeccum:

47K
,El,enpeccvlﬂ OT BCEX JIMHEWHbIX UCTOYHUKOB: n
_ N\ GiM
APJ = S”
47K

i=1

3Has KoopaunHaTbl BCEX NCTOYHUKOB U 3aborHoe gaBreHune, Bbinmcas N ypaBHeHI/IIZ AN BCEX MCTOYHUKOB, MOXXHO HanNTU
neduTtbl. 3Ha4YeHne noTeHymana B Hyne He ornpeaereHo, HeobxoaMmo onpenenuTb NoTeHuKnarn Ha rpaHuue CKBaXXMHbl Rw:

Rw \r\

L/2

Mo maTtepuanam paboteli: M.B. [1BonHukos, XX.M. Kones, [1.[1. Bogopesos, A.B. Ownbkos «Mogenb pabotbl MHOro3abonHom

CKBaXXWHbl C Pa3fiMyHbIMU TUMAMK KOHCTPYKLMK 3a60eB Npu CTaumMoOHapHOM pexnme —HedTaHoe xo3ancteo 2014 »
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

MopaenupoBaHne MHOro3abomHbIX CKBaXKMH
Multilateral well modeling

Mpumep: [OnuHa nepdopaumoHHoro yyactka 20 M, onuHbl OTKPbIThIX CTBOMNOB 20 1 40 M,
TonwmnHa nnacrta 6 m, R.=1500 m, R,=0.1 M, paguyc nepdopaunoHHbIX KaHanos Rp:0.0l
M, OJSIMHa nepgopaunoHHbIX KaHasroB L= 0.5 m, P.=300 arm, P,=200 atm, k=40 m[, y=5
cll.

Example: Length of perforation section is 20 m, open hole lengths are 20 and 40m,
reservoir thickness is 6 m, R, =1500 m, R,,=0.1 m, radius of perforation channel is R;=0.01
m, length of perforation channelis L,= 0.5 m, P.=300 atm, P,,=200 atm, k=40 mD, p=5 cP

Open hole

Q =58 m3/day: (10+17+31)

N\

—

1 \
B L LL AL N/ \__

0 T T . T )
0 20 40 60 80 100
Length, m

Perforated section

Flow rates of the sources density, m"3/day/L

22



MHCTPYMEHT
MOLEJIMPOBAHUNA PASJTMYHbIX
CUNCTEM PA3PABOTKW
MODELING TOOL FOR
DIFFERENT WELL PATTERNS



NMHCTPYMEHT MOAE/IMPOBAHUA PA3/TNYHBIX CUCTEM PA3SPABOTKU
MODELING TOOL FOR DIFFERENT WELL PATTERNS

METOA MOAE/TMPOBAHUA:
* MeToa0M TOYEYHbIX UICTOYHUKOB PaCCYMTbIBAOTCA
[ebuTbl BCcex CKBaXKMH B cucTeme pa3paboTku

CTposTca KaHanbl 2-das3Hon punbTpaumm — TpyOKK
TOKa.
[na Kaxpon TpybKM pewwaetca 1-mepHana 3agava
BbITECHEHUSA.

Cxema pacyeTta asyxdasHon duabTpaumm

MoAroToBKa BXOAHbIX AaHHbIX
(3aBncmocTb KoaddULMeHTa

PacueT 8e6UTOB g; MO M3BECTHbIM

P a6oimoe, i 417 BCEX CKBAXKMH

MODELING METHOD:

e The flow rate for each well is calculated using point

source method

Two-phase filtration channels are constructed —

streamtubes

One-dimensional displacement problem is solved for

each streamtube.

Two phase filtration calculation scheme

p ) (oaHOda3HbIV cnyyait) —
oXBaTa OT AJIMHbI TPYOOK TOKa, peweHme CAY
MO®n) . _
P3a6 = Aq
v
TpaccupoBKa TPybOK TOKa
(koopauHaTbl, 06bem oT €=} PacueT nosA AaBaeHus no naacry

KoOpAMHaThbI)

2

PeweHne odHomepHol 3a0a4u
BbiITecHeHMA (baknea-/lesepeTTa)
Ha KaxaoWu TpybKe TOKa;
CymmunpoBaHue
TEXHONOTUYECKUX XapaKTePUCTUK
no Bcem TpybKam

0ebuT Ruakoctn n HedTH Npu

AByxdasHon dbunbTpaunm gns

KaXKO0M CKBaXKMHbI 3/1eMeHTa
pa3paboTku

Calculation of production rates g;
Preparation of input data using known Py o hole, ; fOr every
(dependence of surface well (single-phase) — solving a
efficiency on streamtubes system of linear algebraic
lengths, PRP) _ equations
I:)bottom—hole = Aq
v
streamtubes routing . A
. Calculation of pressure field in
(coordinates, volume from a &= P .
. reservoir
coordinate)
Solving a one-dimensional
displacement problem(J- Fluid and oil flow rate in case of
function) for each streamtube; ¢ two-phase filtration for each well

Summing the technical
characteristics for all tubes

of the development unit
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NMHCTPYMEHT MOAE/IMPOBAHUA PA3/TNYHBIX CUCTEM PA3SPABOTKU
MODELING TOOL FOR DIFFERENT WELL PATTERNS

MPUBINAKEHUA APPROXIMATIONS

J Mnact ogHOPOAHbLIN U BECKOHEYHbIM MO reservoir is homogeneous and infinite
NPOTAXKEHHOCTH homogeneous compressible fluid flows in

OAHOpOAHAA CHMMAEMAnA KUAKOCTb ABUMKETCA B homogeneous, isotropic, compressible, porous

OAHOPOAHOM, N3OTPOMHOM, CAHUMAEMOW, MOPUCTOM medium
cpene Hydraulic fracture fully penetrates the reservoir

TpewmHa MPM noAHOCTbIO BCKpbIBAET NaacT Bottom hole pressure in each operation mode of
MoapepmBaeTca NOCTOAHHOM 3ab0liHOe AaB/ieHUe the well is maintained constant
Ha Ka*X40M U3 peXXMMOB PaboTbl CKBAXKUHbI

Cxema pacyeTa HEYCTaHOBMBLLErOCsA PEXMMA Unsteady flow mode calculation scheme
PeweHne ypaBHeHuA Solving a diffusion equation
Nbe3onpoBOAHOCTH (single-phase case) using point
(omHO®a3HbIV ciyyait) source method and quasi-steady
MeToAaMU TOYEYHbIX approximation
NCTOYHWNKOB U
KBa3MCTaLMOHAPHOro
npubanKkeHua i
\ 2
HecTaunoHapHbIn aebut Unsteady fluid flow rate
HUAKOCTH

25



NWHCTPYMEHT MOAEJ/TMPOBAHNA PA3/IUYHbIX CUCTEM PA3PABOTKU
MODELING TOOL FOR DIFFERENT WELL PATTERNS

Point sources

TpaccupoBKa TUHUN TOKA

Streamlines routing

OT KaXxgoro UCTOYHMKA, MOAENUPYHOLLIETO
HarHeTaTernbHY CKBaXXWHY, TPACCUPYIOTCA NMUHUM TOKA.

TpaccupoBKa NUHUIA TOKa NPOU3BOANTCS MO
cTauMoHapHOMY Mosio AaBneHnn ana ogHodasHoro
cnyyas:

dx V,. dy Vy

S v ' dS V'

roe CKopocTu counsTpaumm:

_kopP.,, k oP

“oux Y poy

V= VZ+V/

MonyyeHHasn cnctema 06bIKHOBEHHBLIX AnddepeHuUmanbHbIX YpaBHEHUI

dx 0P

ds (o,P) +(o,PF ds J@,PY+(o,PF

pellaeTca ABHbIM MeToqoM PyHre-KyTtTa.

Mnowanb ceveHus Tpy6ku Toka onpegensietcst na cootHowenunst 4 = A(X, y) -V 26



NMHCTPYMEHT MOAE/IMPOBAHUA PA3/TNYHBIX CUCTEM PA3SPABOTKU
MODELING TOOL FOR DIFFERENT WELL PATTERNS

TpaccupoBKka nNuHuin
TOKa
Streamtubes routing

Punbrpaumna Baonb TPYOOK TOKa

Filtration through the streamtubes

AN Kaxkaon Tpyokm

TOKa peluaeTcs D t! - t! t k

OfHOMEpHast 3afada g —— = e

BbITECHEHMS; water, e

for each tube a one-

dimensional problem

is solved Xstreamtube
N

CYyMMUpOBaHMe K <

TEXHOJOrMYECKMX qliquid U )= an,liquid

XapaKTepuCcTUK No BCEM n=

TpybKam. N, .

summing the technological K Ok

characteristics for all qoil t )= an,oil

tubes. n=1
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NWHCTPYMEHT MOAEJ/TMPOBAHNA PA3/IUYHbIX CUCTEM PA3PABOTKU
MODELING TOOL FOR VARIOUS DEVELOPMENT SYSTEMS

dunbTpauma sBaoNAb TPYOOK TOKA
Filtration through the streamtubes

3apava 0gHOMEPHOro BbITECHEHWS pellaeTCs Ha OCHOBE YpaBHEHUS MaTepuanbHoro 6anasca.
The one-dimensional displacement problem is solved using the material balance equation.
OcCHOBHbIE JONYyLLEHNs MOAenu:

Main assumptions of the model :

e [Ons NNOTHocTen das:

« for phases density: Poil = const Pwater = const

* npeHebperaem BENUYMHON KaNUNNAPHOro OABMNEHUS:

« capillary pressure value is neglected Poil = Pwater =P
* MNopucrocts Q= const
® porosity Water saturation at time
t at point x:
System of equations : -
0S ater df 0S ater Swater (X’t) /
w w _
(DA(X) ot + Qiiquid (t) ds o 0
water X
1 mey6l<u d
X - cross-sectional area
AP(t) = ~iiquid (t) E I A( ) l(S ) A(X)
0 X): water
Notations: ( ) ( )
Ko (L—S Kk S
[ { { t
. l(swater ) = WARES  —WERTAWERES_ potal mobility;
Hoil Hater

Kwater Swater) 1
f S — water water .
( nater ) :uwater ﬂ’ (S water )

AP(t) — pressure difference at the streamtube ends ;
qliquid (t — liquid rate
* k — permeability .

— fractional flow;



NMHCTPYMEHT MOAE/IMPOBAHUA PA3/TNYHBIX CUCTEM PA3SPABOTKU

MODELING TOOL FOR DIFFERENT WELL PATTERNS

ClMBKa HeCcTauMoOHaApPHOro ogHoda3HOro 1 «CTaumMoHapHOro» AyxdasHoro peLieHuin
Joining unsteady single phase and “steady" two-phase solutions

M3 cTaumoHapHoro AByxdasHOro peleHus Noy4yaem XapakTepucTuky 08 WC(ORF)
BbITECHEHMA U 3aBUCUMOCTb Aebuta xmakoctn ot KMH. So06 - -
Displacement curve and dependence of fluid flow rate on OIL g —  Quig/Quiqo
RECOVERY FACTOR are obtained from the steady-state two-phase So4
solution
0.2
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ORF

— Qliq(t)
100
M3 HecTaumoHapHoro oa4Ho$a3HOro peleHMsa Nosy4aem 3aBUCMMOCTb > 380 \
AebuTa XKNAKOCTU OT BPEMEHMU. 2 60
Dependence of liquid flow rate on time is obtained from the unsteady g
solution © 40 -
20 -
0 T T T 1
0 200 400 600 800
Time, days
Y -= Qilt)
100 1 — Quig(t)
[enaem nonpaBKy HECTALMOHAPHOTO AebUTa }KUAKOCTU U o
o 80
BOCCTaHABAMBAEM HECTALMOHAPHbLIN AebUT HedTw. §
Making the correction of unsteady fluid flow rate then restore the mg 60 - -
unsteady oil rate. 2 \
© 40 - \
‘\
20 - A
s~~~
0 b \
0 200 400 600 800

29
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OnTMmmn3lauma cmctembl Pa3paboTKu

Optimization of well pattern

[Ona 3apaHHON cncTembl
pa3paboTKu 1 TMNa
3aKaH4YMBaHMA onpegenaeTca
Ae6UT HeDTU U KMAKOCTU
«CpefHen» CKBaXKMHbI

J

NWHCTPYMEHT MOAE/IMPOBAHUA PA3S/TNYHbLIX CUCTEM PA3SPABOTKU
MODELING TOOL FOR DIFFERENT WELL PATTERNS

>

v

PaccunTbiBaeTcs AMHaMMKA
cymMmapHon fo6blun HedTH,
KUOKOCTU M 3aKauKu Mo BCEM
CKBa*KMHAM MECTOPOKAEHWUA C
yyeTom rpadumka BBOAA CKBAXKMH
BAKCOAMATALLNIO

Mo cymmapHoi AnHaMUKe
PacCYNTbLIBAETCA SKOHOMMKA
npoekta n KNH

Cneaytolwmii BapuaHT

Oil and liquid flow rates of an
"average” well are calculated for
a given well pattern and the type

of completion

v

Next Option

Total dynamics of oil, liquid
production and injection for all
wells are calculated considering
scheduled well commissioning

v

L

v

Pe3ynbTaT coxpaHaeTca B 6ase
OaHHbIX

e————-

Vi

Bbl6Op ONTMMaNbHOIO BapMaHTa

KomnneKcHblii KpuTepuii oNTMMMU3auun

L |

The project economic
parameters and Oil Recovery
Factor are calculated based on
total production dynamics

Combined optimization criterion:

v

AT BACH)

-KpuUTEpPUIK ONTUMKU3ALUM
-optimization criterion

The result is stored in the
database

-GYHKLUMA ONTUMANLHOCTM MO KPUTEPUIO 7
-function of optimality on criterion !
-QYHKUMA onTMMKU3aumMK No Habopy Kputepmes
-optimization function on a set of criteria

TR

Hanpumep (Example):
F = \/V/npv(NPV)*Wkin (KIN)

Choosing the best option

KIN — KIN
AKIN)=————
l//kln( ) KIN *
NPV — NPV~
l//an(NPV)Z—

NPV
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[TPVMEP BbIBOPA
OMNTUMAJIbHOM CUCTEMbI
PASPABO TKU
EXAMPLE OF OPTIMAL WELL
PATTERN SELECTION



ONTUMAJIbHAA CUCTEMA PA3SPABOTKWN. OPTIMAL WELL PATTERN

CmeweHune 0.5

CmeweHne 0
Shift 0.5

Shift 0

3AKAHYUBAHUE
Well completion

[06. cks: HHC c IPI.

Har. cks: HHC c TP

Prod. well: Vertical with frac.
Inj. well: Vertical with frac.

[06. cks: F'op ¢ MIPIT.
Har. cks: HHC c TP
Prod. well: Horizontal with mult. frac.
Inj. well: Vertical with frac.

[06. cks: Fop c MI'PI. [06. cks: Top ¢ MIPI.
Har. cks: HHC c I'PIT (AsTo 'PN) Har. ckB: : Top ¢ MI'PN
Prod. well: Horizontal with mult. frac.

Prod. well: Horizontal with mult. frac.
Inj. well: Vertical with auto frac.

Inj. well: Horizontal with mult. frac.
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ONTUMAJIbHAA CUCTEMA PA3SPABOTKWN. OPTIMAL WELL PATTERN

BAPbUPYEMbIE NAPAMETPbI (VARIABLE PARAMETERS)

\
N\ \

\ N\ N N\

p \ \ b

N\ \ \

\ \

\ A\ N\

3\ - N N \

\ N \
3 b \
\ A\ AN

k. AN \ \

\ \ \ .
[nAa Bcex cmMctem u TMNOB 3aKaHYMBAHUA BapbupoBaan naowagb S = 47 169 I_a/CKB

For all types of well atterns and completion the\weII spacing was varied Ha/weII

\ \
\ X
\ \
\ \
Y X
\

\ P
\
R \ N\
\

[nA Bcex cMctem v TUMNOB 3aKaHYMBaHKUA BapbupoBanu a/b
For all types of well patterns and completion the a/b parameter was varied
\ N N N \ A

N\ \ N \.‘\ V
\ \ »\\ \ \ \

a/b=1+10
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ONTUMANTbHAA CUCTEMA PASPABOTKW. OPTIMAL WELL PATTERN

Pl =(Pl,—Pl_)/(Pl . —Pl.) PI., = MAX(PI,),i=1..N KUH,, = MAX (KHH,),i=1..N
KUH,,, = (KHH, - KUH,, ) (KHUH,,, — KHH,,) PI,,, = MIN(PI,),i=1..N KHUH,, = MIN(KHH,),i=1..N

R

NPUMEP

16 r 0.35
Example ;7@_3: ———t  los
1.2 7 - 0.25
1 4
M - 02 E
0.8 -
- 0.1! o
o0 —=-PI_20
04 1 = s
0.2 - —&o— ORF - 0.05
—_— ORF20
0 T T T 0
\ B 0 1 2 3 a/b 4 5 6 7
\\‘-.,—/:‘
Five point well pattern of vertical wells with fractures at A=16 Dependence of Pland ORFona/b
Ha/well.
06 - — N A r1 07 -
M ¢ ¢ v v - 09
05 L os 06 -
04 1 07 g 05 -
c F06 S |
o3 - os g -..,0'4
o —B-Plnorm - 04 0.3 1
0.2 4
—4 ORFnorm o3 02 |
01 | - 0.2
o1 0.1
0 T T T T T T 0 O T T T T T T 1
0 1 2 3 a/b 4 5 6 7 0 1 2 3 a/b 4 5 6 7 34

Dependence of normalized Pl and ORF on a/b Dependence of fon a/b



ONTUMAJIbHAA CUCTEMA PA3SPABOTKWN. OPTIMAL WELL PATTERN

A area per well, L length of horizontal A/L?
REVAVA well, m

Bo Bcex cny4yaax BapuaHT co
cmeweHmnem 0.5 okasbiBaeTcAa
onTMMmanbHee BaApPUAHTOB C
HyNneBbiM CMeLLeHnem

In all cases the option with a
shift parameter 0.5 is better
than the one with zero shift

All variants

1.2

0.8

04 /\

0.2

a/b

—0.36(7dp)
—0.49(7dp)
—0.25(7dp)
—0.44
—0.28
—0.64(7dp)
—0.44(7dp)
—0.16(7dp)
—0.28(7dp)
—1

1.44

4

2.25

12

16 1000 0,16
25 1000 0,25
16 750 0,28
36 1000 0,36
25 750 0,44
49 1000 0,49
16 500 0,64
25 1000 1
36 500 1,44
9 200 (fracture) 2,25
16 200 (fracture) 4
Top 5
1.2
1
S TR
—0.36(7¢p)
06 - —0.43(7¢p)
—0.25(7¢p)

04 |

0.2 |

a/b

~—0.44
—0.28

12
35




ONTUMAJIbHAA CUCTEMA PA3SPABOTKWN. OPTIMAL WELL PATTERN

Well pattern parameters Economic parameters*®
A 36 Ha/well Pl _98% 2.072
L hor. well 1000 m ORF_98% 0.3075
a/b 4 ORF20 0.237
a 1200m PI120 2.065
b 300m

Num. of frac. 7

*ORF _98% - ORF when the water cut is 98%
ORF20 — ORF at 20 years since the beginning of the calculation. 36



[MTPUMEP NCIMOJIbSOBAHWA
METOLOA TOYEYHbIX
MCTOYHWMKOB OJ1A4 PACHETA
OEBNTOB CKBAXWH
EXAMPLE OF USING POINT
SOURCE METHOD FOR WELL
PRODUCTIVITY CALCULATION



NMPEOJIATAEMAA METOAOUKA (PROPOSED METHOD)

Step 1: input - physico-chemical and reservoir 450
. E R EREEN '
properties, well pattern geometry; output — unsteady 100
flow fluid rate 350
HauanbHoe nnacToBoe faBneHune 270(am q:‘:;" 3 d I 300
3aboiiHoe AaBneHue Ha Jo6bIBaKoLL el 70|am 200
3a60iiHOe JaBNEHNe Ha HarHeTaTenbHoN 450[am o0 - —dini ! I 256
3dxpekTMBHAs NPOHMLIAEMOCTS NnacTa 0.6\mf L ee—  ———— ! Em———
T ——— 20l . n ®  w w0 w0 w0 a0 o
BsizkocTb 1.38|cn3 :: / ==
Obwas ¢ 0CTb 0.00025|1/amv o 100
MopucTtocTts 0.17 -
MonyanuHa (TpeLuHbl/cTBona 'C) B Ao6bIBatOLL €1 CKBAXMHE 75|m T g
MonyanuHa (TpewyuHbl/cTeona 'C) B HarHeTaTenbHOM CKBaXuHe 75|m [T - ——
Cuct ema pa3pabort ku: 5 -350 -300 -250 -200 -150 -100 -50 0 50 100
Bpemsi paboTbl HarHeTaTemNbHbIX CKBaXWUH B OTpaboTke 470|cyT ) 50
Step 2: calculating the displacement curve using Step 3: calculating the oil rate using liquid rate and
Dykstra-Parsons coefficient displacement curve
60
%W '
100 | so |V
\
£ 40 \
80 = \
A = \
Swmin 0.39
60 Swmax 0.68 é 20 N\
kro 1 E N
knw 0.3 = N\
40 1 muo 1.38 =2 ~ —_——— = -—
muw 0.31 N - - -
20 | Vdp 0.85 10
KoadhdwmumeHT oxBata 1
K BbIT 0.47541
0 T T T T 1 o
o 20 a0 60
0 0.1 02 03 0.4 05 Bpems, meca




NMPUMEPBI PACHETOB (EXAMPLES)

Priobskoe oilfield (Gazpromneft Khantos)

Oil rate, t/day

[ rpaguin [ESEER)
70
pagukn | &HITM || =[MAC | [ M3P Texpexn Hogas crpaterna OnpoBosanna cksaxmHel ranc-nru
Balpsdmn |2 . «
P data O- EFEE W DS E] Fysesc
60 ® Cxema Ock abcynce
‘ - model [,ﬂ.eﬁu'rb\ vl [Date V]
Cymma
50 r 5 | 100
F 1800 | 90
\ < 1600 | 20,
= 1400 70°-
A 71
£ 1000 '___,4"1..._r 1 W
\ L R e
§ 00 ILL‘—'—'L_I 308
30 £ a0 |J | )
. ‘ & 0 u SOPP PSS | 10
s T 0 0
20 Aex 2008 Aex 2009 Aex 2010 nex 2011 Aex 2012 Ask 2013
\:’ Mo e, . oo
e [ [ @ {r M3P), M3feyT [ Q@ (no M3P), m3feyT
10 I3 OBBoaHerHocTs (no M3P), % (Bec) v MpuemucTocte (no M3P), M3/cyT
0
0 10 20 30 40 50 60

month

Long history of development (up to 5 years) of the pad,
drilled by the directional wells

According to the actual history can clearly be seen to
stabilize and increase oil production of the average well,
which is very well described by the proposed model

In adapting the model made linking the physical
parameters (permeability, effective thickness, porosity,
compressibility) is defined as falling on the unsteady flow
rate mode and wells reaction on the implementation of
water-injection system
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NMPUMEPBI PACHETOB (EXAMPLES)

Kraynee oilfield (Gazpromneft Muravlenko)

80

Horizontal wells with multiple fractures

days

— method

70 J

60 J statistics

50 ! * field data
z °
T (™ ?
S~
o 40 \ ‘0 N\
s )| N
= ®
© 30 9 S ~

20 -

-~
— —
10 TSssTo
0
0 500 1000 1500 2000 2500 3000

Oil rate, t/day

90

&0

70

60

50

40

30

20

10

Directional wells with fractures

- method

statistics

o field data

0 1000

2000
days

e Ha KpanHem mecTopoxaeHun (0OTHOCUTENIbHO BbICOKAsA MPOHMULAEMOCTb) peakuuma Ha MNMA 8 suae
ctabunmnsaumm n pocta aebuta HedpTM HaYMHaAETCA yKe ¢ 5-6 mecaua pPaboTbl CKBAXKMH
* Mcnonb3oBaHMe CTaTUCTUYECKOro TPEHAA MO HAaYa/IbHOM UCTOPUM PAbOTbl CKBAXKUH NPUBOAMUT K

KaTacTpopUUeCcKoMy 3aHUKEHMUIO U3B/IEKAEMbIX 3aNacoB

* [lpeanoxeHHas MoaeNb NO3BOJIAET C BbICOKOM CTENEHbIO A40CTOBEPHOCTM onncaTb paKTUUECKoe NoseaeHue

nebuta HedpTn B cucTeme pas3paboTKu
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3AKINMIOYEHUE. CONCLUSION

» AHanutunyeckme U1 nonyaHanuTuyeckue
MEeTOAbl HE NOTEPSANN CBOEW aKTyasribHOCTU Npu
peLIEHUN NHXEHEPHbIX 3aJad, AaXe HECMOTPS
Ha  OypHbIN  POCT  NPOU3BOAUTENLHOCTU
BbIYNCITUTENTBHON TEXHUKU U, B CBA3N C 3TUM,
YUCIEHHbIX METOAOB.

» AHanuTuyeckue MeTodbl Takke MOryT ObiTb
MCMonb30BaHbl B Ka4yecTBe MnpeaBapuUTenbHbIX

WMHCTPYMEHTOB CHUXXEHUS pasMepHOCTM
NpoCTpaHCTBa nNapaMeTpoB Mpu  Bbibope
ONTUMAarnbHbIX  TEXHOMNOTMYECKUX  PeLUeHWI
NnocpeAcTBOM TPEXMEPHOTo

rmgpoanHamMmnyeckoro mogennmpoBaHums .

» [lpn peweHnn 3agad MHTErpPMpPOBaHHOIO
NPOEeKTUPOBaHNA (MnacT, CKBaXUHa,
NOBEPXHOCTHOE 0BYCTPOMCTBO) B HacTosiLee
BpemMs LienecoobpasHo NCronb30BaTh
nonyaHanuTuyeckne Mogesnu, Kotopble
MO3BOMNAT CYLLLECTBEHHO CHU3UTb BPEMS
pacyeToB.

» Analytical and semi-analytical methods
have not lost their applicability when solving
engineering problems even though calculation
tools gained greatly in their capacity and
productivity leading to advancement of
numerical methods.

» Analytical methods can also be used as
preliminary tools to reduce the dimension of
parameter space when selecting optimum
technological solutions by means of 3D
hydrodynamic simulation.

» Itis currently reasonable to apply semi-
analytical models when solving the problems of
integrated design (reservoir, well, surface
structure) as they greatly reduce the
calculation time.

ABTOpPbI BblpakaloT orpomMHyto 6narogapHocte M.M. XacaHosy, P.K. Myxamegnny, U.®. XaTMynnHY 3a UX Be/IMKONEMNHbIE

NOEN U LeHHble 06CyKaeHUA.

The authors express deep gratitude to Mr. M.Khasanov, Mr. R.Mukhamedshin, Mr. I.Khatmullin for their great ideas and 41

valuable discussions.



NOMONHUTESNbHbLIE CNAAObLI



MHCTPYMEHT MOAENUPOBAHWNA PA3J/IUYHBIX CUCTEM
PASPABOTKW

CPABHEHWE C ECLIPSE . «OOHO®A3HbI/ HECTALIMOHAP»

20
18
16 -

14 +

e=== Model

¢ 124 . eesee Eclipse
&
10 -

0 200 400 600 800 1000

e (t/day)
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MHCTPYMEHT MOAENUPOBAHWNA PA3J/IUYHBIX CUCTEM
PASPABOTKW

CPABHEHWE C ECLIPSE . «ABYX®A3HbI/ HECTALMNOHAP»

Rate (t/day)

40

30

== = Liquid (Eclipse)

== = Qil (Eclipse)

= |iquid (Model)

= Qil (Model)

0 1000 2000 3000

4000 5000 6000



METO/, TOYEYHbIX NICTOYHMKOB (POINT SOURCE

M ETHOD) OnTumanbHoe Bpema 0oTPaboTKM HarHeTaTe/IbHbIX CKBaXKUH
Optimum injection wells operation period as producers

MakcumanbHoli dobbiyeli Hedhmu xapaKmepu3lyemcs 8apuaHm
¢ 0numenbHOCMbIO pabomel HazHemamesbHOU CKBAXUHbI 8
pexcume 006b14u 12 mecayes

2665

2660 L
2655 e L
2650
2645
2640
2635
2630 @
2625

2620 T
2615

Cekmop npoeedeHus pacyemoes:

cumulative production, th. ton

0 2 4 68 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38

switching time, month

MakcumanbHbim NPV xapakmepu3yiomca eapuaHmel ¢ 01UumenbHOCMbHo
pabomoei HazHemamenbHoli CKBAXCUHbI 8 pexcume 006bi4yu
12, 15 u 18 mecayes

1580
Ty
1560 IS D ®
1540
o o
L 1520
2
= 1500
£ @
> 1480
O AnutenbHocTb pacyeta — 15 net e
U Anauvna IC ¢ MCIPM — 1000 m i
U PaccroaHune mexay pagamu — 420 m o '
U PaccroaHne mexay cKkBaskuHamm — 480 m 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38
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METO/, TOYEYHbIX NICTOYHMKOB (POINT SOURCE

METHOD)

OnTumanbHOE BpeMA OTPAbOTKU HarHeTaTebHbIX CKBAXKUH

PapgHaa cxema pasmewieHunA

Pacuet BegetcAa No ogHOMY aNieMeHTy
- C2014 roga npu n1aHMPOBaAHMK NepeBoaoB 1006 6
1 element 2 element cuctembl, Ase fo6biBaloLLLMe CKBAXKUHDbI U
CKBaXXuH B cuctemy MMA4 8 HTL, npumeHaeTtca /N <
AN AN ABe HarHeTaTesbHble.
OLLeHKa He TONbKO ONTUMYMa B OTHOLLUEHUN ’ b 7 ~
/ e N Cpok pacyeTta — 600 cyTOK,
SHEPTETHRM NJiacTa, Ho W oLerka ¢ + SN + > Llar Bbi6opa BpemeHn oTpaboTku — 30
1 ’ N [ pa Bp P
MaKCMMANbHOTO SKOHOMMYECKOro 3pdeKTa oT = P N LS
Sad T oo, N Pt T, 0 CYTOK.
nepeBooB. S + ~ + A
AN _jy,‘\ e Pe3ynbrart pacueTta — rpadpuKu usmeHeHus
- B ocHOBe TaKoro noaxoaa Nexur, ~ N ,
o N/ N/ HaKonaeHHoM A06biun HedpTH B
pa3paboTaHHbIN cneunannctamm HTL,
. . L 3aBMCUMOCTM OT CPOKa OTPaboTKu
pacyeTHbIM MOAYb, NO3BOAAIOLWMA HAa OCHOBE
. o HarHeTaTe/IbHbIX CKBaXKUH
MaTemMaTM4YeCKoW Moaenun pacyera

HeyCTaHOBMBLLErocA NPUTOKa U
3KOHOMMYECKUX NapameTpax onpeaensiTh
ONTUMYM MO BPpeMeHU 0TPabOoTKMN KaxKaoM
HarHeTaTe/NIbHOWM CKBaXKWHbI Ha 1t060M
MECTOPOXKAEHUM.

OcHoBa ana pacyeta: PEC nnacra, PVT
csBoucTea ¢poMA0B, NapameTpbl CUCTEMDI
pPa3paboTKu 1 CTaBKa AUCKOHTUPOBAHUA.

Kputepnem onTMManbHOro BpemeHu oTpaboTku
ABNAETCA MAaKCUMYM AMCKOHTUPOBAHHOIO AebuTa:

IpaduK M3meHeHUA HaKoNNeHHOW A06bluM HedTH, C AUCKOHTUPOBAHUEM U 6€3 AUCKOHTMPOBAHUA

14000

13800 -

13600 -

13400 -

13200 -

13000 -

Production, ton

12800

12600

12400

12200

30

MAX =

60 90 120

@ Production, ton

13000

13730 ton MAX = 12801 ton

12800

12600

12400

12200

12000

11800

11600

11400

11200

U0} ‘uondnpo.d UNOJSIP SAIRINWND

11000
150 180 210 360

switching time, month

240 270 300 330

O Discount production, ton

OnTUManbHble CPOKH orpaﬁonm HarHetaTte/ibHbiX CKBaXXUH Ha He¢Tb:

Mo MaKCUMMa/IbHOM HaKoNAEHHOM A0bblun 6e3 yyeTa CTaBKM AMCKOHTa — 6 mecaues (180 cyTok)
Mo MaKCMMaIbHOWM HAaKOMIEHHOM A06bIYM C Y4ETOM CTaBKM AUCKOHTa — 7 mecaues (210 cyTok)
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MHCTPYMEHT MOAENUPOBAHWNA PA3J/IUYHBIX CUCTEM

PASPABOTKW

0,6

0,4

0,2}

0‘%.0

0.0

1
0,2 0,4

1
0,6

I
0,8

s,

1,0

PunbTpaumna BAONb TDV6OK TOKAd

He gonyctnmo ABvXeHue pasHbiX 3HaYeHUM HACbILWEHHOCTM C OOHOW CKOPOCTLIO.
Heobxogumo mogudvumposaTtb yHKUmMo baknes-JlesepetTa.

0,0

1 ——
02 0,

Suw.in

1
0,6

[OBunxeHne ppoHTa HaCbILWEHHOCTHN
BAOMNb TPYOKM TOKa

\ S o =
3 Tt
i k
Lt Dt t
S —— —— ——

water I I
| |

R

Xstreamtube
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MHCTPYMEHT MOAENUPOBAHWNA PA3J/IUYHBIX CUCTEM
PASPABOTKW

3aBUCUMOCTU KOaddUuUMeHTa oxBaTa OT ANNHbI TPYOOK TOKA

MPOBJIEMMA:
Mpun pacueTe Ha O4HOPOAHOM No AnTonornm nnacte KUH ByaeT nprmepHo paBeH KOIPOULMEHTY BbITECHEHMA. A 3TOTO HUKOrAA He

HabAtoAaeTca Ha NPAKTUKe Aake B npeaenax pa3bypeHHbIX y4acTKOB.
3A[AYA:
YuecTb KO3pPULUMEHT OXBaTa CETKOM CKBAXKUH

Cxema pacyeTa 3aBUCUMOCTU KO3dPMLUMEHTA OXBaTa OT

o0
2
AAnHbI TPYOOK TOKa Ko s = I f(r)-Pr(L,r)-zr?-H(r)dr
0
BbigeneHune Pr(L.r) = 0;2r/L<1
rMAPOANHAMUYECKM He ’ 1.2r/L>1
cBsi3aHHbIX obnacrten -
1.2 4 1.2 -
JINH3 PriLr)
14 1 4
¢ 08 - "3" 08 -
.
OnpeaeneHne GyHKLUN 0.6 - 06 -
pacnpeaeneHus 04 | 04 |
pa3smepoB NH3
0.2 0.2
0 T T T T ] 0 r T )
0 200 400 600 800 1000 0 500 1000 1500
r,m L,m
OnpepeneHne
33BUCUMOCTH 3aBMCUMMOCTb KO3 PMLUEHTA OXBATA OT AAMHbI TPYOOK TOKO MCMOAb3yeTCs

npu pacyéte AByxdoasHou dcpuabTpaumn. KoadbdpuumMeHT oxBaTa sBAsieTCSH

KoapodmumneHTa oxsata ot -
MHOXHUTEAEeM HA TOALLLMHY KAXKAOU TpYGKM TOKd B 3ABUCUMOCTU OT AAUHHDI.

OnHbl TpyOOK TOKa
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METO/L, TOYEYHbIX MICTOYHMKOB (POINT SOURCE METHOD)

OueHKa aebuta I'C B noarasoson 30He

Bua cBepxy Buva B ceyeHun y
L a
«  »
e a

Fopu30OHTaNbHAA CKBAXXUHA

= a, B — ropn3oHTaNbHblE HEMPOHUL@EMbIE FPAHWULbI NAACTa
/ Y — BEpPTUKANbHOE CeYyeHne
6 — rpaHuua pasaena rasa u HedpTu
€ — QUKTMBHbIE BEPTMKA/IbHbIE HENPOHMLLAEMbIE FPaHULLbI
W — mexpsagHoe paccTosHue
a — PacCTOAHWE MeXAy CKBaXKMHAMU B paay
h, — rasoHacblILeHHanA TONLWMHA NaacTa
h, — HedTeHacbIWeHHaA ToNLWMHA NaacTa

<

Fopu3oHTaNbHAaA CKBaXXUHA

= PaccmaTpuBaeTca cayyan a << L, noaTomy pelsaeTcsa ABymepHas (ceyeHue Y) 3aga4va
= [OpWU30OHTaNbHasA CKBAXKUHA: UMANHAPUYECKAA MOBEPXHOCTb C MOCTOSHHbIM AaB/IEHUEM

3apayva: onpeaennTb 3HauYeHMe pacxoga HedTh (MPOAYKTUBHOCTL) Yepes ropM30HTa/IbHYHO CKBAXKUHY NpU
3a/laHHbIX NapameTpax HepTAHOro NAaCTa, AaBNEHUM HA CKBAXKMHE, AaBNEeHUM Ha rpaHuLe pa3gena rasa u Heptu
B Haya/1bHbI MOMEHT BpeMeHu (Npu HeaepopMMPOBaHHOM rpaHuLa pasaena)
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

OueHKa gebuta I'C B noArasosomn 3oHe

ras

v

F Y

2W

ObnacTb pelueHuns 3agayu

JonyweHus:

= PuabTpaUMOHHOE CONPOTUB/IEHNE NPU ABUKEHUM rasa NpeHebpeKMmo maso

YpaBHeHue Jlannaca:

% %@
Kagxz Thegr =0
MpaHuua a, B:

o
0z

MpaHuua 6:

0

(¢ = const
MpaHuua €:

do

==

CKBaXuHa (rpaHuua c):

0

(@ = const

= PaccmaTpmBaeTcA YCTaHOBUBLLEECA ABUMKEHNE HEPTU K CKBAXKMHE, T.€. NOC/AE AOCTUKEHUA YNPYTMM BO3MYLLEHMEM AaBNEHUS
rpaHuL, GUNBTPALUN CMELLEHME TPaHULbI pa3aena HedTb-ra3 oT Haya/IbHOTO NOJIOXKEHUA NPEHEBPEKMMO Mano
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

OueHKa aebuta I'C B noarasoson 30He

[na HaxoxaeHus pacnpeaeneHna GUNbTPaUMOHHOIo NoTeHUMana,
YA0B/IETBOPAOLWErO rPaHMYHbIM YC/IOBMSAAM, UCNOb3YETCA METOA
PUKTUBHBIX NCTOYHUKOB U CTOKOB

o° | o I o*
I |
i i o s s s e L
o : o : o
| |
| 0 —_ |
&
+q 2W & . A*q hH 4 +q
O = o)
___________ /T b
+ | + I 4
OCI | B Oq | Oq
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

OueHKa gebuta I'C B noArasosomn 3oHe

KoHdopmHoe npeobpasoBaHue:

TZ T(x+iy) 5 — : — '
: = Z=Xx+1iz F=®4+i1¥
G=U+iV=e2h=¢ 2h
A V g — NPOAYKTMBHOCTb CKBa*KMHbI, M3/c
G L—,CIJ'IMHa I'OpM3OHTaJ1bHOlZ CKBaXXWUHbI

k — KoapPpuLMeHT NpoHMLL@EMOCTHM NNacTa

KomnneKcHbIN NoTeHUMan B NJIOCKOCTU Npeobpa3oBaHus:

MW .mtb W .1tb W b W b
] S - - Y mlerdTem) e Y me—oWe I - Y mla+ e )|+

—oo<j< o —0<j<o —0<j<o —0<j<o
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

OueHKa gebuta I'C B noArasosomn 3oHe

KomnieKCcHbIN NOTeHLMan B NJIOCKOCTU NpeobpasoBaHus:

. b . b ' .
k= ZEiL Z ln(G - e]%eﬂzt_h) — Z ln(G + el%@%) + Z ln(G _ elnh - zh) _ Z ln(G + e,%(e_lg_h)

—o0<j< o —o0<j< o —o0<j< 0o —oo<j< 00

N %(x—ZjW)—isin%(z+b) o shZ“—h(x—ZjW)—isinz“—h(z—b)
ch—(x—2]W)+cos (z+b) ch%(x 2]W)+c052h(z b)

+C

qu

- 2mkL &
j

+C

Onsa cnyyvas BepTUKaNbHO aHU30TPOMHOIO Mo KoadhdUUMeHTy

3amMeHbl NepeMeHHbIX: NPOHULLAEMOCTH NAacTa:

o _ _nz _mb Ky ky
a]—Zh(x 2jW) B_Zh y_% k - Kk, 7 =7 k_z h—-h |—=

[leficTBMTeNbHAA YacTb NOTEHUMANA:
- sh? a; + sin?(B + sh? a; + sin?(B —
© = 4qiL In j (B v)z I j (B y)2
m l (ch o + cos(B + ) (ch o + cos(B — )

_oqp [ (chaj —cos(B+Y) choj — cos(B—v)
CD_M ln<cha]-+cos(B+y)>+ln<cha]-+cos(B—y)>l+C

+C
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

OueHKa gebuta I'C B noArasosomn 3oHe

[MoTeHUMAN Ha CTEHKE CKBAXKUHbI:
2 2 2 M2
x% + (y —b)? =12, a5+8§=<ﬁ) 'z B =B—v
rw << h, x<<h:

o2 2
70 cosB=1—B7

& B 2 o2 B2
2+5) +|211+2)|{1-5)—-1—cosy| (1 —cosy)
P = 4kl Jky | & g2\ o2 8
<2+70—7> —[2<1+70>(1—7>+1+cosyl-(1—cosy)

. 2 .
(cosh n¥lV] — oS B) + [2 coshnTW]cos B—1-—cos y] (1 —cosy)

coshag =1+

>

[ee)

j=1

. 2 .
(coshT[TW] + cos B) - [2 coshT[TW]cos B+1+ cosy] (1 —cosy)

Mocne npeobpa3oBaHUi (CKBa*kKMHa B6AM3M NogoLWwBbl Naacta 'y << 1):

o, = —an 1(“r‘”)+1 PR LI, +§:1 tanh 0
Y kL "\an n r2,  r2 S e W7

j=1
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METO/L TOYEYHbIX MICTOYHNKOB (POINT SOURCE METHOD)

OueHKa gebuta I'C B noArasosomn 3oHe

MoTeHuMan Ha rpaHuLe pasaena HenocpeaCTBEHHO HAA0 CKBAXKMHOWM (z = h,):

2
qu © (cosh HTW]) —sin?y
o, = — In =~ 0

K i\ 2
4m kkasz—oo (coshﬁT‘Nl) +sin2y

Pa3HOCTb MOTEHLMANOB MEXAY CKBaXMHOM M rpaHuLen pa3aena (aenpeccun):

AD = A Ly b (m )+1 (1 4zlb+4b2>+il <t h< Wj))
= Ap = n — n| tan
/KK, L 4h r3, r3, e 2h

l(nr >+l - 421b+4b2 l(ﬂrw>+l 1_|_4b2
4h r, r, "\an " r,

MpoAYKTUBHOCTb CKBAXKMHbI:

B k. k,LA®
5 .
i [ln (%) + In (1 4(hr2 b)b 4b ) + Z°° In (tanh (%V))]
w
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