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Teopema Tuma: PyHoameHTalbHasi OCHOBa HOBOW
napagurmbl NOA3eMHON rmgpoanHamMmmnkm Hacts 1

Tim’s Theorem: A New Paradigm for Underground

Hydrodynamics Part 1

«O HeNoKaJsIbHOCTU NMPUYUH»

«/130/1POBaHHKIX CUCTEM HE CYLLIECTBYET, YTO BCSI
cuCTemMa, Aaxe pasnesieHHas Ha 4acTvi OrPOMHLIMU
PacCTOSIHUSIMU, MEXKITY KOTOPLIMU OTCYTCTBYIOT
CyrHasIbl, MoJisl, MEXaHNYECKNE CU/Tbl, SHEPIN U T.4.,
DYHKUMOHVPYIOT Kak eauHas Cucteman.

IxoH CTroapT Benn 1928 - 1990.

TaTbst ABASETCA MPOOO/DKEHNEM MyBKaLA
[1,5,8...11], BONOMHEHMEM K paHee OnybKoBaHHbIM
paboTaMm Mno AaHHOM TeEMaTVKE U BKITKOYAET OTBEThI
Ha BOMPOChI O NOTePW AaBNeHWs, MPUTOKa Mpu
durnbTPaLUMN XXOKOCTU B 30HASIbHO-HEOHOPOOHOM
nnacre, KosrumMeHTe NPONOPLIMOHAIBHOCTU A1
6a30BbIX MAOPOANHAMUYECKMX NMapaMeTPOB, a Tak
»KE 0 B3aMOCBS3U 11 B3a1MO3aBUCHMOCTN OCHOBHbIX
MOPOOVHAMNYECKIX MAaPaMETPOB 30HATBHO-
HEeOOHOPOAHOroO MiacTa, 3aAaHHbIe Y ATaTENSIMN
nyGaMKaLWn 1 ydacTHUKaMK KoHdbepeHuwi [3,5,6,9] B
npouecce 0bcykaeHus. B ¢Bsasu ¢ aTum, 6onee noapobHo
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“On nonlocality of Reasons”

“Isolated systems do not exist, and all systems even
split by huge distances into parts with no signals, fields,
mechanical forces, energy, etc. between them function
like a consistent System”.

John Stuart Bell
1928 - 1990.

he article continues the publications [1, 5, 8...11], and

supplies answers to the questions about pressure loss,
influx during fluid filtration in zonally heterogeneous beds,
proportionality factors for basic hydrodynamic parameters
as well as the interrelation and interdependency between
major hydrodynamic parameters of zonally heterogeneous
beds. These questions were asked by the readers of the
articles and attendees of conferences [3, 5, 6, 9]. On this
basis we set out more clearly the formulas and calculations
of bottom-hole pressure (BHP) loss AP, skin-factor
formulas (S) and other basic hydrodynamic parameters of
zonally heterogeneous beds.
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n3naraeTcs BbIBOL (DOPMyJIbl 419 pacHeTa notepu
3a00VHOrO AaBneHns AP, (DOpMyJibl CKUH-hakTopa S
1 Opyrx 6asoBbIX MMAPOOUHAMUYECKMX NapPaMETPOB
30Ha/IbHO-HEOAHOPOAHOMO nnacTa.

«Teopema Tuma» rnacut, 4To «/Il06ble U3MeHeHUs
npoHuyaemocmu npodyKmueHoz20 nadacmad
npugoadsm K nponopyuoHa1bHOMY U3MeHEeHUI0 e20
npodykmueHocmu, 2udponpogodHocmu, 3a60iiH020
das.ieHusl, QUHAMUYECK020 YPOBHS Hcudkocmu,
mekKyujezo npumoka u nomeHyua/absHoz20 de6uma,
a 6e3pa3MepHble OMHOCUMeEAbHbIE UX 8eAUYUHbI
pasHbul medcdy co6oil»,

Cuctema «[poayKTBHbIM NNACcT — CKBaXKMHA - HACOCHOE
(MmdbToBOE) OOOPYOOBaHNE> - €AMHAN, HEPa3aeMas
rMapoaVHaMMYeCKas C1CTeMa, B3aMOCBSI3aHHas
byHOaMEHTaIbHbIMY 3aBUCUMOCTSAMM, OTPEKAOLLIMM
€0MHCTBO W B3aMMOCBSI3b BCEX MAPOANHAMUYECKIX
napamMeTpPOB 3TOW CUCTEMBI [4] (B OANTbHENLLVM - CUCTEMA).

Teopema TuMa ocHOBaHa Ha Tpex (PyHOaMeHTasIbHbIX
B3aVMOCBHA3aHHbIX 3aKOHaxX NoA3EMHOV MOPOAVHAMUNKNA:
1. 3aKOH O MPOMOPLIMOHASIBHOCTU 6A30BbIX
MOPOOVHaMNYECKIX MAapPaMETPOB cUCTeMbI [1,2].

B kavecTtBe koathduLmeHTa NPONOpLUNOHATBHOCTM
BbICTynaeT 3HadeHre CKnH — chbakTopa S;

2. 3aKOH 0 €OMHCTBE, B3aMMOCBS3W 1 B3a1MO3aBVCMOCTH
6a30BbIX MAPOOVHAMUYECKIX MapaMeTPOB CUCTEMBI

[3], (H1 oguH NapaMeTp CUCTEMbI, KDOME HE3aBUCHMbIX
nepemeHHbIX: P 1 k, CamMOCTOATESIbHO He
hyHKUMOHMPYET);

3. 3aKOH O PaBEHCTBE MeXKay COboM Be3pa3mMepHbIX
OTHOCUTEBHBIX BENNHYMH HA30BbIX MMAPOOVHAMUHECKNX
napameTpoB CUCTEMbI [D].

1. BeiBog, chopmysibl oJis pacyeTa notepu
nasrieHns AP, npu counbTpaumm XXnaoKoctm B
CKBaXXUNHY

1.1. AHanuT4YecKnn BbIBOA hopMyIbl A1 pacyeTa notepu
AaBneHns AP, npy ounsTpaumm Xugkoctu (prc. 1.1).

YT106bI NOAYYUTE DOPMYTY 419 pacyeTa NoTepu
M1acTOBOro AassieHna AP, Npu naTpaLmn XXNoKocTw,
PaCCMOTPUM OAHOPOAHBIM NPOAYKTUBHBIN MAACT BOKPYT
CTEHKIM CKBaXKMHbI C KOSMDULIMEHTOM MPOHULIGEMOCTU k
nnacrta, KOHTypa nTaHus R, NiacTtoBbiM AaBiieHnem P n
MOLLIHOCTbtO MnacTa h (puc. 1.1).

Bbioennm BHyTpY NnacTta KoMbLEBOW CAOM C Paanycom
' Yl TONLLMHOW dr, OrpaHnN4YeHHON NOBEPXHOCTSAMN

C OHOPOOHOW MPOHMLAEMOCTLIO k. HanpasneHwe
duNbTpaLMn XXMOKOCTV — paguanbHoe. B CooTBETCTBUN
C JIMHENHBIM 3aKOHOM (PUMBTPALMM OBLLIIA OOBEMHBIN
MPUTOK XXUOKOCTU Q Yepes eamHuLy niolaon F paseH
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“Tim’s Theorem” says that “Any changes of productive
formation permeability lead to proportional changes in
its productivity, hydroconductivity, BHP, dynamic fluid
level, current influx and production potential, and their
dimensionless relative values are equal to each other”.

“Productive formation - well - pumping (tubing) equipment”
is a unified, inseparable hydrodynamic system, interrelated
by fundamental dependencies that reflect the unity and
interrelation of all hydrodynamic system parameters [4]
(hereinafter: the system).

Tim’s Theorem is based on the three fundamental
interrelated laws of subsurface hydrodynamics:

1. law on proportionality of basic hydrodynamic parameters
of the system [1, 2].

The skin-factor value S is used here.

OpHOPOOHbI NnacT

C eCTeCTBEHHOMN
MPOHNLLAEMOCTHLIO k
Uniform formation with native
permeability k
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Puc.1.1: Cxema ons aHanMTU4ECKOro BbiBOAa (hopMyibl As
pacyeTa notepy NIacToBOro AasseHns AP, npy unsTpaumm
XKNOKOCTW ON1S OQHOPOLHOMO nacTa no MPOHULIAEMOCTY.
(KpviBasi 3MeHeHNs NNacToBOrO AABAEHUS B OKOTOCKBaXKMHHOM
NMPOCTPAHCTBE NPWN ECTECTBEHHON NPOHMLAEMOCTI k NiacTa).

P  —nnactoBoe fAaeneHve; P (k)- 3aboiHoe OaBneHue; r, -
Paanyc CKBaXVHbI, R, - PAANYC KOHTYPA MUTaHNA CKBaXKMHbI;

h - MOLLHOCTb NiacTa; AP, — NafieHre niacToBOro AaB/ieHs B
OKOJTOCKB&XXVHHOM MPOCTPaHCTBE NpY (PUNbTPaLMN XKNOKOCTU.
Fig. 1.1: Layout for development of the formula to calculate of the
pressure loss AP, in the process of fluid filtration in a formation with
uniform permeability. (The curve of formation pressure changes of
the borehole environment under the native formation permeability
k). P is the formation pressure; P (k) is the BHP; r_is the well
radius; R, is the wellbore external boundary; h is the formation
thickness and AP, is the formation pressure loss in the borehole
environment during the fluid filtration.
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_k-F dP ,  (1.1) roe k — koathpuumeHT
oy dr’

MPOHULAEMOCTY; F — nnoLlanp hunbTpaumn >XMOKOCTH,

F=2mrh; u — oyHaMumueckast BA3KOCTb M1aCTOBOM

YKUOKOCTW; dP/dr — pagmaiibHbIi rpagveHT OaBieHVs.

YpaBHeHve (1.1) nepenviem B Buae

0- k2arh dP (1.2) Paspenvis nepemeHHble,
u dr

3arnvem

po Q-u_ dr » (1.8) ViHTerpuposanue storo
Tk2mhor

YPaBHEHVA OaET
__Qwu .~ » (14 roeC - noctosHHas

2.o0-h-k ks

WHTErpmupoBaHns, 3aB1CALLAA OT MPOHULIAEMOCTY MiacTa
k,a re[Fre,R.]. HYTOOBI UCKIOUNTD C,, moacTaBsisiem
3HaYEHNS MePEMEHHDIX Ha MPaHULIAaX CTEHKU yYacTka dr, a
NMEHHO

r=R vr=r_, BypasHeH e (1.4) n nosy4nm cnenyoLne
[Ba ypaBHEHNS:

npu r=R_, NONy4/M NAaCTOBOE AaBneHne T.e. P=P

. (1.5)
, __ Q1 R sc,.
T 2-m-h-k '
anpwvr=r, nosy41m 3aborHoe gasneHvie T.e. P=Ps(k),
. ’ (1'6)
P:“d :L.Inr{ +Ck
2-w-h-k ’

roe Pna — nnacTtoBoOe OaBrieHne, a PM — [JaBneHvne
Y CTEHKM CKBaXXMHbI (3a60MHOE [aBeHne) npui
€CTECTBEHHOW NMPOHULIAEMOCTN k nnacTa.

BbumTas n3 ypasHenus (1.5) ypasHeHue (1.6), Haxoaum
noTepu AasneHns AP, Mpuy ubTpaLmm niacToBow
KNOKOCTWN B CKB2XKNHY MNP eCTeCTBEHHOW MPOHNLAEMOCTU
k nnacta

PPy =AP =2 H R, —nry=_LH R
' 27 -h-k o 2emhk r
wm
. R
AP}_‘_ = Q—)u.ln _;‘_ (17)
2-mw-h-k r,

CnepoBaresnbHo, AP, - NnafigHVe NaCTOBOrO NaBNEHVS

npwv PUNbTPaLN XXNOKOCTY B OKOJTOCKBaXKNHHOM
NPOCTPAHCTBE MPAMO MPOMOPLVOHAIEHO HATYPasIbHOMY
norapmMy OTHOLLIEHS paapyca KOHTypa NUTaHua niacta
R, K paunycy CKBaXviHbl r, 1 0GPaTHO MPOMOPLVOHaAIBHO
KO3MMULMEHTY MPOHULIREMOCTU k MJacTa.

CnenyeT OTMETUTb, YTO BbIBOL, YpaBHeHWs (1.7)
aHasIoMYeH BbIBOY YPaBHEHVSt TEMIONPOBOAHOCTA
LUMNMHOPUYECKOWN CTeHKM [4], a B Teopu 0gHOMa3HOM
dunbTpaumn ypasHeHue (1.7) HasbiBaeTcs hopMyJIoN
Lontow.
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2. law on unity, interrelation and interdependency of basic
hydrodynamic parameters of the system [3], (there is no
parameters of the system that functions separately except
independent variables P, and k,);

3. law on mutual equality of relative values of basic
hydrodynamic system parameters [5].

1. Developing a formula to calculate pressure
loss AP, in the process of fluid filtration into the
wellbore

1.1. Analytical development of the formula for calculation
of the pressure loss AP, in the process of fluid filtration
(Fig. 1.1).

To obtain this formula let us consider some uniform
productive formations around the borehole wall which will,
for the sake of discussion, have a formation permeability
factor k, external boundary R, formation pressure P, and
formation thickness h (Fig. 1.1).

Within the formation, let us select some annular level with
r radius and dr thickness limited by surfaces with uniform
permeability k. Direction of the fluid filtration is radial.
According to the linear filtration law the total volume of fluid
influx @ through the area unit F is equal to

k. F gp - (1.1) where ks the permeability

Q:TE,

factor; Fis the fluid filtration area, F=2mrh; u is the dynamic
viscosity of formation fluid; dP/dr is the radial gradient of
pressure. Let us rewrite the equation (1.1) like this:

k2mh dp o (1.2) After division of variables we

u o odr

will obtain the following:

0=

P Q-p  dr (1.3) Integrating this equation gives
k-2-m-h r
the following -
__O-u dnreC, (1.4) where C, is the
2-m-h-k ’

constant of integration and dependent upon the formation
permeability kand ¥ €[Fe. R;]. To exclude Ck, we
substitute the values of variables at the borders of site wall
dr, namely r=R_and r =r, in equation (1.4) and obtain the
following two equations:

when r =R, we will obtain the formation pressure, i.e. P=P

. ; (1.9)
, __ QM g s,
S 2-m-hek ’
and when r =r,, we will obtain BHP, i.e. P=P3(k),
. (1.6
P‘{K} —_ A .]n;:l + C‘_
2-m-h-k ’
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YpaBHeHve (1.7) npeacTtaBnseT cobon ypaBHeHe
NorapnMN4eCKON KpUBOW, CnefoBaTenbHo, npu
UNbTPALIM XXUAKOCTU MO NSACTY K CKBaXKMHE, NaaeHme
faBrieHns AP, 3MEHAETCS MO JI0rapUhMUHECKOMY 3aKOHY
(puc. 1.1).

1.2. BoiBOA chopMynbl Ans pacyeta notepu
3aborHoro aaeneHys AP_npu hunbTpaumm XnaKocTu
B OKOJTIOCKBa>KMHHOM MPOCTPaHCTBE (B CKUH-30HE)
peanbHOM CKBaXKUHbI

Van Everdingen A. F. v Hurst N. (1949) npennoxunm
dopmyny (1*) ona pacHeTa NOTEPV AaBIEHNS B
OKOJTIOCKBaXKVMHHOM MPOCTPAHCTBE NP (hunbTpaLmm
YKUOKOCTU B CKBaXKUHY [12].

(1%
AP, =21 g
v 2mhok

roe AP, - 0ONOSHATE bHbIE NOTEPW M/1aCTOBOMO 1aBIEHS
NPy QUALTRaUMM XKUOKOCTU B CKBaXKMHY 13-3a YXYALLEHNS
MPOHULIAEMOCTU MJ1acTa B CKUH-Coe OT k A0 ks; u -
ONHaMNYECKas B3AKOCTb MIaCTOBOW XXMOKOCTA Q; S -
3HAYEHME CKMH-(akTopa.

CnenyeT OTMETUTb, YTO aHa/IUTUYECKUIA BbIBOS,
BbIpaXXeHUs (1) He CYLLECTBYET (M1 HE MOXKET
CyLLecTBOBaTh!), Kpome Toro, B hopmyne (1%) ons
pacyeTa AP, ionylieHbl rpybble owvbkm [1,3,11], roe
He cobIoOEHbI PUBNHECKME 3aKOHBI MMOPOANHAMUKN
nsacTa, HapyLLeHa MaTemMaT4eckast lorvika 1 OomyLIEHb!
yKasaHHble cepbe3Hble owmbkn. Hawkin M.F.(1956),
ncnonb3ys (1%), NpeanoXxmn ons pacyeta CkuH-akTopa S
dopmyny:
: 2%), BOLLIEALLIYIO B YHEOHYIO 1

S:(ﬁ—l)ln& ) ALLYIO B yHeOHYI

ks‘ Fe
Hay4Hyto IuTepatypy, kak Hawkins’ formula [13].

CornacHo ator opmMysie, S MOXET NMPUHAMATE 3HAYEHNS
OT MUHYC BECKOHEYHOCTY 00 HY/IS U OT HyJ19 0O MJOC

beckoHeuHocTU T.e. § e (—00;0) U (0;+00) -

6e3 NpUHaOIeXKHOCT 0BNaCTV ONPeaeeHNs,
CYLLIECTBOBAHNS U MPAKTUYECKOMO MCMOS1b30BaHNS.
V13BECTHO, €Cnn DYHKLMSI CTREMUTCS K OECKOHEYHOCTH,
OHa MPaKTUHYECKOrO MPUMEHEHMS He nveeT. DopMy bl
(1) 1 (2%) He MpuroaHbl ANs onpeaeneHnd AP, S 1 Opyrux
6a30BbIX MAPAMETPOB, BXOSLLMX B CUCTEMY U JOSDKHbI
ObITb UCKJTKOHEHbBI U3 YHEOHVKOB 1 yHEOHBIX MOCODUIA
noA3eMHOV MapoaHaMKA. [apameTpbl AP 1 S nvetoT
Ba2)KHOE 3HaYeHE 1 BXOOSAT B COCTaB (hopMy/ibl BCEX
6a30BbIX MAPOAVHAMUYECKIX NMapaMETPOB CUCTEMbI
30Ha/IbHO-HEOAHOPOAHOMO NacTa. B cBsian ¢ 3TM B
OaHHOW paboTe B YEThIPEX BapuaHTax NPUBOOUTCS BbIBOA,
hopMyJibl /1 pacHeTa 3Ha4eHns AP, 1 B MATV BapraHTax
NpVBOAMTCS BbIBOA, (DOPMY/bl /1 pacyeTa 3Ha4eHNs
CKMH-thakTopa S.
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where Pna is the formation pressure and P_, is the
pressure near the well wall (BHP) under the native formation
permeability k.

Subtracting the equation (1.6) from equation (1.5) we
find the pressure losses AP, in the process of filtration of
formation fluid into the well under the natural formation
permeability k.

(R, ~Inr)=—2# _n R
2-m-h-k r

Tor bk

ap, =24 R o

2-mw-h-k r,
Therefore, the formation pressure loss AP, -in the process
of fluid filtration in the borehole environment is in direct
proportion to the natural logarithm of the ratio between
the radius of external boundary of formation R, and the
well radius r, and in inverse proportion to native formation
permeability factor k.

It should be noted that the development of equation (1.7)
is similar to that of the thermal conductivity equation of a

cylindrical wall [4], and in the single-phase filtration theory,
equation (1.7) is known as the Dupuis formula.

Equation (1.7) is a logarithmic curve equation, hence during
fluid filtration through the formation to the well the pressure
drop AP, changes in accordance with the logarithmic law
(see Fig. 1.1).

1.2. Development of the formula for calculation of BHP
loss AP_during fluid filtration in the borehole environment
(in skin zone) of the real borehole

A. F. Van Everdingen and N. Hurst (1949) offered formula
(1%) for calculation of the pressure loss in the borehole
environment during fluid filtration into the well. [12].

(1%
AP, =—2H
v 2nh-k

where AP, are the additional losses of formation pressure
during liquid filtration into the well caused by the impairment
of formation permeability of a skin layer from k to ks; u,
which is the dynamic viscosity of the formation liquid Q; and
S is the value of skin factor.

It should be noted, that analytical development of
expression (1*) does not exist (and cannot existl). Besides,
in formula (1*) for the calculation of AP, there were major
mistakes [1,3, 11], where the physical laws of formation
hydrodynamics were waived, the mathematical logic was
ignored resulting in the abovementioned serious mistakes.
In 1956, M.F. Hawkin, using a (1*) proposed formula to
calculate skin factor S. g :(E 3 1)lﬂ§ 29,

ks‘ Fe
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B [OBblHA

19 ganbHENLLMX pacCy>KaeHNA 1OrapudMUHECKYHO
KPWBYHO MadEeHVs M1acToOBOrO AaBneHns us puc. 1.1
nepeHecem Ha puc. 1. 2 kpweas 1).

YXyALweHne NpoHNLAEMOCTN OKONTOCKBaXKNHHOIO
npocTpaHcTBa OT k [0 k_Ha Ben4uvHy Ak nprBoauT

K CHI>KEHIO 3a60/HOro fjaBnerns oT P, fo P,

Ha BenmunHy APs (puc. 1.2), roe P3(k) — 3aboiHoe
OaBJIEHVE NMPW eCTECTBEHHOW MPOHMLAEMOCT k miacTta
(3ab6oMHOE [aBneHne aeanbHOM CKBaXKMHBI), a P3(ks) —
3ab0MHOE OaBneHme NP yxyaLeHHON MNPOHULIGEMOCTU
ks nnacTa (3aboHOe AaBNeHNE PeasibHOM CKBaXKMHDI).
[laBneHve nnacTa Ha KOHType R_paBHo P, . KpvBas

1 xapakTepuayeT NoTepy NNacToBOro AaBEHNS

npY OUABTPALMN XXUOKOCTU B OKOSTIOCKBaXKNHHOM
MPOCTPaHCTBE C ECTECTBEHHOW MPOHNLIAEMOCTLIO k
nfacTa, caenoBartesbHO, ypasHeHue (1.7) npuMeT BUA (15
NOEaTbHON CKBaXKWHbI)

Qu
Py, - =

: R
) = ap, =2 o Rs
2 hic

Inﬁ
P 2-m-hk o or

(1.8)

KpviBas 2 xapakTepnayeT NoTepu niacToBOro

OaBneHust Npy UNbTRALMM XXUOKOCTU C YXYALLIEHHON

MPOHMLIGEMOCTHIO MiacTa k , T.e. B CKNH-30He,

cnegosaTtenbHo, ypaBHeHye (1.8) mpumeT By, (ons

peasibHOM CKBEXKMHbI)

PR.&' - F;(ks) = (fy = Q‘u .]n R‘. N
2ahk, 1,

(1.9

[NoTepn 3a00HOTO AaB/1IeHNA Ha BE/MHMHY AP,
NOJTyYEHHbIN PA3HOCTLIO 3HAYEHNIN MEXOY P3{K) % PB(KS)
(em. prc. 1.2), aBnseTcsa pesynstaTtoM CKuH—akTopa S, T. €.

1.10
APg = P;(h - P;(k,s-)' ( )

[NageHve oaBneHns Ha BENYMHY AP{kS) B CKNH-CJ10e
cocTaBuT (cMm. puc.1.2 n dopmyny (1.9))

AP(ks) = Prs — P3(ks). (.1)

[NageHve 3a60MHOro AaBneHWs Ha BENYMHY APs
MPOMOPLIMOHANIBHO CKUH-GakTopy S, T.e. APs 3T0
[0MNOSIHUTEBHOE (DUIBTPAUMOHHOE COMPOTYBIIEHNE 13-3a
yXyALLEHVS MPOHNLAEMOCTY NacTa B PeasibHON CKBaXKMHE
oT k 00 k, cnenosatesibHo,

A Ps = ( Pkrs - P's(ks)) S. (

Mone3ysack ypasHeHusamn (1.9) n (1.12), sanvwem nageHve
3ab0MHOro gasneHns APs nsi 30HaIbHO-HEOAHOPOOHOMO

nacrta B pesy/ibTaTe HapyLLeHms ero MPOHMLAEMOCTU OT

k ook

1.12)

. (1.13)
ap, =2 # gk
’ k -2-m-h r

5 &
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OKOJOCKBaXKNHHOE MPOCTPAHCTBO C
YXyALLEHHOW MPOHMULIAEMOCTHIO
k_nnacta
borehole environment with formation
degraded permeability k_
OKOJIOCKBaXXMHHOE NMPOCTPaHCTBO C
€CTECTBEHHOWN MPOHNLIAEMOCTLIO k nnacTa
borehole ervironment with formation native permeability k
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Pnc.1.2.1: KpnBas nageHns niactoBoro AasneHus npu
€CTECTBEHHON MPOHMLLAEMOCTI k NiacTa; 2-Kpueas nageHns
NJacTOBOrO AaBNEHVs YXYALLEHHOM MPOHNLAEMOCTV MNacTa;

k. — KOSthDULIMEHT yXyALLIEHHON NPOHMLIAeMOCTV NniacTa; P, —
M1acTOBOE AaB/IeHNE Ha KOHTYpe nuTaHns; P, — nasrieHvie niacra
Ha KoHType R P (k) — 3a601MHOE JaBfieHne Npy eCTECTBEHHOM
MpoHMLEEMOCTV NnacTa; P (ks) — 3a6oViHOe AaBeHvie npu
YXYALWEHHON NMPOHMLAEMOCTY NnacTa; P (k) — paavyc HapyLeHns
MPOHMLIAEMOCTU (CKVH-CIOW); R,- paouyC KOHTYpa nuTaHms; h —
MOLLHOCTb nJiacTa.

Fig. 1.2.1: The curve of the formation pressure drop at native
formation permeability k; 2 — Curve of the formation pressure drop
with degraded formation permeability; k. — Coefficient of degraded
formation permeability; P, — Formation pressure on external
boundary; P, — Formation pressure at the Rs boundary; P (k) —
BHP under degraded formation permeability; P (ks) — BHP under
degraded formation permeability; R — Formation damage zone
radius (skin layer); R, — External boundary radius; h — Formation
thickness.

which is currently known in educational and scientific books
as Hawkins’ formula [13].

According to this formula, S may assume values from minus
infinity to zero and from zero to plus infinity, i.e.

S € (—0;0) U (0;+) »
without belonging to the domain of definition, existence and

practical application. It is known that if function tends to
infinity, it has no any practical application.

Formulas (1*) and (2*) are impractical in terms of defining

AP, S and other basic parameters included in the system,
and must be excluded from text books and tutorials on

www.rogtecmagazine.com
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YpaBHeHnve (1.13) nonydeHo asTopom B 2003r.1
onybnrkosaHo B 2005r.[7] 1 SBASETCS KIOYEBbLIM
ypaBHEHNEM 7151 pacyeTa BCcex Ha30BbIx
MOpPOAVHAMNYECKMX MapPaMETPOB CUCTEMbI 30HA/TbHO-
HEeOQHOPOAHOrO NaacTa PeasbHOV CKBaXKMHDI.

1.3. BoiBoA chopmynibl AP_ st 30HasIbHO-
HeOQHOPOAHOro nnacTta C y4eToM noTepu AaBfieHns B
VHTepBasie KoHTypa nutaHns (R,-R) 1 B CKuH-cnoe (R.-r)
(cm. puc.1.3).

Bonee npuBnekaTesibHbIM SBASIETCS BbIBOL, (OOPMYJIbI
A5 pacyeTta AP_C y4eTOM NOTepW AaBeHyis mpn
MJIOCKOPaANabHON UIbTPALMN NIACTOBOW »XNOKOCTA
B 30HAJ1bHO-HEOOHOPOAHOM (MO MPOHULLIAEMOCTY) MiacTe
B MHTepBasle KOHTypa nTaHnd (R -R) C MPOHNLAEMOCTbLIO
niacta k v B CKH-cioe (R-r,) C MPOHMLIGEMOCTBIO K.

Ha ydacTke [R,-R ] KOSOMULMEHT NMPOHNLAEMOCTY paBeH
k, NO3TOMY MO>XXHO BOCMOb30BaThCA hopmyion (1.4), 13
KOTOPOW HaxoguM nMpu r =R, 1 r=R_:

npv r = R, , NOMy4vM NacToBOE AassieHve Pna:

. (1.17)
= L-Im‘{k +C,;
T2 nhek
anpu r= R, NONy4vM JaB/ieHMe Ha KOHTYpe R, paBHoe
PR,

S

. (1.18)
= QM RerC,
T 2.7hk

Bblumtas n3 ypasHeHus (1.17) ypaBHeHne (1.18), Haxooum
rnoTepu AaBieHst Ha y4acTke [R,-R] C MPOHMLAEMOCTLIO k:

p-p -2 OH 10 Re
) Rs 2 7hk 2rnhk Ry

‘(InR, —InRy) =
(1.19)

Ha ydactke [R-r] KOSMDULIVIEHT MNPOHMLIBEMOCTIN paBeH
a
re [Fc, R.s‘].

MoacTasuB B 06LLYytO chopmyny (1.4) BMecTo k 3HadeHve
k,r=r vnr=R,npur=r, Oyaem nMeTb 3a00rnHoe
[aBneHvie

57

Ou (1.20)

2 rthks

roe CkS - MOCTOAHHAA MHTErPUpPOBaHNSA,

COOTBETCTBYIOLLAA KOSMMULIVIEHTY MPOHNLIREMOCTU K .
anpur= R, NMosly4m faB/eHne Ha KOHType R,
(1.21)
!

p - InRs+C, .

2k s
Beumtas n3 (1.21) ypasHeHune (1.20), Haxogmm notepu
[aB/IeHV A B CKMH-C/10€ C MPOHMLIAEMOCTBIO K :

_Q-u R, (122

P3{ks) * ln rc + Ck-s N

r.
C

www.rogtecmagazine.com

subsurface hydrodynamics. Parameters AP _and S are

of great importance and are included in formulas for all
basic hydrodynamic parameters in the system of zonally
heterogeneous formations. Thereby, this work gives four
versions of development of the formula for calculation of AP,
value and five versions to calculate the skin factor value S.

For further analysis, the logarithmic curve of formation pressure
drop from Fig. 1.1 is transferred to Fig. 1.2 (curve 1).

Degradation of the permeability of the borehole environment
from k to k, by the Ak value reduces the BHP from P, to

P ., by the APs value (see Fig. 1.2) where P3(k) is the BHP
under the native formation permeability k (BHP of ideal
well) and P3(ks) is the BHP under the degraded formation
permeability, ks (BHP of real well). The formation pressure
at the boundary R_is equal to P,. Curve 1 describes

the formation pressure losses during fluid filtration in the
borehole environment at its original permeability k, so
equation (1.7) will look like follows (for ideal well).

P _ Qu

AP, __9u R
2-m-h-k r

o

R,
xs — Py = 2 2hk 'InT- WIIH
(1.8)

Curve 2 describes the formation pressure losses during
fluid filtration in the borehole environment with degraded
formation permeability k, so equation (1.8) will look like

follows (for real well).

P, - 91 R
2ahk, 1,

5

(1.9)
P

Rs 'nksl: (k)

BHP losses by AP value obtained through the difference
between P, and P, (see Fig. 1.2), is the result of the skin
factor S, i.e

3(ks) *

The pressure drop AP, in the skin layer gives (see Fig. 1.2

and formula (1.9)) 7
AP(ks) = PRs — Ps(ks).

The BHP drop by the value of APs is proportional to the skin
factor S, i.e. APs is an additional filtration resistance caused

by the degradation of the formation permeability in real well

from k to k, hence:

A Ps = ( Prs - P's(ks)) S. (1.12)

Using the equations (1.9) and (1.12) let us write down

the formation BHP drop APs for zonally heterogeneous
formation as a result of disturbance of its permeability from
ktok

(1.11)

. (1.13)
__9n ¢k

Sk, 2-m-h P

P

AP

Equation (1.13) was obtained by the author in 2003 and
published in 2005 [7] and is the key equation for calculation

ROGTEC |73
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OKOJIOCKBaXXMHHOE NMPOCTPAHCTBO C YXYALLIEHHOMN
MpoH1LaemMocTbio k nnacta
borehole environment with formation
degraded permeability k,
OKOJIOCKB@KMHHOE MPOCTPaHCTBO C
€CTEeCTBEHHOW NpoHuLiaeMocTbio k nnacta
borehole environment with formation native permeability k

L _CHDRING

Borehole

Pric.1.3: Cxema nnact a and BbisoAa hopMysibl AP, C y4eTOM
CKWH-C/108 R -1, N KOHTYpa nuTaHns R,-R: 1-KprBas nageHns
NJacToOBOro AaB/IEHUS MPY ECTECTBEHHOW MPOHMULLAEMOCTI Kk
nnacta (k — NPOHNLREMOCTb MacTa UaealbHOM CKBaXKMHbI);

2 — KpYBasi NafeHVsl N1acToBOro AaBMEHUS MPU yXyOLLEHHON
MpoHMLaeMocTy k_nnacTa (k, NPOHNLAEMOCTb niacTa peasibHoM
CKBaXXVHbI); k — KO3 MOULMEHT ECTECTBEHHOWN NMPOHMLIREMOCTH
nnacTa; k. — KOathMULMEHT yXyALLIEHHOV NPOHNLIAEMOCTY NJiacTa;
P — [aBneHne niacta Ha KOHType NUTaHns R, — panuyc KOHTypa
nuTaHns; AP, — noTepu NiacToBOro AaB/ieHNs npu husisTpaLmn
>KMOKOCTU B MAeaSIbHON CKBaKMHE (MpV eCTECTBEHHOM
MPOHNLAEMOCTY NnacTa); 4P, — 06Lume noTepy niacToBoro
OaBneHNs Mpy OnnbTPaLMm XXNOKOCTN B PeasibHOM CKBaXKUHE (C
YHETOM CKUH-CIIOS C MPOHMLIAEMOCTHIO NyiacTa ks); AP, — nafgeHve
3ab0VHOroO OaBNeHVs B pe3ysibTarte yxXyaLeHns MPOHNLAEMOCTH
nnacTa ot k o k

Fig. 1.3: Diagram of the formation for development of the formula
for AP_with regard to skin layer R -r, and external boundary

R-R: 1 — Curve of formation pressure drop at native formation
permeability k (k is the ideal well formation permeability); 2 —
Curve of the formation pressure drop with degraded formation
permeability k_ (k. is the real well formation permeability); k is the
native formation permeability factor; k_is the degraded formation
permeability factor); P, is the formation pressure on external
boundary; R, is the external boundary radius; 4P, are the formation
pressure losses during the fluid filtration in the ideal well (with native
formation permeability); AP, are the total formation pressure losses
during the fluid filtration in the real well (with account for skin layer
with the formation permeability k); AP, is the BHP drop as a result
of the formation permeability degradation from k to k.

Cymmmpys (1.19) 1 (1.22), Haxoamm noTepy AaBNEHVS B
30HasIbHO-HEOJHOPOOHOM MHTepBane nnacta R, r J:

Prn— Piks) = APk = Q-p Inﬂ+ Q-4 -In L4 {—- JL+— lni)
2ah-k R 2k, r 2wk Rk,
ROGTEC

of all hydrodynamic parameters of the real well zonally
heterogeneous formation system.

1.2. Development of the formula for AP_of zonally
heterogeneous formation by taking the pressure loss
within external boundary interval (R,-R) and in skin layer
(R-r) into account (see Fig 1.3).

More compelling is deriving the equation for calculation

of AP, with account of pressure loss during plano-radial
filtration of formation fluid in the zonally heterogeneous (by
permeability) formation within the external boundary interval
(R-R) at the formation permeability k and in the skin layer
(R-r) with permeability k..

On the [R,-R] section the permeability coefficient is equal
to k, therefore we can use the formula (1.4), from which
we find with r= R, and r = R_: when r = R, we obtain the
formation pressure Pnu:
__9wn

o 2.m-h-k
and when r = R, we obtain the pressure on external
boundary, so that R_equal to PR,

__Q-u
“2.mhk
Subtracting the equation (1.18) from equation 1.17) we find
the pressure losses at the section [R,-R ] with permeability k:
Ol (inR, —InR,)=-21 .;n R
2 thk 2 whk R

(1.17)
‘InR, +C;

(1.18)
-lnR.s'+C,{.

Py -P, = v

(1.19)

On the [R -r ] section permeability factor is equal to k, and
re [Fc, R.s‘].

Inserting in general formula (1.4) the values k, r=r nr=R,
instead of k with r = r, we obtain BHP

(1.20)
Q Inr, +C ,
2 thiks

where Cks- - i s the integration constant related to
permeability factor k. and with r = R_we obtain the
pressure on external boundary R,

1.21
R =2 R+ C,, 120

2k
After subtracting the equation (1.20) from equation (1.21)
we find pressure losses in the skin layer with permeability k_

p p O-u ! R, (1.22)
— — n s

Rs 3{'(5) 27z . hks }:

Summing (1.19) and (1.22) we find the pressure

losses in the formation zonally heterogeneous
interval [R, r ]

Pz{ks)

www.rogtecmagazine.com
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i

AP;—& ln "+1 -1 R’).
27h Ry kg r.o (123

MoTepw AaBneHNst B OKOSIOCKBaXKUHHOM MPOCTRaHCTBE
NPV eCTECTBEHHOM NPOHMLAEMOCTY k nnacTa (Kpvsas 1)

COCTaBAT
APi=P, —P =L H n e
27 - hk r

e

(1.24)
;Hr)

Beumtaa (1.24) ns (1.23) nonyumim dhopmysty ois pacHeTa
noTepy 3abONHOrO AaBneHust APs npu unsTpaumm
YKNAKOCTU B 30HA/TbHO-HEOAHOPOAHOM riacTte (cMm. puric.1.3).

APs = P3(k) - Ps(xs) = APks — APk = 2 HF (LR Lo R
2z -h k R, k, r,

_l.ln&):Q'*‘" ,(l.lni+L.|n£):
k r, 27 -h k R, Kk, r,
Q"”.L_l).mizg'*‘". k_'{':).lnﬁ
2r-h k. Kk r. 2m-h  k-k, r
iz
Qu ks R,
APs = 2H (-5 K
k_‘_hh( k) 1 (129)
Q-u R,
s =—————-8-In—- (1.6
k,-2-m-h v

1.4. BoiBo4 chopmynibl AN pacyeta AP, A/t 30HasIbHO-
HeoQHOPOAHOro niacTta Npu NOCTosHHOM oebuTe
(@o#c-const) (pnc.1.3)

MoTepn JaBMeHs B OKOSIOCKBEXKVHHOM MPOCTPaHCTBE MpU
€CTECTBEHHOW MPOHULIAEMOCTU k nnaCTa (kpvBast 1) cocTaBaAT

APi=P, P =2 H n e
2k o,

Mpwv 3TOM 0B6LLIMIA Neperag, AaBNeHNs B 30HaTbHO-
HEOHOPOAHOM MIacTe COCTaBUT

APis=P,—P, ,=(P,
(1.28)

a(k) — (1.27)

PR.;-) + (PRS - P,

3(_&))‘

[oTepu gaBneHnst B KOHTYPE NMUTaHUS C MPOHNLAEMOCTBIO
k coctaBuT

7, R, (129

Pm PRs: Q0 ‘In—~

S 2mh-k R,
[NoTepn aBneHns B CKVH-COe C MPOHMLIBEMOCTHIO K,
COCTaBuUT

- R 1.30

Pe =Py, _9p R 030

) zﬂh ’ k.i‘ rLT
MopacTasnas 3HaqveHrs (1.29) 1 (1.30) B (1.28), nonyymm

NoTepV OaBNEHMS MPW MIOCKO-PaanaibHON MnsTpaLmmn
YKUAKOCTW B 30HATTbHO-HEOOHOPOAHOM MiacTe Mo
MPOHVLLAEMOCTM

www.rogtecmagazine.com

Pnn— Piks)= - Qu -Inﬂ+ﬁ-ln Q H {—- ln—)
T2tk R 2k, ¢ 27-h f’c
or
1 . R
A= B LRy,
27k Ry, kg 1.~ (123

The pressure loss in the borehole environment with native
formation permeability k (Curve 1) will be equal to

Qn .]nﬁ

2m-hk 1

Deducting (1.24) from (1.23) we obtain the formula for
calculation of BHP loss APs during fluid filtration in the
zonally heterogeneous formation (see Fig.1.3).

) - 1 R 1 R
9 F_(_‘|n_1+_,|n_*_
2x-h k R, k, r,

Qi (e LR

APi=P, —P (1.24)

;(.!r)

APs = Pz(k)— P3(ks) = APks — APk =

_l.lnﬁ) 4+ —-In =t) =
k r 27 -h k R, k, r,
Q"”.L_l). R _Qn u)l R_
2r-h k. Kk 2r-h  k-k, .
or
Qu ks R,
APs = —="—.(1-—):In —.
K 2k ( k) ;129
. R,
aps=—LH gk
k,-2-m-h v, (1.26)

1.4. Development of the formula for calculation of AP,
for zonally heterogeneous formation under constant flow
rate (Qac-const) (Fig.1.3)

The pressure loss in the borehole environment with
formation native permeability k (Curve 1) will be equal to

4 R, (127
APi=P, — P =2 n e
2nh-k 1,
In this case, the total pressure difference in the zonally
APkS P P}(h (Pm - PRx) + (PRS - P’i(l\))
(1.28)

Pressure loss within the external boundary with permeability

k will be:
Pm s -4 ‘ln&
S 2mh-k R

&

Pressure loss within the skin layer with permeability k_will

be equal to:
Py on 111&.
2mh-k, r

Inserting the values of (1.29) and (1.30) into (1.28) we obtain
the pressure loss during plano-radial filtration of fluid in
zonally heterogeneous formation by permeability.

1.29
P, (1.29)

(1.30)
s L a(ks)

ROGTEC
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Pun—Ps(ks) =APu =24 LB L Lp Ry
2r-h k Rk r

£ s [

(1.31)

Bbumtas (1.27) n3 (1.31), nony4mm oonoaHUTENbHbIE
noTepw JasfieHvs AP B CKVH-CII0€ B pesy/ibTate
YXyOLEHVS MPOHNLAEMOCTW OT k 80 ks (CMm. puc. 1.3).

APs = Ps ()~ Ps sy = APk — APk = 24 (L Re p 1 R
2x-h k R, Kk, T,

Ry Qo (L Ry

k r. 27 -h k R, k, r,
_ﬂ.u_k_‘).m&:ﬂ.s.]nir

27h - ks k ’ 27h - ks r.
7

_ Qu Ry (132
APy =—=5 .5 In=%.
27 - ks r.

®opmynbl (1.13), (1.26) 1 (1.32), nony4eHHbIe pasanyHbIMA
crnocobamut - NOEHTUYHbIe.

2. BbiBop chopmMynbl ANns pacyeTta ckuH-cakTopa S

[NoapobHbIN aHANMUTUYECKIA BbIBOA, (DOPMY/Ibl A5
pacyeTa CKuH-haxkTopa S npueeaeH B pabotax[1,2,8].
AHaNUTUHECKUA BbIBOL POPMY/Ibl A1 pacHeTa
CKMH-thakTopa S NoATBEP>KAAETCS BbIBOAAMM YepE3
VHONKATOPHbIE NNHWN «AeOUT — JaBNeHne», «0ebut —
YPOBEHb», a TAKKe MO 3HAYEHNAM 3a60MHOIO AaBEHNS 1
noTeHUMabHOro aebuta.

2.1 BbiBop, hopmMyrnbl CKMH-thakTopa S o 30HaIbHO-
HeoQHOPOAHOro NiacTa, T.e. C Y4ETOM NOTEPU OaBEHUS
B KOHTYpE NTaHns CKBaXuHb! (R,-R) 1 ckuH-cnoe (R -r)
(cm. puc.1.3).

MNageHne NiacToBOro AaBneHns mpy uisTpaumm
YKUOKOCTU K 320010 UAEaIbHOW CKBaXKUHBLI COCTaBUT (1.24)

Q"U -ln&
O oxnk o r

MoTepy MIaCcTOBOMO AaBNEHMS NP MIIOCKO-paanaibHON
UNbTRALMM XXMAKOCTU B 30HAIbHO-HEOAHOPOAHOM
niacTe Nno NPOoHMLAEMOCTK cocTaBuT (1.23)
ou R, On R _Ou (_,_ LI

2k R, 2k, r 21mh kR k
Bbruvras (1.24) 13 (1.23) nony4mm notepw gasneHs AP 8
CKUH-cnoe (cMm. puc. 1.3)

R

—apk =24 (L,

270 %

AP, =P —-P

N’}( = Pnn— Pilks) =—=——

|
ko]
Ry kg "

APs = APks
2.1)

[NageHve 3aB0OMHOro AaBneHns B pesysbTaTe
HaPYLLUEHVS MPOHMLREMOCTU B CKUH-CIIOe OT k 00 ks
cocTauT (1.13)

76 | ROGTEC

In—).
r.

r re k re

Pun—Ps(ks) =APu =24 LB L Lp Ry
2r-h k Rk r

£ s [

(1.31)

Deducting (1.27) from (1.31) we obtain additional pressure
loss AP, in skin layer as result of permeability degradation
from k to ks (see Fig. 1.3).

APs = Ps(x)— P sy = APk — APk = 24 (L R 1 R
2x-h k R, Kk, T,

Ry Qo (L R

k r. 27 -h k R, k, r,
_QH gk g Rl Q8 g R

2ah ks k r 27h - ks r
or

__n Ry (132
APS =—.§:-In—=.
27th - ks Ve

Formulas (1.13), (1.26) and (1.32) obtained by different
ways are identical.

2. Developing A formula to calculate skin-factor §

A detailed formula for calculation of skin factor S is shown in
works [1, 2, 8]. This formula is corroborated by the following
indicator lines “production rate - pressure”, “production
rate - level” and also through the values of the BHP and the
potential production rate.

2.1 Development of skin factor S formula for zonally

heterogeneous formations, i.e. with pressure loss within

the borehole external boundary (R,-R) and skin level
(R-r) into account (see Fig. 1.3).

The formation pressure drop during the fuel filtration to the
bottomhole of the ideal well is equal to (1.24)

Q"U -ln&
O hk o r

The pressure loss during plano-radial filtration of fluid in
zonally heterogeneous formations by permeability will be
(1.23)

N} = Prn— Piks)= Q-p n% Q- +In

AP, =P -P

R_Qu (— %+ ‘Ini},
r.

LY
k,

27k 2ah-k, . 2m-h 'k
Deducting (1.24) from (1.23) we obtain the pressure loss
AP _in skin layer (see Fig. 1.3).
APs - APks — APk~ 28 (Lo Re U Ry 1 Ry
APs=APks - APk = >0k {fr ]nR,s-+ks In PR Inr ).
2.1)

The BHP drop caused by disturbance of its permeability in
skin layer from k to ks is equal to (1.13)

&.5‘ . ln &
k, 27h 7,

s

APs = (2.2)
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aps= 24 gk
k27 L oo

[MpupaBHVBas Npasble YacTu (1.28) 1 (1.29) nonyymm
dhopMyIy CKUH-akTopa

LIn&+L|n&—l—lnﬁ I—Inﬁ—l—ln&
5 = k Rs ks Fe k Fe ks Fe k e _— 1 _ﬁ
Tk Tk ;
ks Fu ks Fe

2.2. BeiBog, popmMynbl CKMH-hakTopa S Yepes
WNHOVKATOPHbIE IMHWUMN «0ebuT-aaBneHne»
npu P =const u h,=const (puc. 2.1)

Puc. 2.1: MNonHas reomeTpuyeckast nHTepnpeTaums
(DyHOAMEHTaSIbHBIX 3aBUCMOCTEN 1 B3aMOCBS3b
rMOPOAVHAMNYECKMX NapaMETPOB MJ1acTa N CKBaXKMHbI,
nogreepxxgatoLLad Teopemy Tuma: 1 — MHOUKATOPHAA

nwHNga P3=f(Quxc(k)); 2 — nHomMKaTopHad nnHng P3=f(Quxc(ks));

3 — vHpVIKaTopHas HNA hd=f(Qac(k)); 4 — NHOMKaTOpPHas

RS ho=f(Qorc(ks)); K — KOSDDULMEHT NPOAYKTUBHOCTU NMpU
€CTECTBEHHOW NPOHMLAEMOCTI nacTa k; Ks - KoaddmUumeHT
NPOOYKTUBHOCTI MPW YXYALEHHOW NPOHMLAEMOCTI niacTa

ks; Qorc(k) — MPUTOK XXMOKOCTW MPW NPOLYKTUBHOCTW Miacta

K; AK — CHWXeHVe NPOOYKTUBHOCTN B PE3YbTaTe YXYALLIEHNS
MPOHMLLIAEMOCTW nnacTta oT k 00 ks; Qac(ks) — NPUTOK XKNOKOCTU
MNPV NPOAYKTUBHOCTW NnacTa Ks; AQic — CHKEHME NpuToka

B pesysibTare yxyaLeHvs NPoayKTMBHOCTY niacTta ot K 0o

Ks; hcm — CTaTU4eCKUA YPOBEHbD >XMOKOCTU B CKB2XXMHE;

hd(ks) — BMHaMUYECKMIN YPOBEHb XXMOKOCTN B CKBEXKMHE MpU
NPOOYKTUBHOCTW nnacta K; hd(ks) — AnHaMn4ecKunii ypoBeHb
XKMIOKOCTU B CKBaXKMHE MPW NMPOAYKTVMBHOCTY nnacta Ks; Ahd

— CHWDKEHWME OVHAMUYECKOrO YPOBHS XXMUOKOCTU B CKBaXKUHE

B pesysibTare yxyaLeHvs NpoayKTMBHOCTY nacTta ot K 0o

Ks; L — rnybuHa CKBaXKuHbI [0 BEPXHMX NepdopaLioHHbIX
oTtBepcTui; LA(k) — vHaMmyeckas riaybvHa npy IPOAyKTUBHOCTY
nnacta K; Ld(ks) —amHammdeckas rnybuHa npy npogyKTUBHOCTY
nnacta Ks; AP3 — CHVDKeHVe 3ab60VHOro OaBfeHVs B pesysibTarte
YXyOLWeHVs NPoLyKTUBHOCTY rniacTa oT K 0o Ks; Qnom(k) —
MOTEHLWaNbHbIM AEOUT NPW NPOAYKTUBHOCTY nnacTta K; Qnom(ks)
— NOTeHUMasbHbIA AeBUT NpY NPOAYKTUBHOCTY niacta Ks; AQnom
— CHW>KEHME NOTeHLMaNbLHOro aebura B pesynbrarte yxXyaLeHs
NPOAYKTUBHOCTW MnnacTa oT K fo Ks.

[Mpu paBeHCTBE 3a60MHbIX AABEHUIA MOSaIbHOM W
peanbHOM CKBaXKVH OO bEMHbIN MPUTOK (OEDUT) XXMAKOCTA
3aBUCUT TOJTbKO OT KO3 MULIMEHTA MPOAYKTUBHOCTA
CKBEXKMH, MpW 3TOM

P3(ks)= P3(k)= P3; Pna-P3(ks)=Pns-P3(k)=Pna-P3=APconst.

[MPUTOK XKOKOCTU K 3a00K0 MOEASTbHOW CKBEXKMHbI MPU
ECTECTBEHHOWM MPOAYKTUBHOCTW nnacta K coctaBuT
Quc(k)=K. AP (2.4)

[MpPUTOK K 3200k PeasTbHOM CKBaDKMHbI MPW YXYALLIEHHON
MPOAYKTVBHOCTM NnniacTta K,

www.rogtecmagazine.com

By setting the right sides of (1.28) and (1.29) equal we
obtain the skin factor formula

LIn&i—LIn&—l—lnﬁ I—In&—l—ln&
5 = k Rs ks Fe k Fe ks Fe k e _ 1- ﬁ
2 In Rs i In Rs k-
ks Fe ks Fe

2.2. Developing the skin factor formula through indicator
lines “production rate - pressure”
with P =const and h=const (Fig. 2.1)

Qu
[ + -
| 1
1 1
1 1
] 1 1
has) ";ﬁ . 1 I
hals) ™ . : :
1 1
Lo = S
[ I
4 i I
yLalk) ! :
[ \ 0
Qo) ) . I
Lir) B A% T
[ n— D Y —

Fig. 2.1: The full geometrical interpretation of fundamental
dependencies and interrelation of hydrodynamic parameters of the
formation and well that corroborates Tim’s theorem: 1 — Indicator
line P3=f(Quc(k)); 2 - Indicator line P3=f{Qatc(ks)); 3 — Indicator line
ho=f(Qoc(k)); 4 — Indicator line hd=f(Quc(ks)); K — productivity
index with native formation permeability k; Ks - productivity index
with degraded formation permeability ks; Quc(k) — fluid influx at
formation productivity K; AK — productivity reduction caused by
the formation permeability degradation from k to ks; Quc(ks) — fluid
influx at formation productivity Ks; AQaxc — fluid influx reduction due
to productivity degradation from K to Ks; hem — static fluid level

in the borehole; hd(k) — dynamic fluid level in the borehole at the
formation productivity K; hd(ks) — dynamic fluid level in the borehole
at formation productivity Ks; Ahd — dynamic fluid level reduction in
the borehole resulted from formation productivity degradation from
¢ K to Ks; L — well depth to top perforations; Ld(k) — dynamic depth
at formation productivity K; Ld(ks) — dynamic depth at formation
productivity Ks; AP3— BHP reduction caused by the formation
productivity degradation from K to Ks; Qnom(k) — potential
production rate at formation productivity K; @Qnom(ks) — potential
production rate at formation productivity Ks; AQnoms — potential
production rate reduction caused by the formation productivity
degradation from K to Ks.
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Qoic(ks) =Ks. AP (2.5)

CHMKEHNE NMPUTOKA XXUOKOCTU AQ, B CKBEXKMHY B
pesynbTaTe yxyAlleHrs NpoAyKTMBHOCTI niacTta oT K Ao
K_coctaBut

AQ, =0y~ Oue) = K-AP-K, -AP=(K - Ks)-AP. 20)

Tak Kak CHKEHNE MPUTOKA XKNOKOCTU B CKBEDKMHY
NPOMOPLMOHASTEHO CKUH-PaKTOPY, BBEAEM 0603HaqeHme

AQ}K = Q)f((K} S, @0
MoncTtasngs (2.4) u (2.6) B (2.7), nonyynm (2.8)

(2.8)
s =29 _ g AP - K _-AP =
Q.Jr(-{x)
+ K -AP =1 - K'“,
K
2.9
sk e9

2.3. BbiBog hopMynbl CKNH-(hakTopa S Yepes
VHAVIKATOPHbIE JIMHAN «0eBUT-ypoBeHb» Npu Q, const
(pnc. 2.1)

[MPUTOK XXMOKOCTY QK 386010 NPV 6CTECTBEHHOM
NPOOYKTMBHOCTY NnacTa K cocTaBuT

Q}x =K LO _(L(} - h}lfl\'l)_thJ-p.Mc -8 )
Mpr NOCTOSHCTBE OTOOPA XUOKOCTU YXyOLIeHNe

NPOLYKTMBHOCTV OT K 10 K, MPUBOANT K CHIDKEHMIO
[OV/HaMNYECKOro YPOBHA OT hdm 0o hd. ., cnenoBartesibHO:

QJ!C = KS[LO = hfi’(h‘]) — hcm]pg‘_ (2.11)

Monbaysack (2.10) n (2.11), onpeoenmM guHaMmmnyeckme
YPOBHY NPy KOSMMULIMEHTAX MNPOOYKTUBHOCT K 11 K.

2.10)

(xs)’

212
hﬂ(K) = Q’k +hc-|-; ( )
K-p.-g
hl(xs} = Qﬂ\ + hm 5 (21 3)
' Ks-p, -g

lNageHvie avHaMn4eckoro ypoBHs Ah, cocTaBuT
_ _ (2.14)
Ahxf - h,-'.f(ks-) h,-'f(k)'
MopcTaBngs sHadeHws (2.12) 1 (2.13) B (2.14), noayumm

B (2.15)
QK. + h{'"r) - ( Qm- + I‘?('I'J'r) = Qm- * (K K.‘
Kp,.g Kp,& Pg K-K

Ah, =( ).

MapieHve AVHAMNYECKOrO YPOBHSA Ha BENMUMHY Ah,
MPOMOPUMOHANBHO CKUH-aKTopy S, BBEAEM 0DO3HaYEHE

2.16
Ay = (hys) —her)S. @19

[Nonb3ysck ypaBHeHVeM (2.13), sanuiiem

(2.17)

h,"[(KS}_ CT: QK
Ksp.g
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When the BMHSs of the “ideal” and “real” well are equal, the
volume influx (production rate) of fluid depends only upon
the productivity index of the wells, whereas

P3(ks)= P3(k)= P3; Pna-P3(ks)=Pna-P3(k)=Pna-P3=APconst.

Fluid influx to the bottomhole of the ideal well at the native
formation productivity K will be equal to
Quc(x)=K.AP (2.4)

Influx to the bottomhole of the real well at the formation
degraded productivity K
Qic(ks) =Ks. AP (2.5)

Fluid influx reduction AQ,_into the well caused by the
formation productivity decline from K to K, will be equal to

AQ, =0y~ O, =K-AP—K, -AP=(K~Ks)-AP. ©8)

Because the fluid influx reduction is proportional to the skin
factor, let us introduce the following term

2.7
AQ}K = Q){((K) -S. @n
Inserting (2.4) and (2.6) into (2.7), we obtain (2.8)

(2.8)
S=AQ—"“=K-AP—K~-AP+
Q.Jr(-{x)
+K-AP=1—K'“,
K
K, . 29
S =(1-2x,
( K)

2.3. Developing the skin factor S formula through
indicator lines “production rate - level” at Q,_const
(Fig. 2.1)

Fluid influx @, to the bottomhole at the native formation
productivity K will be equal to

Q}}: = Kl.LO _(L(} - hnlm)_hﬂj'p.w "8 _
With permanent drainage, the productivity degradation from

K, to K, causes the dynamic level to decrease from hd ,, to

hd[Ks], hence:

Ooe = Ks[ Lo — haks)) — hem] pg. (2.11)

Using (2.10) and (2.11), we determine dynamic levels at
productivities K and K :

(2.10)

2.12)
hﬂ(K) = Q’k +hc7’
K-p,-g
(2.13)
hl{xs} = Qﬁ\ + hcu 5
' Ks-p, -g

The dynamic level drop Ah, will be equal to
_ _ (2.14)
Ahxf - h,-'.f(k-s-) h,-'f(k)'
Inserting the values of (2.12) and (2.13) into (2.14), we obtain
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Mocne noactaHoBkM (2.15) 1 (2.17) B (2.16) nony4nm

o Ny 0, (K K) O 1 _, K
ho. P& KK pg K K

n(Ks) cT

i

(2.18)

R (9
§=(1-=2)

2.4. BoiBog, chopMynbl CKNH-(bakTopa S No 3Ha4YeHUIo
3abornHoro aaeneHys npu Q, - const (puvic. 2.1)

YpaBHeHne NPUTOKa XWUOKOCTY @, MPW 3HAYEHUSX
NPOAYKTUBHOCTW K 1 K, 3aniem B B1ae

2.19
Q)K(K) = K(Pm - Ps(p:))’ ( )

Q}K{KS} K (

V13 chopmynbl (2.19) onpenensem 3aboHoe gasneHne P -,
NpW ECTECTBEHHOM NMPOAYKTVBHOCTM K nnacTta

(2.21)
})'s(k) ’” Q P:H _&
K K

(2.20)
Pa{x.s‘) )

V13 dhopmysibl (2.20) onpenensiemM 3aboHoe gaBneHne Py

Mpu yXyALLIEHHON NPOAYKTUBHOCTU NiacTa K, ,T.e. npu
HAUTNYNM CKUH - 30HbI

K -F,-0,

5 1

0 (22

(k) K — % K

5 s

[Mpr MOCTOAHCTBE OTOOPA XUAKOCTU YXydLLEHWe
NPOMYKTVBHOCTY NMacTa oT K Ao K, MprBOaNT K NafgHno

3ab0MHOro gaBneHns oT P oy PS[KS]

lNageHve 3a6OMHOro AaBneHVs A, COCTaBuT

AP =P, —P (2.23)

(k) (ks )

MNoncTaBnss 3Ha4eHWS P B (2.23), nonyymm

3( Ks)

= (P = 22) - (Byy - Q’“) 0,

KK)

\&.t)

MNageHne 3a60NHOTO AaBMEHNS Ha BEINHMHY A,
MPOMOPLIMOHATBHO CKUH-hakTopy S.

AP3=(Pn1—P3(xs)) S. wm g—_ A%

(2.25) Bun — P3(k.\-} .
V13 chopmynbl (2.20) 3anumiuem
0 (2.26)
Byp = P3(/{.s') - K")K‘
s
MopcTaBnss sHadeHVsa 13 (2.24) n (2.26) B (2.25), monyymim
N
Qm K-K; K
S= = = =1-—
Qo ( KK ) Ky K K

S zl_ﬁ (2.27)
K
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K-k (219

By -2y =L KoKy

Kl\pmg om Kp*g g K K

A, = (L

A

The dynamic level drop by the value of Ah, is proportional to
the skin factor S, let us introduce the term

2.16
Using equation (2.13), we write down
0 @1
n(xs}_ (v K.S‘-pmg

Inserting (2.15) and (2.17) into (2.16) gives

o Ny 0, (K K) o 1 _, K
h —h pe KK pegk K

n(Ks) cT

or

(2.18)

_q-XK,
§=(1-=-2)

2.4. Developing the formula for skin factor S through the
BHP value at Q,_- const (Fig. 2.1)

Let us write down the fluid influx @ equation at the
productivity values K and K_ like follows

Q)K(K) = K(Pm _P3(K))’ (219)
Q}K{KS} R (

The BHP P, at the natural formation productivity K is
determined from formula (2.19):

(2.21)
0. _p O

(2.20)
P3( KS) )

P nr
s(k) K ni K
The BHP P at the degraded formation productivity K,

i.e., in the presence of a skin zone, is determined from
formula (2.20)

_K P00 ®%

3w, ) K_s. o K—q
At a constant drainage, the formation productivity decline
from K to K, causes the BHP to drop from P ) F10 P,

The BHP drop A, will be equal to

(ks)"

(2.29)
AP ij P;{k,s-)'
Inserting the values of P, and P, into (2.23) we obtain
AP, = (Pay =)~ (Byy - Q”‘ et )
(2.24)

The BHP drop by the value of A, is proportional to the skin
factor S.

and § = L (2.25)
AP3 = (Pnn — P3(ks) ) S. By — P3Um-l
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2.5. BbiBog, (popMynbl CKUH—hakTopa S No 3Ha4eHuo
noTeHumanbHoro nebura (puc. 2.1)

MoTeHumanbHbIM OEOUTOM CKB2XKMHBI HA3bIBaKOT AeOuT,
KOTOPbIN MOXET OblITb NOsyHeH Ny P =0. [nHamMn4eckuii
YPOBEHb CKBADKVHHOW XKNOKOCTU MPU STOM CHKAETCS
[0 BEPXHIIX NepthopaLoHHbIX OTBEPCTUN T.e. h =L,
[MnacToBOe AaBreHme ocTaeTcs 6e3 N3MeHeHNs,

P - const.

V13 ypaBHEHWST MPUTOKA NOTEHLMAaNbHbIN AeOUT Npu
KO3 UUMEHTE NMPOOYKTUBHOCTU K COCTaBUT

_ (2.28)
Qﬂom(x) =K-pP, _

[Mpr HANMUMN CKUH—CIOA KOSDPULMEHT NPOAYKTUBHOCTU
nagaet ot K Ao K, Toraa noteHumasibHbI AebuT cocTtasut

Qnom(ics) = KS Py (2.29)

CHwKeHvie NoTeHLmaibHOro aebuta AQ B pesynbrare
YXYALLEHNA NPOAYKTVBHOCTI njiacTa oT K [0 K, cocTaBuT

AQ:wm - Qmmr:k. - Qno.*mks; =K- PJ‘?:'I' - K&' 'Pn.'f - Pﬂ.'f (K- KS)'

(2.30)

CHWKeHMEe NOTEeHLMAabHOMO aeduTa Ha BeninHy AQ
MPONOPLMOHANBHO CKUH—(aKTOpY S,
. S nnn

nom

AQnom = Qm)m(k} S = M' (2.31)

Qnom(r’()
MNoacTtaenss aHadeHve (2.28) 1 (2.30) B (2.31), nosydm
S = Pﬂ.-'r(K_Ks) _ K_Ks'
K-B, K
(2.32)

i

KS
§=01-=2)

®opmynbl (2.3) 1 (2.9) Ansa pacyeTa 3HaYeHUsT CKNH-
hakTopa S, BbiBeOEHHbIE Yepe3d KOSNPULIMEHTOB
MPOHMLAEMOCTU k 1 NPOAYKTUBHOCTU K MAEHTUYHBIE U
MOXXHO CAeNaTb CleaytoLLMe BbIBOOb!:

— YMC/IOBOE 3HAYEHME CKMH-(hakTopa S MoKasbiBaeT
OO0 YXyOLUEHVS eCTECTBEHHOWM MPOHMLAEMOCTM MiacTa
N He VMeET NorapudMUHECKYHO Npupoay (norapudm nog,
3HAKOM S SB/ISIETCS PE3YSILTATOM UCTOPUHECKON OLLOKM);

— YMCOBOE 3HAYEHWE cKuH-akmopa S NpeacTaBnseT
6e3pasMepHy0 BENHNHY;

— YNCIIOBOE 3HaYeHe ckuH-gpakmopa S IMEET TOJIbKO
no/I0XCUMeIbHy0 BENNYNHY (OTPULATEIbHOE 3HaYeEHNe

S ABNSETCS Pe3yNbTaToM 3abNy>KOAEHNST UICTOPUYECKOM
OLLINBKNY), T.K. KOIPDULMEHT MPOHULIAEMOCTU UAEASIbHOrO
nnacta k Bcerga 60sblie koaddrumeHTa NPOHNLEEMOCTU
CKWNH-30HbI ks, T.e. k >ks;

80| ROGTEC

From formula (2.20) we write down

P _ P — Q.’).‘(‘ <226)
ni 3¢ks) K

Inserting the values of (2.24) and (2.26) into (2.25), we
obtain

or
K-Ks. 0, K-K; Ky
S = . Sy ZAC _ s _1_Bs
Qo K-KS) Ky K K
K

S :1_?* (2.27)

2.5. Developing the formula for skin factor S through the
potential production rate (see Fig. 2.1)

The potential production rate of a well is a potential
production that may be obtained at P =0. The dynamic level
of borehole fluid drops to the top perforations, i.e. h,=L,.
The formation pressure remains unchanged, P, - const.

According to the influx equation the potential production
rate at productivity index K will be equal to

_ (2.28)
Qnom (k) — K-Py,

In the presence of a skin Iéyer, the productivity index drops
from K to K, so the potential production rate will be

Qnom(ics) = KS Py (2.29)

The reduction of potential production rate AQ,  resulted
from degradation of formation productivity from K to K, will
be

AQyom = Qmmr:k. - Qno.*m ks) ~
(2.30)

K'Rz-‘: - K&' 'Pn.'f - n.'f'{K_KS)'

Reduction of the potential production rate by the AQ
value is proportional to the skin factor S,

AOnom = Qm;m(k) S o S = M' @37)

Qnom(:’()
Inserting the value of (2.28) and (2.30) into (2.31), we obtain
_ Pﬂ.-‘I(K — Ks) _ K-K;
K-B, K
(2.32)

nom

or

KS
§=01-=2)

Formulas (2.3) and (2.9) for calculation of the skin factor
value S derived with the use of permeability factors k and
productivity K, are identical that allows to come to the
following conclusions:

— The numerical value of the skin factor S shows the
degradation share of the formation native permeability and
is not logarithmical (logarithm under the s sign is a result of
historical errors);
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PRODUCTION M

— obnacTb onpedeneHns S (MpuHaanexxHocTw), S € (0,1];
— 06/1aCTb CyLLEeCTBOBaHNA S, 0<S<1;

— NPV paBeHCTBE 3Haj4eHN ks=k nin K =K CKvH —
dakTop S omcymemeayem (Cny4an, KOrga naacT He UMEeET
HapyLLeHW1iA),

— nput ks=0 nnm K =0 CKnH-hakTop S npunumaem
MaKcuMa/ibHoe 3HaveHue, T. €. S=1 (CnydYan, korga nnact
abCOMOTHO HEMPOHULIAEMBIN).

CKUH-gpakmop — KOMMJIEKCHbIN MapaMeTP, OTPaXKAIOLLMM
NHTErpasbHO BCE Bl MEXAHN3MOB HapyLLIEHNS
KONEKTOPA, BAMSIOLLIMX Ha YXyOLLEHE NPOHMLAEMOCTM
N MOPUCTOCTI OKOJTOCKBaXKNHHOIO MPOCTPaHCTBa
NPOOYKTVBHOMO NacTa 1 Ha CHYKEHWE MPUTOKA
M1aCTOBOW XXMOKOCTU.

CKuH-gakmop BHOCUT CBOW OrPOMHbIN HezamugHbli ekaad
Ha BCEX 3Tanax »W3HN MECTOPOXXAEHNS - HAYMHAs OT

NPOEKTNPOBAHWA p83pa6OTKI/I 1 3aBepLlasd ero CrimcaHmeMm:

— 8 cmaduu npoeKmupo8aHus PaspPaboTKN
MECTOPOXOEHNS CKUH-hakmop 3ak1adbieaemcs B B/OE
donyujeHHbIX OWUB0K NPOEeKMuUpo8aHusl;

— 8 cmaduu cmpoume/iscmaa v Pa3padoTkm
MECTOPOXOEHNS CKUH-ghakmop o6echedusaemcs B B/LE
peanu308aHHbIX OWUGOK NPOEKMUPOBAHUST;

— 8 cmaduu 3Kcnayamayuu MeCTOPOXXOESHNS
CKUH-ghakmop peaausyemcs B B/E 02POMHbBIX
HEe80306H08/1eMbIX 3ampam Ha SKCryaTaumo
MECTOPOXAEHNS C HEOOPAaTUMbIMU HAPYLLIEHVSIMIA
NapamMeTPOB MJacTa U Ha BOCCTaHOBEHWE PaspyLLEHHOM
MAPOre03KON0rNM.
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— numerical value of the skin factor S is dimensionless;

— numerical value of the skin factor S has only a positive
value (hegative value of s is a result of historical fallacy)
because the permeability factor k of the ideal formation
always exceeds the permeability factor ks of the skin zone,
i.e k >ks;

— definition domain of S (belonging), S € (0,1];

— existence domain of S, 0<S<1;

— If they following are equal - ks=k or K =K, the skin factor
S is absent (when the formation is not disturbed);

— when ks=0 or K.=0 the skin factor S assumes a maximum
value, i.e. S=1 (the case of absolutely impermeable
formations).

The skin factor is a complex parameter which integrally
reflects all kinds of collector disturbance mechanisms
affecting the degradation of the permeability and
porosity of the productive formation borehole
environment as well as the reduction of the formation
water influx.

The skin factor has a huge negative impact at all stages of
a hydrocarbon deposit from reservoir engineering up to well
abandonment:

— at the stage of reservoir engineering, the skin factor is
introduced in the form of design errors;

— at the stage of reservoir construction and
development, the skin factor is provided in the form of
committed design errors;

— at the production stage, the skin factor is implemented
in the form of huge cost overruns and irreversible formation
damage.

o be continued
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