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MopenvpoBaHne paboTbl CKBaXXMHbI C MCMONb30BaHNEM
mMeTogda y3nosoro aHanusa Nodal AnalysisTM
(paspaboTka Macco Schlumberger) ABnAaeTcA

LUMPOKO MNPUMEHAEMON cenyac METOANKON aHanns3a
3phEKTUBHOCTU pabOThbl OTAENbHBIX CKBAaXKWMH U OLEHKMN
BO3MOXHOCTU MPUMEHEHUA Pa3/IMYHbIX TEXHONOMMN

ANA NOBbIWEHNA YPOBHA f06bl4N. B paHHOM meToamke
NCMonb3yeTcA MOAENMPOBaHUE paboTbl CKBaXKMHbI,
no3eonAoLLee onpeaennTb Aebut, ysennyenne (Mnm
nageHvne) nebvta n gaBneHuAa Npu rasnudTHOM MeToae
[06b14n nnn apyrmx hakTopax, a Takxxe BHOCUTb
HeobxoaMMble KOPPEKTUPOBKM ANA ONTUMMU3aunm
[06bI4M Unn pelueHna npobnemM, BO3HMKLLMX B XO4e
aKcnnyarauumn ckBaxkmHbl. Kak nokasaHo Ha Puc. 1,
AaHHaA TEXHONMOrMA OCHOBaHa Ha O4HOM U3 3NIEMEHTOB
CMCTEMbI 3KCMyaTaumm CKBa>kMHbl, 06ecneynBatoLLem
NPUTOK XXMAKOCTM — NnacTe. A apyrme KOMMOHEHTHI
3TON CUCTEMbI, BKJIOHAA CXEMY 3aKaHYMBaHWA, MyTH
CKBa>KMHHbIX (hritonaoBs, pasnmyHble orpaHnyeHna
noToKa 1 T.N. aHaNM3upyTCA NPY CO34aHMN MOAENN OT
nnacrta oo cenaparopa.

CooTHoleHne 3aborHOro gaBneHna hOHTaHNPOBAHNA
¢ nebutom ckBaxxuHbl (IPR) nokasbiBaeT CNoCOBHOCTb
nnacrta nogasaTth XXUAKOCTb B CTBOM CKBaXKUHbI. [nA
TOro 4yTobbl MNacT MOr OTAABATb XUOKOCTb, HE06X0AMMO
Hanu4me nepenaga AaBfeHnA Mexay CTaTtnyecKm
naacToBbIM AABNEHNEM U AaBneHnem hOHTaHMPOBaHMA
B CTBOJME CKBaXXMHbI. MHOrogasHblIi NOTOK B
BEPTUKASTbHOW UM HAKITOHHO-HANPAaBIEHHOW CKBa>XkVHE
ncnonb3yeTca AnA onpeaenieHna noTepb AaBfieHna

oT Hu3a HKT (nnn ot HM3a y4actka nepcopaumm)

0o yctbA. [inA MOHUTOPUHra 3HeKTUBHOCTHU

paboTbl CUCTEM MEXAHN3NPOBAHHON LOObIYN N
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and Troubleshooting)

Well modelling using Nodal AnalysisTM (from Macco
Schlumberger) has become a commonly used technique
to analyze single wells and evaluate alternatives for
improving well performance. The technique uses a
model of the well that allows one to determine flow and
pressure losses (or gains) from artificial lift or other factors,
and make adjustments to optimize production or solve
problems discovered in the well system. Figure 1 shows
that this technique is driven by an inflow component, the
reservoir; and the completion, flow paths, restrictions to
flow, and other well components are modeled from the
reservoir to the separator.

The inflow performance relationship, or IPR, of a well
represents the ability of the formation to produce fluids
into the wellbore. For the formation to produce fluid, a
pressure differential must exist from the reservoir static
pressure to the producing pressure at the wellbore.
Multiphase flow in vertical or directional wells is used to
determine the pressure loss from the bottom of the tubing
or perforations to the surface. Monitoring the performance
of artificial lift systems or designing new artificial lift
systems requires solving for the pressure required by

the well to lift the fluids to the surface. This pressure is
determined by coupling the well inflow and tubing outflow
characteristics at a node, usually at the pump intake at
the bottom of the tubing. For flowing and gas-lift wells the
evaluation is usually made at the bottom of the tubing.

l Inflow Performance Relationship Methods

There are several methods used to describe the inflow
performance of a well. Generically, IPR relates the
average reservoir pressure of the well (Py) and the
producing bottom-hole pressure at the sandface (Pwf) to a
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Puc. 1: Metog yanosoro aHanu3a Nodal AnalysisTM
(Macco Schlumberger) nossonAaeT cMogenupoBaTb
OTAENbHYIO CKB2XKUHY

pa3paboTKu NporpaMmMbl MO UCMOMb30BaHUIO HOBOW
CUCTEMbI MEXA00bIYN HEOBXOAMMO HAWTU peLLeHne

AnA obecneyeHnA ypoBHA AaBNEHNA, Tpebyemoro AnA
noobeMa >XXMAKOCTU Ha YCTbe. ATOT yPOBEHb AaBMEHNA
onpeaenaeTcA NyTeM COMETaHNA XapaKTEPUCTUK
NPUTOKA XXUAKOCTM B CKBaXKMHY M BbIxOAa

>Xunakoctu us HKT B eanHON y310BoOW TOYKE, 06bIYHO

— Ha NpuemMe Hacoca BHU3Y NMPTOBOW KOMOHHLI. Ona
CaMOPOHTaHNPYIOLNX U ra3MPTHBLIX CKBaXXNH 0ObI4YHO
oueHKa npoBoanTCA Ha ypoBHe Hu3a HKT.

MeTozbI COOTHOLWEHWUA 3a60i1HOr0 AaBNEHNA Npu
oTbope Xuaxoctu ¢ yposHem Aebuta (IPR)
CyLuecTBYyeT HECKOSIbKO METOAO0B, UCMOMb3YEMbIX ANnA
OMNMCaHMA XapakTEPUCTUK NPUTOKA B CKBaXKMHE.
B o6wem cmbicne, IPR ycTaHaBnnBaeT COOTHOLIEHNE
MeXX Ay CPeOHUM NNacToBbIM AABEHUEM CKBaXKMHbI
(Pr), a Takke 3ab0NHbIM AaBfeHNEM NPUTOKa Ha
BCKPbITOM NOBEPXHOCTU 3a60A U CTEHOK CKBaXKUHbI
B NPOAYKTUBHOM necdaHoMm nnacte (Pwf) n
COOTBETCTBYIOLWMM ypoBHEM aebuTta (Qf).

Haunbonee 4yacTo ncnonb3yoTcA ABa cneayowmx
meToAa:

BbikugHaa nuHua
Flowline

o rator
Restriction SIS

Figure 1: Nodal AnalysisTM (from Macco Schlumberger)
is a model of a single well.

corresponding fluid production rate (Qf).
Two of the more commonly accepted methods are:

e Constant Pl Method
¢ Vogel Method

The Constant Pl Method, sometimes called the straight
line Pl method, assumes the productivity index (PI) of
the well is constant whether the reservoir pressure (Pr)
is above or below the bubble point pressure (Pyp) of the
reservoir oil. The Pl method is most often used under the
following conditions:

¢ [n high oil cut wells with pressures above the bubble
point pressure, where P, > Pbp.

e For water wells or high water cut wells and where no
free gas flows occur in the reservoir.

e When water cuts greater than 50% exist and the oil is
produced above or near the bubble point pressure.
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e MeToA NOCTOAHHOIO KO3hMUMEHTa
npoaykTmnBHocTU (PI)
* Meton dorensa

MeToa NocToAHHOIo KO3hhmumeHTa NPOAYKTUBHOCTH,
Ha3blBaeMbIN NHOTAA METOAOM MPAMOSIMHENHOIO
KO3a(hpmumeHTa NpoayKTUBHOCTK, Npeanonaraer,

4YTO KO3hPULUMEHT NpoayKTUBHOCTM (Pl) CKBaXKMHbI
OCTaeTCA HEM3MEHHBIM HE3aBUCMO OT TOrO, HaxoaMTCA
v nnactoBoe gaenenne (Pr) Bbie unm Hmxke faBfeHvA
HacbliweHmnA (Ppp) NnactoBon HedhTW. MeToa Hanbonee
4YacTO NPUMEHAETCA B CNEeayoLwmMX YCIOBMAX:

e [pu 6onbluoM cogep>XaHnm HedpT B CKBaXXMHHOMN
>KMOKOCTY C YPOBHEM AaBfIEHUA, NPEBbILLAIOLLMM
hasneHne HacblweHwud, rae Pr > Ppp.

e [1nA BOOAHLIX CKBaXXWH MW Npu 60s1bwWoM
COAEpP>XaHUn BoAbl B CKBXKMHHOW >XXMOKOCTU U
OTCYTCTBMM NPUTOKA CBOHOAHOIO ras3a 13 nnacra.

¢ [1py 06BOAHEHHOCTU MNPOAYKLMM CKBaXXUHbI CBbILLE
50% v ypoBHE AaBneHWA Npu 0TKayke NpeBsblwatowmm
nnv 6IM3KNM OaBJIEHUIO HACLILEHNA.

PJ-= Q‘ (1)
Pr-Pu

[ne:

Qs = o06wuin nebunT XXNaKocTu
[6appenen B cyTKK, NpMBeOEHHbIX K HOPMasbHbIM

YCMOBUAM]

Pr = cpenHAA BeNMYMHA CTAaTUYECKOro MacToBOro
OaBneHuA.. .. [psi]

Pwi = paBneHue Ha 3a6oe npu gobblye 13
CKBaXXWHbI...... [psi]

Ecnv n3BeCcTHbI BENMMYNHBI CTATUHECKOrO NiIacToBOro
OaBneHnAa n KoagdmumeHTa NpoayKTUBHOCTU
CKBaXXKMHbI, MOXXHO paccuyuTarb AaBneHue Ha 3aboe
npw 3KCMlyatauum CKBaXKUHbI 1A KOHKPETHOrO
nebuta >kmgkocTtu. JInbo MOXHO paccumTatb 06LWwnin
0ebUT CKBaXKMHbI, MCNOMb3Y0 KO3PPULUMEHT
NPOAYKTUBHOCTM, NSIACTOBOE AAaBMEHWNE B CTATUYECKNX
YCNOBUAX 1 HEOOXOAUMBIV YPOBEHb AABEHNA MPU
[obbiye.

MeTog ®orena, onucaHHbIA BNepBble B OQHON U3
nybnvkaumi B AHBape 1968 ., no3BoNAEeT BbINMOMHATb
pacyeTbl A1A NPOrHO3MPOBaHMA MaKCUMasribHOrO
nebuta ckBaXXuHbl. [laHHbIA MeTo4, MOXeT ObiTb
NPUMEHEH K NIIOBbIM TMNam NaacToB-KONEKTOPOB,
BKJOYaA NNacTbl C BOAOHAMOPHBIM PEXUMOM

npu pobbl4e HePTU C O4EHb HU3KNM YPOBHEM
OaBNEHWA HACbIWEHNUA, a TaKXKe HE(PTU C HUSKUM
KoachpuumneHTom ycanku. Kpmeyto dorena o6bl4HO
PEKOMEHAYIOT MCMONb30BaTb B CKBAXXNHAX C
Hanuynem cBob6oAHOro rasa B npoaykuuun. Cnepytouiee
ypaBHEHne OnucCbiBaeT METOA COOTHOLWEHNA
3ab60NHOro AaBneHnAa Npu oTbope XXNaKoCcTu ¢
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where,

Q; =Total fluid rate..........ceeevreeevnnnen. [stb/day]
Pr = Average static reservoir pressure.... [psi]
Pwt = Producing bottom-hole pressure...... [psi]

When the static reservoir pressure and PI of the well
are known, the producing bottom-hole pressure can

be calculated for a given liquid production rate; or, the
total liquid rate can be calculated by using PI, the static
reservoir pressure, and the desired producing pressure.

The Vogel Method, defined in a publication of the Vogel
method in January 1968, provides a calculation method to
predict a well’s maximum fluid rate. This method may be
applied to all reservoirs, including water drive reservoirs
with very low bubble point pressure oils and low shrinkage
factor crude oils. Use of the Vogel curve is usually
recommended in wells producing free gas. The equation
describing the IPR method is:

(). 3 A
‘—’—f_r;-ﬂ.z[ Por) g8 L (2)
(O P P,

where,

Qf =Total fluid rate... ................ [stb/day]
SBHP - P, = Average static reservoir pressure... [psi]
PBHP - Pyt = Producing bottom-hole pressure....... [psi]
Qmax = Maximum fluid rate at Pw; = 0.0. [stb/day]

Qf is the total fluid rate from a “good” test measured at
the time of a fluid level shot and the producing volume
corresponds to the calculated PBHP, Py:. Qmax is the
maximum fluid rate if the well could be drawn down 100%
from its static pressure, i.e. Pwi = 0.0. From the pressure
ratio Pwi / Py, the dimensionless fluid rate ratio, Qs / Qmax
is determined, and thus the maximum fluid rate, Qmax,
at 100% drawdown is fixed. Therefore, for any fluid rate
corresponding to a producing bottom-hole pressure, an
inflow performance of a well can be determined by using
the dimensionless Vogel chart shown in Figure 2.

The pressures in the Vogel correlation are in psig.

The reservoir component is modeled by single phase flow
radial equations, and various empirical IPR expressions
requiring test data to model the well reservoir input.
There are techniques to determine the shape and form of
future IPR (Inflow Performance Relationships) but the
time into the future that depletion causes changes in
the inflow is usually predicted by reservoir modeling..
Figure 3 shows how the static bottom-hole pressure
(average reservoir pressure) is drawn down to a
producing bottom hole pressure (PBHP) by flowing or
artificially lifting the well.

The Pl and Vogel IPR expressions require flow and
pressure test data to determine constants in the
expressions. These curves are plotted in Figure 4.
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YpoBHEM nebuta CKBaXXuHbl:

). y > v (2
&— 1.0-02( L) s Lo
0. P, Py
[ne:
Qs = o6WMIA 0EeOUT XXUOKOCTHU. .. ...

[6appenen B cyTKW, NPUBEAEHHbIX K
HOpMasibHbIM YCoBUAM]

SBHP - Py = cpenHAa BennuMHa CTaTuyeckoro
nNacToBOro AaBfeHuA.. [psi]

PBHP - Py = naBneHune Ha 3ab6oe npu otéope 13
CKBaXXWHbI...... [psi]

Qmax = 06Wwmn pebut xxunakoctun npu Pyt = 0.0.

[6appenen B cyTKW, NPUBEAEHHbLIX K
HOpMasibHbIM YCoBUAM]

Qf — o6wmin 4EBUT XXMAKOCTN NO “HafEeXXHOMY”

3amMepy BO BPeMA 3anucu NokasaHui ypoBHeMepa

1 0obbiBaemMbii 06bEM COOTBETCTBYET PaCHETHBIM
3HadeHnAaM PBHP, Pys. Qmax — makcumarnbHbin 4ebut
>XKMOKOCTY NPV BO3MOXHOCTU CO34aHUA Aenpeccum

Ha nnact pasHor 100% OT ypoBHA CTATUYECKOrO
pasneHua, T.e. Pyt = 0.0. V13 COOTHOWEHMA AaBneHnin
Pwi / Py, onpegenaeTtca 6e3pa3amepHoOe COOTHOLIEHNE
aebutos Qf/ Qmax, n, Taknm 06pa3oM, MakCUMasbHbIN
[ebut Qmax, npyn 100% ypoBHe genpeccun ABNAETCA
ukcupoBaHHbIM. [loaTomy ana noboro gebuta
>XKMIOKOCTW, COOTBETCTBYIOLLErO AaBfieHuto Ha 3aboe
npu oT60pe XUAKOCTN XapaKTEPUCTUKN MPUTOKA

B CKBaXKVHe MOryT 6biTb onpeaeneHbl C MOMOLLbIO
avarpammvbl 6e3pa3mepHbix Benu4dmH dorena,
npeacTaBneHHon Ha Puc. 2. YpoBHu gaBneHnin

B cooTHoweHun dorena npeacrtaeneHsl B PSIG
(MaHoMeTpuyeckoe gaBneHne B hyHTax Ha KB. OIONM).

OnemeHTbl Nflacta MOAENUPYOTCA C MOMOLLBIO
paavanbHbIX ypaBHEHWUA 0QHOa3HOro NoToka

N pasnnyHbIX SMNUPUYECKUX BblpaxkeHun IPR
(cooTHOLWEHNA 3a60NHOrO AaBneHua POHTaHNPOBAHNA
C AebuTom), Tpebylowmx AaHHbIE NCCNIeNOBaHN

ANA MOAENMPOBaHNA NapamMeTpoB paboTkbl nnacTa.
CywecTByOT METOAUKM ANA onpeaeneHna npotuna

n coopmbl byoywiero IPR (cooTHoweHMA 3a60AHOro
OaBneHna oHTaHMPOBaHUA ¢ 4ebnToM), OgHAKO
BpemA B byayLlem, Korga UcToweHne nnacrta npuseget
K U3MEHEHMIO NPUTOKA 06bIYHO MPOrHO3MPYETCA C
NOMOLLLIO MoAenupoBaHnAa nnacTa. Ha Puc. 3 nokasaHo
Kak 3a CYeT Aenpeccun ctatmdeckoe AaBneHne Ha
3aboe (cpenHee 3HayeHne NNacToBOro AaereHua)
TpaHctopmmpyeTcA B 3a60MHOE AaBAEHNE NpK
ot6ope (PBHP) npu choHTaHNpOBaHNM CKBaXKUHbI NN
MeXaHWYEeCKOMN 3KCnyaTaumm.

BbipaXxkeHnA koadduumeHTa NPoayKTUBHOCTU U

COOTHOLLEHNEe 3aboNHOro faeneHnA poHTaHMpPOBaHWA
¢ aebutom (no dorento) TpebyoT AaHHbIX MO
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KpuBaa cooTHoweHuAa 3a60iiHOro aBneHuna
thonTanupoBanua ¢ ge6uTom (no Morenio)
Vogel’s IPR Curve
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Figure 2: Dimensionless Vogel Curve
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Puc. 3: InntocTpauma nageHna nnactoBoro

AaBfeHuA B Npu3abonHON 30He A0 YPOBHA AABMNEHNA
npu oTbope. (Mo AaHHbIM KoMnaHum Echometer Inc.)
Figure 3: lllustration of how the reservoir pressure
drops to a producing pressure near the wellbore.
(Echometer Inc.)

There are expressions for combination Pl/Vogel IPR
curves that describe inflow performance from a reservoir
with pressures greater than the bubble point using the
straight-line Pl method and then using the Vogel method
to describe the inflow performance for pressures below
the bubble point.
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I CrabunusupoBaHHOE NiacToBoe AaBlieHne
PBHP1 Ap2 Doubling the drawdown does not double
the production
| Ap3 P
PBHP2
Ap4 MapeHue ABNAETCA NPOM3BOAHOMN
neburta, onpeaeneHue Kpusom,
PBHP3 M3BeCTHOMW Kak: COOTHOLEHUA
3aborHOro naBsneHuA
choHTaHMpoBaHuA ¢ aeébutom (IPR)
PBHP4 The slope is a function of flow rate,
defining a curve known as the:
— Inflow Performance Relation or IPR.
0 Flow Rate, Q
0 Q1 Q2 Q3 Q4 Qmax (IPR) Qmax (PI)

Puc. 4: KpuBble xapaKTepUCTUK NPUTOKA.
MpAMONMHENHbIN KOS(HOULMEHT NPOAYKTUBHOCTMU

N KpMBaA COOTHOLLIEHNA 3ab0NHOro AaBneHua npu
(hoHTaHMpPOBaHUN C 0EOUTOM.

Figure 4: Inflow performance curves. The straight line PI
and the curved IPR

XapaKTepuCcTMKaM NpMToKa 1 AaBEHMIO, NOyYaeMbIxX
B XO,€ NCCneaoBaHnA CKBaXKUHbI, ANA onpeaeneHnsa
KOHCTaHT B Bblpa)keHuAX. [JaHHble KpMBble N306pa>keHbl
Ha Puc. 4.

MimetoTcA BblpaXkeHWA AnA codeTaHnAa KoadhduumeHTa
NPOAYKTUBHOCTY Pl C KpMBbLIMM COOTHOLLEHMA 3a60MHOMO
AaBneHuna npu poHTaHMpoBaHuMm ¢ edbutom (no
dorento), ONUCbIBAOLLIME XapaKTEPUCTUKN NPUTOKA

13 nnacTa ¢ AaB/IEHNAMU, MPEBLIWAIOLWMMI AaBJIEHNE
HacbILWEHWA, UCNONb3YyA METOA MPAMOSIMHENHOIO
KoadhhnumeHTa NpoayKTUBHOCTY, a 3aTeM, UCMOoMb3yA
meTog dorena AnA onucaHmA XxapakTepUCTUK NPUTOKa
ANA OABNEHUNA HWKE OABJEHMA HACLILEHNA.
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The oil radial flow equation can predict a PI curve if
reservoir data is available.

7.08x107k (P, - P, ;)

= re
wpf(In(—)=T75+5+Dgq,)
rw
Where :
g, = oil [low into the well, stb/D
p, = lormation volume lactor of oil bbl/stb
p, = viscosily ol oil, cp
ko = permeability of the formation to oil, md

h = net thickness ol the foration,

Pr = average reservoir pressure, psia
P,, = PBHP, psia

re = radius of drainage, [t

s = skin

Dyq, = rate dependent skin

Over the page is the single phase gas flow radial flow gas
equation



YpaBHeHWe paguansHOro noToka HepT No3sonAeT
NPOrHO3MPOBaTb KpUBYIO KOadhdbuumeHTa
NPOAYKTUBHOCTY NPV HANMYMKN OAHHbIX MO
XapakTepucTmkam nnacra.

Hwxe npeacTaBneHo ypaBHeHWE OTHOLEHNA 0ebMToB
0fHOha3HOIo NMOTOKA rasa u paanasibHoro NoToka rasa

TR0~k b Pr'= Puf' )
% r'-:Tr- |hrr¢'-1':'3 .rn-.r i + D gl
e
= eflr vess i of rem Upn s foaes § e
kg m Dpiimssiiss s i sl
h=  Soumscos wses

£ Kasb@uimon ¢ || FE i Spel Sy e § e daEwein

i = Femcras Fars dEEImG R GO L 1 T A TR R

T=  Cpeswe vesmepanypa mmers (K3

rem  Paamve apoinpossesss i)

P s Patingps coesns gessmm—m" (o

F=  Cunie-adorr (mprudodess Wik os Cmmurmd sponiiammne T
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Hwxe npenctaBneHo “ypaBHeHMe 06paTHOro gasneHma”
ANA NpUTOKa rasa, onpeaesieHHoe no AaHHbIM
nccnegoBaHuii CKBaXkKMHbI, BMECTO UCMOMb30BaHUA
XapaKTepuCTUK nnacTa, Heob6xoANMbIX AN1A ypaBHEHUA
paavanbHOro NnoToka rasa.

g = C(Pr - Pwiy

qg = [eburr raoa (smciison e ky5. §yTon s cymm)

Pr= Cpewce nuacronoe asnncise (psi wic.)

Pwi = tabodiwoe sansciiee mpi donmamiposanis, psi abc

Cm= Kodspimuscirt, ompeicasesisil mo poayinTatas 0 snim, ML ¢, iy ros’ cy T

n= TREBOBCITE N0 Py ARTATAN HECAI0BANIEA, sapsapyerca or 0.5 qo0 1.0

3TN ypaBHEHMA NOTOKOB XXUAKOCTU U rasa LUNMPOKO
NPMMEHAIOTCA AN1A pacyeTa NiacToBbIX NPUTOKOB

Np1 NCNOMb30BaHUN MEeToAa Y3M10BOro aHanmaa. [nA
TPELWMHOBATbIX MIACTOB U CKBAXXWH C FOPU3OHTaNbHBIMU
y4acTKamu CTBOMAa UMEOTCA Apyrne BblpaXkeHmA,
BKNKOYEHHbIE BO MHOIME nporpammHble nakeTsl Nodal.

703107k b Pri- Puy’)
- i1 Infred72rwl + 5+ D gl
Where:
qg = gas flow, Msci/D

i,

kg = permeability to gas, md

h = pay thickness, h

&= s deviation factor at av eTage temperatire and av CrALe prossure

ig = gas viscosity, op, caleulated at average pressure and temperature

T = average reservoir temperature, "R

re = dramage radius, it

re = wellbore radius, ft

5 = skin (example  reduced permeability around wellbore

[ = rate dependent skin (example : high rate non LY Arcy flow pressure drop as
flunds enter wellbore

Below is the “back pressure equation” for gas flow
determined from well tests as opposed to using reservoir
properties needed for the gas radial flow equation.

gg =C(Pr - Pwf*)

qg = gas rate, Mscf/D

Pr = average reservoir pressure, psia

Pwf = flowing bottom hole pressure, psia

C = coefficient determined from test data, Mscf/D /(psia™ )
n = exponent from test data varying from .5t01.0

These liquid and gas flow equations are used extensively
for the reservoir inflow when applying Nodal Analysis.
There are other expressions for fractured and horizontal
wells, and other expressions available in many Nodal
computer packages.

The pressure drop in the tubing for multiphase flow

is composed of the gravity pressure drop, the friction
pressure drop and an acceleration term for higher rate
flows The friction and the gravity term (mostly from weight
of liquids in multiphase flow) is pictured in Figure 5.
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Puc. 5: Kpuana paboumx xapaktepuctmk HKT ¢ kKoMnoHeHTaMy NoTepb Ha CUMy TAXKECTU U TPEHME

Figure 5: Tubing performance curve, showing gravity and friction components
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MNepenapg aasnexHna B HKT npu mHoropasHom noToke
BKJ/TIOHAET NOTEPU AABEHMA HA CUMY TAXECTN,
TPEHne, a TakxXe yCroBue YCKOPEHWA Af1A NOTOKOB

C 60MbLINMK CKOPOCTAMU. YCNOBUE TPEHMA U CUIbI
TAXECTY (rnaBHbIM 06pa3oM 13-3a BeCa XXNOKOCTEN B
MHorocha3HOM NMOTOKE) NpeacTaBneHo Ha Puc. 5.

Wcnonb30BaHue KpUBLIX NPUTOKA W NOTOKA ANA

NPOrHo3MpPOBaHKNA NoKa3aTenei paboTbl CKBAKMHbI
KpuBble pabounx xapakTepuctnk HKT, nepecekarowme
KpvBble NapamMeTpoB NfacTa, BKAYaT AaBleHne
B HKT Ha ycTbe unu, kak anbTepHaTuBy, MOAesb
BbIKMOHOW NIMHUM HA YCTbE U Apyrme BO3MOXHbIE
nageHuAa aaBneHua, Hanpumep, B UCKpMBAeHHbIx HKT,
Ha WTyuepax, BbIKUAHbIX IMHUAX 1 APYruX NPenAaTCTBUNA
notoky. Kpusaa HKT n gpyrne npenAaTcTBUA NOTOKY
Ha3bIBAKOTCA KPMBbBIMI MOTOKA N KPMBBLIMU M/1aCcTa,
BO3MOXHO, co4eTaloTCA ¢ aphpekTaMmm 3aKkaH4nmBaHmA,
TakMMU Kak nepgopaumoHHOe 3aKaHuYMBaHue,
NPenATCTBMA NOTOKY B BUAE rPaBUMHON HAbUBKK 1 Np.
HOCAT Ha3BaHNEe KPUBbIX MPUTOKA.

4

il

HKT: Hann4yme nputoka
Tubing, flow

et

O pekTBHOCTL HKT: yBENUYeHMe nputoka
Tubing performance, more flow

HNaBneHue B 30He nepcopaummn>
Pressure on perforations >

Using Inflow and Outflow Curves

to Predict Well Performance
Tubing performance curves that intersect the reservoir
curves include the surface tubing pressure or alternately
a model of a flow line at the surface and possible other
pressure drops such as deviated tubing, chokes, flowlines
and possibly other restrictions. The tubing curve and
other restrictions are referred to as outflow curves and
the reservoir curves, possibly combined with completion
effects such as perforated completions, gravel packed
restrictions, or other completion effects are referred to as
inflow curves.

When the inflow curves intersect the outflow curves,

the point of intersection at a common pressure and rate
predict the rate for the well model. Figure 6 shows various
tubing (outflow) curves and how they might appear with
respect to the reservoir (inflow curve). It can be shown
that the tubing curve should intersect the reservoir curve
to right of the minimum in the multiphase outlflow curve, or
i the well is predicted to be unstable.

\ AdpdekTnBHOCTb HKT: NpMTOK OTCYTCTBYET

Tubing performance, no flow

KpuBasa nputoka unu paboTbl nnacta
Inflow or reservoir curve

To4KM NepeceyveHnin o3HavatoT
Hanuyve NpuToKa

— Intersections are flow points

A dekTnBHocTb HKT: HecTabunbHbI NPUTOK

Tubing performance, flow but unstable

\

No6biya> Production >

Puc. 6: Kpusble notoka B HKT, nepecekaiowme
KpuBble nputoka us nnacra. [Jobbiya ns
CKBaXXVHbI MoXeT BecTucb ¢ HKT aByx

OnamMeTpoB B ABYX TOYKaX, OTME4YeHHbIX
ManeHbKUMU CMHUMU KPY>XKaMW.

Figure 6: Tubing outflow curves intersecting

a reservoir inflow curve. The well can actually
produce with two tubing sizes, at the two points
indicated by small blue circles.

Koraa KpuBble NpUTOKa NnepecekatoTcA ¢ KPUBbIMU
MOTOKa, TOYKa NnepeceyeHns npu obLLemM ypoBHe
OaBneHna n gebute NporHo3npyeT AebuT aaHHom
MoAenvMpyemon ckBaxkuHbl. Ha Puc. 6 npeacraBneHbl
pasnuyHble Kpmeble HKT (KprBble NOTOKA) N TO, KAKUM
06pa3oM OHM MOTyT COOTHOCUTCA C NnacToM (Kpusasa

80| ROGTEC

i Various correlations exist in the industry to model the

. pressure drop in oil and gas wells. It is wise to compare
these correlations to actual tubing flow pressure

i measurements before making extensive use of a

i particular correlation. Some methods listed primarily by



nputoka). BuaHo, 4to kpueaa HKT gomkHa nepecekarb
KpMBYIO niiacta cnpasa oT MMHUMYMa Ha KPUBOM
MHOro)a3Horo NoToKa, UmM CKBa>knHa NporHo3npyeTcA
Kak HecTabunbHas.

B oTpacnu cywiecTByeT MHOXECTBO KOppenAaumn anAa
MOAENNPOBaHNA NageHnA AaBneHnA B HEPTAHBIX U
ras3oBblX CKBaXXWHax. Hennoxaa npeq — cpaBHMBaTh 3TU
KOppenAuMn ¢ PakTUHECKUMK pesyribTaTtammn U3MepeHnNsa
nasnennem B HKT npu oTbope npexxae 4YeM HaumHaTb
LUIMPOKOE MPUMEHEHNE KOHKPETHOW KOPPENALMN.
HekoTopble nepeyncnaemble METOAbI UMEIOT Ha3BaHWe
HEenocpeacTBEHHO MO MMEHW UX aBTOPOB, BKJIOYaA
meTog OLGA n3 nporpammbl SNAP.

HagedornBrown
Orkiszewski
DunsRos

Aziz

BeggsBrill
MukherjeeBrill
Gray

Mona
ModifiedGray
DunsRosGray
Stoisits
CullenderSmith
Ansari
OLGASteadyState

Koppenaunn nagenna nasneHnA B HKT B ra3oBbIx
CKBa>KMHaXx BKJOHaAIOT:

HagedornBrown
Orkiszewski
DunsRos

Aziz

BeggsBrill
MukherjeeBrill
Gray

Mona
ModifiedGray
DunsRosGray
Stoisits
CullenderSmith
Ansari
OLGASteadyState

[InA cKBaXkUH ¢ MeXaHM3MPOBaHHOWN 3KCryaTaunen
NPUTOK ONpenenAeTcA 3aMepoM YPOBHA XXUAKOCTU

B 3aTpybe 1 MCnonb30BaHNEM 3TOr0 3HaYeHUA anA
pacyeTa 3ab0NHOro faBneHua npy otbope anA
NPOCTOTbI ONPeAeneHna COOTHOLEHNA 3aB0NHOIo
AaBneHnA POHTAHMPOBAHWA C 4EOUTOM O/1A KOHKPETHON
CKBa>KMHbIl. PasnnyHble ctaTbn Mo NCMNoMb30BaHUIO 3TON
METOAMKM pa3meLleHbl Ha www.echometer.com. Ha Puc.
7 NpencTaBneHo pacnpeneneHne 4aBneHnii CBepxy BHU3
no HKT n 06caaHon KONOHHe, BMIOTh A0 3a60MHOro
AaBfIeHUA Ha YpOBHE NnfacTa.

the author’s names and the OLGA method are listed
below from the SNAP program.

HagedornBrown
Orkiszewski
DunsRos

Aziz

BeggsBrill
MukherjeeBrill
Gray

Mona
ModifiedGray
DunsRosGray
Stoisits
CullenderSmith
Ansari
OLGASteadyState

Gas well tubing pressure drop correlations include:

HagedornBrown
Orkiszewski
DunsRos

Aziz

BeggsBrill
MukherjeeBrill
Gray

Mona
ModifiedGray
DunsRosGray
Stoisits
CullenderSmith
Ansari
OLGASteadyState

For pumping wells, the inflow is estimated by determining
the fluid level in the annulus and using this to calculate a
flowing bottom-hole pressure to facilitate determination of
the IPR for the well. See www.echometer.com for various
papers related to using this technique. Figure 7 shows
pressure distributions down the tubing and casing, both
terminating at the reservoir at bottom hole conditions.

There are many uses of Nodal Analysis. It can be used to study:

Oil and Gas wells

Perforated completions

Fractured completions

Sand control completions

Gas-lift wells

Other artificially lifted wells

The optimum tubing size in a well

Effects of compression or wellhead pressure

And many other situations.
The idea is that if a model can be developed that

simulates well performance, adjustments can be made in
the model to find ways to optimize production.
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Jebut Q Flow Rate Q

Ptf

Oebut, anameTtp HKT, rnybuHa, ra3oXnakoCTHbIN
dakTop, rmapoaMHamumyeckoe aasnerHne B HKT npu

Flow rate, Tubing Diameter, Depth, GLR, Ptf, Pcf

YPOBEHb XXNOKOCTH
npu otéope
Producing Fluid Level

PDP

Pcf [MocToAHHbIE:
dhoHTaHMpoBaHNM
Constant:
e
a
)
(@]
‘:S‘:’ 3atpyb
o Annulus
=
PBHP
\/

i%l‘lepena,u nasneHva Drawdown—» i

SBHP

[JaBnenne Pressure ———»

Puc. 7: Npodmnu ypoBHen aaBneHua B 3aTpybe u B

HKT ana ckBaXkuUH C MEXaHN3MPOBaHHOW O06bLIYEN.

-

PBHP

Figure 7: Pressure profiles in the casing annulus and
tubing, for a pumping well

MeToaumka Yy3n0BOro aHanmsa nMmeet MHOro pasyim4HbIX
HpMMeHeHMVI. B yacTtHocTun, ee NMPUMEHAIOT OnA
nccnenosaHuA N aHanmnsa:

® PaboTbl He(YTAHBIX N ra30BbIX CKBAXXWH

e MeTonoB 3akaHuMBaHUA ¢ nepdopaumen

* MeToOoB 3aKaH4YMBaHWA B NnacTax ¢ TPELMHOBATbIM
KOMMEeKTOPOM

¢ MeTOOOB 3aKaHYMBaHWA C UCMOMb30BaHUEM NECOYHbIX
hunbTpoB

e CKBaXXVH C ra3nupTHOM aKcnyaTaumen

e CKBaXXuH C ApyrnMmK crnocobaMm MexaHU3npoBaHHOM
[o6b14n

e OntumanbHbix anameTpoB HKT aona ckBaxkuH

* OdheKToB KOMMPECCUN NN YCTHEBOTO AaBMEHMA

MeTop, TakxKe NpUMeHAeTCA ANA UCCrefoBaHus
MHOXEeCTBa ApYrnx cuTyaLui.

Mpaea cocToMT B TOM, YTO €C MOXET BbITh
paspaboTaHa Mofenb, BOCNPoM3BoAALLan paboTy
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Il An Example of Input Data and Resultant Nodal Output
Reservoir Data:

Pr, reservoir average pressure, 1000 psi

Pb, bubble point, psi, 600 psi

Well test: 450 bpd @ 500 psi flowing bottom-hole pressure

Outflow Data:

WHP: 100 psi

2 3/8’s tubing to 5000’

WOR: 1

Water gravity: 1.03

Oil Gravity: 30 API

Gas gravity: .65

GOR: 888 scf/stock tank bbl oil
BHT: 150F

WHT: 110F

Problem: Where will this well flow?
Examine smaller tubing sizes: 1.61, 1.38 and 1.049” ID
Answer: Using this data the Nodal plot (Figure 8) is prepared:

i Figure 8 is a calculated tubing plot that shows the current
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RyderScott.com) The current 2 3/8’s tubing is referred to

in the legend as “hydraulic base”
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CKBa>KMHbI, B TAKYO MOAENb MOXHO BHOCUTb
HeobxoaMMble KOPPEKTUPOBKM ANA ONTUMMU3aLnn
[o6bI4n.

Mpyumepbl NCXOAHBIX AAHHBIX N

pe3ynbTaToBs y3noBoro aHanu3sa Nodal
[aHHble no nnacTy:
Pr, cpegHnin ypoBeHb nnactoBoro gaenennd, 1000 psi
Pb, naBneHne HacblweHna, 600 psi
[ngpoaMHamMmnyecKoe nccnegoBaHne CKBaXxkuHbl: 450
6appenen B cyTkn npu 500 psi 3a6oMHOM AaBneHUN
hboHTaHupoBaHmA

tubing/IPR intersection is about 360 BPD and the smaller
tubing ID’s show diminishing results down to about 110
bpd for the 1.049” tubing ID. None of the tubing ID’s show
results close to the IPR maximum flow rate of about 640
bpd. A lower tubing wellhead pressure would help in that
regard, if desired.

Figure 9 shows a study of the amount of gas injected into
the tubing at the bottom of the tubing to determine how a
well will respond to gas lift. (SNAP, RyderScott.com)

Figure 10 shows an Electrical Submersible Pump / Tubing
performance plotted against a PI plot to determine the
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Puc. 10: BnnaHue ckopoctn ALIH Ha noTeHumanbHbIn

Figure 10: The impact of ESP pump speed on potential

ypOBeHb aebuta

[aHHble hoHTaHNPOBaHUA:

YctbeBoe gasnenue: 100 psi

HKT 2 3/8 ptorma cnyweHo o rmy6uHsl 5000 gyTos
BopoHedTAHONM hakTOop: 1

Y penbHaa NnoTHOCTbL Bogbl: 1,03

MnoTtHocTb HedpTn: 30 no API

MnoTtHocTb rasa: 0,65

[a3oBbI hakTop: 888 CT. Ky6. (hyTOB Ha bappenb HehTU
B HOPM. YCNOBUAX

Temnepatypa Ha 3a6oe: 150F dappeHrenTa
Temnepatypa Ha ycTbe: 110F dappeHrenTta

Mpobnema: Kak bygeT paboTatb 3Ta CKBaXXUHA?
Mpoeepka HKT meHbwnx guameTtpos: 1,61, 1,38 n 1,049
AIOVMOB BHYTPEHHUI AnameTp

OTBeT: [aHHble 6bInn NCNoNb30BaHbl ANA NOCTPOEHMA
Anarpammbl N0 MeTo4y y3noBoro aHanusa (Puc. 8):

Puc. 8 nokasbiBaeT pacyeTHyto agnarpammy Ana
HKT, Ha KOTOpoW nepeceyeHne KpUBON nokasaTenen
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production rate

effects of pump speed (changed by electrical frequency
supplied to the motor downhole).

Figure 11 shows a high rate oil well case. The well
performance depends on the water cut of the production.
The results show a range of operation depending on the
possible water cuts.

These examples are only a few of those that could

be presented to show how well performance can be
evaluated using Nodal Analysis, and to see if there are
opportunities to optimize production for oil and gas wells.

For more information, among many references possible, see:

1) Nodal Systems Analysis of Oil and Gas Wells, by K E
Brown and J F Lea, SPE 14714, JPT, Oct 1985

2) Lets Get the Most out of Existing Wells, Oilfield Review,
Winter 1997, S Bartz, J M Mach, Jawaid Saeedi and others.
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Puc. 11: BnuaHne 06BOOHEHHOCTM NPOAYKLIMK
CKBaXXuHbl Ha gnameTp HKT n apchekTUBHOCTL paboThl
nnacta (SNAP, RyderScott.com)

Figure 11: The impact of water cut on tubing and
reservoir performance (SNAP, RyderScott.com)

paboTbl HKT 1 cooTHOLEHNA 3a60NHOro AaBneHua
¢oHTaHMpPOBaHUA ¢ 4EOUTOM HAXOAMTCA Ha YPOBHE
okono 360 6appenen B CyTKK, a pesynbTathbl ana HKT
MEHbLUNX BHYTPEHHMX AMaMETPOB CHMXKaIOTCA [0
npumepHo 110 6appenen B cyTkn ana HKT 1,049 Hn
OOuH 13 gnametpo HKT He nokasan pe3ynbtaTtoB
61IN3KUX K COOTHOLLEHMIO 3a60MHOIo AaBneHuA
¢oHTaHMpPOBaHUA ¢ ebNTOM ANA MaKCUMarnbHOroO
nebuta npumepHo 640 bappenen B cyTKu. B aaHHOM
cny4yae 6b1n0 6bl MONE3HLIM YMEHbBLUEHNE YCTHEBOIO
naesnenuna B HKT.

Ha Puc. 9 npeactaeneH aHanns obbema 3akaymBaemoro
raza B HKT B HM3y HKT ana onpeaenenna peakumm
CKBa)XMHbl Ha NpuMeHeHne rasnmdpTHoro metoaa. (SNAPR,
RyderScott.com)

Ha Puc. 10 npeactaBneHbl nokasatenu paboTbl
ckBaXkuHbl ¢ QUH n HKT, B cpaBHeHUM ¢ gnarpammon
Ko3hhmLMEHTa NPOAYKTUBHOCTW, ANA onpeaeneHns
3 heKTOB N3MEHEHNA CKOPOCTM Hacoca C NOMOLLbIO
BXOAALLEro B €r0 KOMMJIEKT YaCTOTHO PErympyemMoro
npueopa. (AcceESP, PLTechLLC.com)

Ha Puc. 11 npeacraBneH cnyyanm onAa HedpTAHOM
CKBa)XWHbI C BbICOKMM AebUTOM. QPPHEKTUBHOCTD
paboTbl CKBaXXMHbI 3aBUCUT OT CoAepXXaHna BoAbl
B NMPOAYKUMN CKBaXXUHbI. Pe3ynbTaTbl NoKasbiBatoT
AvanasoH pabovmx 3Ha4eHWn B 3aBUCMMOCTU OT
BO3MOXHbIX YPOBHEN 0OBOAHEHHOCTU NPOAYKLNN.

9TV NpUMepbI ABMAOTCA TOMbKO YacTblo TEX, KOTOPbIE
MOXXHO 6bIfi0 6bl NPUBECTY ANA AEMOHCTpaUmmn
ncecnenoBaHmA ahheKTUBHOCTU paboTbl CKBaXKUHbI

C NMOMOLLIO MEeTOAA Y3/10BOrO aHasmaa, U novcka
BO3MOXHOCTEW ANnA oNTUMmU3aumm 4o6bl4m n3 HehTAHBIX
1 ra30BbIX CKBa>KMH.

Hwxe npmMBoaATCA NCTOYHUKMK AOMOMHUTENBHOWN
MHdopMaLUnmM Ha 3Ty Temy:

1) Nodal Systems Analysis of Oil and Gas Wells, by K E
Brown and J F Lea, SPE 14714, JPT, Oct 1985

2) Lets Get the Most out of Existing Wells, Oilfield Review,

Winter 1997, S Bartz, J M Mach, Jawaid Saeedi and
others.
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