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CKWH-®AKTOP

N ero 3Ha4eHue AN OLEHKU
COCTOSIHUS OKOSTOCKBaXKMHHOMO
NpocTpaHCTBa NPOAYKTUBHOMO
nnacra

P. lll. Mythazanos
HIM® «TumypHedTeras» r. OKTAbpbCKNA

0603Ha4YeHna

F - naowaab ubTpaumnmn XXUAKOCTH;
g - YCKOpeHne CBO60,EI,HOI'O nageHn4;
h - MOLUHOCTb nnacTa;

hg ,her - OvHaMUYECKUIA U CTATUHECKII YPOBHM
YKUOKOCTU B CKBaXKMHE;

Ahg - nageHvie ANHAMUHECKOrO YPOBHS XXUAKOCTY;

k - KOS(DPULIMEHT eCTECTBEHHOW MPOHMLIAEMOCTH
nnacTa;

ks - KOS(MPULIMEHT NPOHMLIAEMOCTM MnacTa npm
HaIM4M CKUH — CNOSA;

Ak - CHWXeHWe (yxydLleHve ) koshduupmeHTa
MPOHNLIZEMOCTI MPU HATNYNM CKUH-CIOS;

K - KO3(hULIMEHT ECTECTBEHHOW MPOOYKTUBHOCTU
nnacra;

Ks - KOO(MMDULMEHT NPOOYKTUBHOCTY MiiacTa npw
HaIMHAN CKUH — CIOS;

AK - CHWKeHMe (yxyaLleHne) KosduumeHTa
MPOOYKTUBHOCTU B CKUH-CIIOE;

Lo - y61HA CKBaXKMHbBI 4O BEPXHUX
neptopaumoHHbIX OTBEPCTUI;

Pnn - MIacTOBOe AAaBNEHVE;

Psx) - [daBfieHune y CTEHKU CKBEKMHBI (3a00MHoe
JaBrneHune) Npu eCTECTBEHHOW MPOHULIGEMOCTI
k nnacTa;

P3ks) - 3aboViHOe fasneHve npu punstpaummn
XKNOKOCTU C YXyALLEHHOM MPOHMLAEMOCTBIO

ks nnacTta;

PRrs - baBneHue nnacta Ha KOHTYpPE Res;

AP3 - nafdeHve 3ab0MHOro AaBMEHVA B pesynbtarte
yxyauleHus npoaykTveHocTv mnacta ot K oo Ks ;

APs - MageHvie JaBneHust B CKUH-CIOE;

Qx - MPUTOK XKNOKOCTU B CKBaXKUHY;

AQx - CHWXeHMe NpUTOKa XXMOKOCTW B pesynbTaTte
CKWH-CJ10s;

Qix(k) - MPUTOK XXNAOKOCTU MPU MPOHMLIAEMOCTW MnacTa K,
T. €. MPW OTCYTCTBUM CKNH-CIOS;

Qik(ks) - MPUTOK XMOKOCTM NP NPOHMLIAEMOCTM MyacTa

Ks, T. €. MPU HANIMYUM CKNH-COST;

paanyc CKBaDKMHbI;

fc
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SKIN FACTOR

and its importance for evaluating
borehole environmental conditions
for a productive formation

P. Sh. Mufazalov
NPF “Timurneftegas”, Oktyabrsky

Designations

F - filtering area;

g - gravity acceleration;

h - formation thickness;

hg ,her - dynamic and static fluid levels in a borehole;

Ahg - fall of dynamic fluid level;

k - native formation permeability;

ks - formation permeability in the presence of a skin layer;

Ak - permeability decrease (degradation) in the
presence of a skin layer;

K - natural formation productivity

Ks - formation productivity in the presence of a
skin layer;

AK - productivity drop (degradation) in a skin layer;

Lo - well depth to top perforations;

Pnn - formation pressure;

Pak) - pressure at well bore (bottomhole pressure)

at native formation permeability k;
P3ks) - borehole pressure when filtering fluid with blocked
formation permeability Ks;

PRs - formation pressure on external boundary Rs;

AP3 - bottomhole pressure drop caused by productivity
degradation from K to Ks ;

APs - pressure drop in a skin layer;

Qx - fluid influx;

AQx - fluid influx reduction caused by a skin layer;

Qx() - fluid influx at formation permeability K, i.e. in the
absence of a skin layer;

Qx(ks) - fluid influx at formation permeability Ks, i.e. in the
presence of a skin layer;

re - well radius;
Rk - external boundary radius;
Rs - permeability disturbance radius;

(Rs-rc) - skin layer;
(Rk-Rs) - external boundary interval;

S - skin factor;
7] - dynamic viscosity of formation fluid;
Px - formation fluid density.
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EXPLORATION M

Rk - pagnyc KOHTypa NUTaHng,;

Rs - pagnyc HapyLLEHUS1 MPOHMLIAEMOCTY;
(Rs-rc) - CkuH-cnow;

(Rk-Rs) - vHTEpBan KoHTypa nuTaHns;

S - CKUWH — dhaKTop;
M - OVHaMKn4Yeckasi BA3KOCTb MaCTOBOM XXMOKOCTH;
Px - MJOTHOCTb MIACTOBOM XWOKOCTH.

&6 Het 3akoHa Bbiwe UcTuHbl. 77
E. . BnaBatckas

NMpeaucnosne

Brepsble Van Everdingen A. F. v Hurst N. (1949) BBenun
MOHATNE «CKUH—3PAEKT» AN OLEHKM COCTOAHNSA
NP13abOoMHOM 30HbI CKBaXKWHbBI 1 YKa3anu, YTo nageHve
3ab0VHOrO AaBNeHVs B pesynbTaTe yxXyaLleHns
MPOHMLLAEMOCTY N1acTa MPOMOPLIMOHATIBHO CKNH—
athbdexTy (S), a B 1956 r. Hawkins M.F. npeonoxumn
dopmyny 4nsd pacyeTa S, BOLLEALLYIO B yHEOHYHO 1
Hay4HytO nuTepatypy, kak Hawkins’ formula [4].

TepMuH CKH-adhexT Obin BBEOEH B 061acTy
BNEKTPOTEXHVIKM, KaK MOBEPXHOCTHbIN 3ddEKT B
MeTanax 3a4osro 40 BbllLeykasaHHbIX aBTopoB. bonee
NOAXOAALLMM MOHSATUEM MPUMEHUTENBHO NS OLEHKM
COCTOAHNA NPOAYKTVBHOIO nnacta 661110 6bl MOHATVE
«CKUH—haKTOp».

PacnpocTpaHeHHoe UCTOSIKOBaHWe O CKUH—(aKTope
(S) n ero onpeneneHve B paboTe [6], kak achbdekT
HECOBEPLLEHCTBA 3aKaHYMBaHNS CKBaXKMHBI JaNeKo
He MOMHOCTBIO PACKPbIBAET PUSNHECKNIA CMbICT U
MEXaHV3Mbl er0 BOSHUKHOBEHUSI.

Bonpoc o 3Ha4eHun S MoCTOSIHHO O6CY>)KAAeTCA B
Hay4HbIX NyDMKaLWSIX U KOHdepeHLUmsX. o celt aeHb
OCTatOTCH OTKPbITbIMU U AUCKYCCUOHHbBIMK Hanbosee
NPUHLMNNANBHBIE BOMPOCHI: 00NacTb CyLLECTBOBaHUS
3Ha4YeHU S 1 ero NPUHaAIEXXHOCTb, HEOMPEAENEHHOCTb
MOSIOXKUTENBHOIO U OTPULATENBHOIO 3HaKa ero 3Ha4YeHU.
OTCyTCTBME CTPOrON TEOPWM BbIBOAA €ro hopMysbl. 1o
dopmyne Hawkins M.F. 8 MOXeET nMeTb 3Ha4eHme OT

- 00 00 0 1 0T 0 00 + o0 6e3 NPUHAOIEXXHOCTU 0BNacTn
ONpefeneHNs 1 CyLLEeCTBOBaHWS.

B HacTosiLLEee Bpemst B BY3OBCKUX Y4EOHNKAX U yH4eBHbIX
nporpamMMax AN NoAroTOBKN NHXEHEPOB—HEDTAHMKOB
OTCYTCTBYET STOT BaXKHbI pasnen Hayku.

B naHHom paboTe nogpobHO 1 NocneaoBaTenbHO
n3naraeTcs aHaIUTUYeCKUIA BbIBO, (DOPMYSIbl 15

pac4deTa S, (PUSNHECKUI CMbICIT 1 FeOMETPUHEecKast
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L& There is no law above truth. 99
E. P. Blavatskaya

Foreword

For the first time, Van Everdingen and Hurst (1949)
introduced the notion of “skin effect” for evaluating the
condition of a bottom-hole area. They pointed out that
loss of bottomhole pressure caused by the impairment

of formation permeability is proportional to the skin effect
(S), and in 1956 M. F. Hawkins proposed a formula for
calculating S, which is currently known in educational and
scientific terms as Hawkins’ formula [4].

The term skin effect had been introduced in the field of
electrical technology as a surface effect in metals long
before the above-mentioned authors. In the context

of evaluating the procedure of a productive formation
condition, however it would be more appropriate to use
the term “skin factor”.

The popular interpretation of the this effect and its
definition in the work [6] as an effect of imperfect well
completion are far from revealing when looking at the
physical significance of its occurrence.

The question of its importance is permanently

under discussion in scientific publications and at
conferences. The most fundamental questions -
such as the domain of existence of S values and the
belonging domain of S, and the ambiguousness of
the positive and negative signs of its values - are still
open and debatable. There is no rigorous theory for
deriving its formula. According to Hawkins’ formula, it
can have a value ranging from - oo to 0 and from 0 to
+ oo without belonging to the domain of definition
and existence.

Currently, university textbooks and training programs
for future oil-engineers do not include this important
subdiscipline of science.

This paper deals with a detailed and consistent
presentation of the development of a formula to calculate
the skin factor as well as the physical significance and
geometrical interpretation of its value. The development
of this formula is substantiated by developing this
formula through the indicator lines “flow rate-level” and
“flow rate-pressure” as well as on the basis of the values
of bottomhole pressure and primary productive potential.
Described are sources and mechanisms that disturb

the poroperm properties of the borehole environment

of a productive formation and which affect the skin
effect value.
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B PA3BEOKA

NHTEPNPETaLNS ero 3Ha4eHUSA. AHANIUTUHECKIA BbIBOL,
dopMysibl S NoATBEPXKAAETCS BbIBOAOM POPMYTbI
4Yepes NHANKATOPHbIE NIMHUN «0eOUT-YPOBEHb», «0eOUT-
OaBMEHNe» 1 MO 3Ha4YeHNSIM 3a60MHOMO AaBAEHNA U
noTeHUMansHoro aedura. OnmMcbIBatOTCSA UCTOYHVKA 1
MeXaH13Mbl HapyLIeHNst (OUIbTPALMOHHO-EMKOCTHBIX
napameTpoB (PEIT) OKONOCKBaXKMHHOIO MPOCTPaHCTBAa
MPOAYKTUBHOMO MacTa, BAMSIOLLINE Ha BENMYNHY S.

Ha Bcex aTanax »usHe[eaTeNlbHOCT HedpTerazoBoro
MecTopoxaeHns PEM npoayKTMBHOMO nnacrta
HaxXOOATCA B AMHAMNYECKOM B3aUMOCBA3M CO BCEMM
TEXHONOMMHECKMI ONepaLMsIMA, MPOBOAMMbIMA B
npouecce HePTEN3BIEYEHNS, BKKOYAsA ero NepBUHHOE
BCKpbITVE. JTobble MPOLIECCHI, MPUBOAALUMNE K CHUXKEHUIO
MPOHNLIREMOCTY U MOPUCTOCTU KOJNEKTOPA U YBENNHEHMIO
noTepy AaBneHns Npy punbTpaumn NnacToBOM
>KUOKOCTW OTpadKaroTcst Ha BenndnHe S. B cBsan ¢

3TUM 3Ha4eHne CkH—daxkTopa S, Kak KOMMIEKCHbIN
NHTErpasbHbI MapamMeTp, MPUHUMAET OCObbIN CTaTyC
NPV MOPOAVHAMUHECKNX N FEOU3NHECKX METOOAX
NCCNeAOBaHMN CKBaXXMH /191 OLIEHKM KadecTBa
BCKPbITVS MPOAYKTMBHOMO MiacTa, MPOrHO3MpoBaHNS
€ro SHEPreTUHECKOro COCTOSAHNS, PUNBTPALMOHHBLIX
CBOWCTB, MPOAYKTMBHOCTM, NOTEHLMANBHOIO aednta

1 KoahpuLMeHTa HebTeoTaa4 NnacTa B Luesiom. B
CB#A3M C 3TUM AaHHasi mpobnemMa 3acny>KMBaeT CaMmoro
BHUMATENBHOIO MOAXOAA U U3YHeHVS.

1. BoiBo thopmynbl CKUH-thakTopa

YH106bI BbIBECTM (DOPMYSTY OJ15 ONPEefeiEHNs 3HAYEHMA
CKUH—hakTopa S, PacCMOTPVM OAHOPOAHbIN
MPOAYKTUBHbIN MAACT BOKPYI CTEHKM CKBaXKMHbI

C KOS PULIMEHTOM MPOHMLIREMOCTU K, paamyCcom
CKBa2XKMHbI Fe, PaauyCoM KOHTypa nutaHnst Rk, mnacToBbiM
nasneHnemM Pna 1 MoLLHOCTBIO niacta h (em. puc. 1).

Bblaenum BHYTpUM NnacTa KONbLEBOW CMOW C paguyCoMm
r v TonwpmHow dr, orpaHN4eHHON MOBEPXHOCTSAMM

C OOHOPOAHOW NpoHMUaemMocTsio K. HanpasneHne
PuAbTPaLMM XKNOKOCTY — paamnasibHoeE.

B cooTBETCTBUN C IMHENHBIM 3aKOHOM (DUBTRALMN
0OLLMIM pacxof, »knakocT Q vepes eguHnLy nnotlaam F

paBeH
k-F dP (1)
u dr’

Q=

roe K — KoahnumMeHT NPOHNLREMOCTN;
F — nnowanb hunbTpaumn xxXmakoctn, F=2murh;
U — OMHaMn4ecKasi BA3KOCTb MaCTOBOW XXUAOKOCTH;

i’—P - pa,u,maanbnh rpagneHT OaBieHn4.
e
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At all stages of the oil-and-gas deposit life-cycle,

the productive formations poroperm properties
dynamically interrelate with all technological operations
performed in the process of oil production, including
deposit opening. Any process which reduces the
permeability and porosity of a collector and increases
pressure loss during formation fluid filtration affects the
S value. In this connection, the value of the skin factor
as an integral parameter gains special significance in
hydrodynamic and geophysical borehole exploration
methods used for evaluating quality of a productive
formation, forecasting its energy state, filtration
properties, productivity, primary productive potential
and the oil recovery efficiency of a formation as a
whole. In this context, this problem deserves the most
scrupulous approach and study.

1. Developing a skin factor formula

To develop a formula for determining the value of the skin
factor, let us consider a uniform productive formation having
permeability k around the hole wall, borehole radius re,
radius of external boundary Rk, formation pressure Pnn and
formation thickness h (see fig. 1).

Let us single out, within the formation, an annular layer having
radius r and thickness dr and confined by surfaces having
uniform permeability k. Fluid filtration proceeds radially.

According to the linear filtration law, the total flow rate Q
through a unit area F is equal to

o-kF &
u dr’

where K is permeability;

F is fluid filtration area, F=2nrh;
g is dynamic viscosity of formation fluid;

i—P is the radial pressure gradient.
»

Let us rewrite equation (1) in the following form

k-2-m-r-h dP
Q=—"—""2" 0
u r
After dividing the variables, we obtain
_Q-p  dr
= . . (3
k2mh O
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EXPLORATION M

YpaBHeHve (1) nepenuilem B Buae

k-2-mr-h dP

Q= p e

Paspgenvs nepemMeHHble, 3ariem

rd

o §

CKBaXKHHa

S I CH—

)

Puc. 1 KprBas 3MeHeHNs NnnacToBOro OaBeHNs B
OKOJTOCKB&XXMHHOM MPOCTPaHCTBE MpW ECTECTBEHHOM
npoHuLaemMocTu nnacta K; Pnn — MnactoBoe OaBfieHve;

P3(x) — 3200MHOE JaBfIEHVE; Fe - PAONYC CKBaXKUHBI;
Rk — paguyc KOHTypa MUTaHUs CKBaXKUHbI;
h — MoLwHOCTb NNacTa.

VIHTerpupoBaHme 3Toro ypaBHeEHNS OaeT
. Q-u

—2.n'h'k-lnr+C. (4)

[NoacTaBnssa 3Ha4eHMs NEPEMEHHBIX Ha MPaHMLIAX CTEHKM
yyacTka dr, a UMeHHO nMpn ¥ = Rk, P = Prp, mpu r = re,

P = P3(x) B ypaBHeHue (4), nony4im cnemytoLume nsa
ypaBHeHnd

Q-u
=—=" InR +C,;
w oy whk e ©
_ Qu
w=5 4 p g MHC

raoe P3(k) — gaBneHne y CTEHKN CKBaXKMHbI (3ab0nHOe
JaBreHue) Npu eCTECTBEHHOW NMPoHULaemMocTu K nnacra.

BblumTtas n3 ypaBHeHus (5) ypasHeHMe (6), Haxoaum
noTepw aaBneHnst Npu unbTPaLMM MIaCTOBOW XXMOKOCTU
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Figure 1. formation pressure curve in the borehole
environment at native formation permeability k;

Pnn — formation pressure; Ps(k) — bottom hole pressure;
rc — wellbore radius; Rk — radius of external boundary;
h — formation thickness.

Integrating this equation provides the following results

=&-lnr +C. (9

2-mw-h-k
Inserting the values of the variables at the wall boundary of
section dr, specifically, at r = Rk, P = Pnp, atr = re,
P = P3(x) into equation (4), we obtain the following two
equations

m=7Q-,u ‘InR, +C; (5
2-m-hk

where P3(K) is pressure at the well bore (bottomhole
pressure) at native formation permeability k.

Deducting equation (6) from equation (5), we obtain pressure
loss during formation fluid filtration into the well.

: : R
Ol 1nR, -tnr)=—2H* ke
2w hek 2ahk o1

R
=—="" -In—%&.
W omh-k r

(4

Prm _P'J:‘x)=

Prm =5 Q “ (8>

Hence, during fluid filtration, pressure difference in the
borehole environment is directly proportional to the natural
logarithm of the ratio of the radius of the external boundary
Rk to the well radius re¢ and inversely proportional to the
formation permeability k.
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B CKBa>KVHY
: R
Bo-Py=-—2E R, -tnr)=—LHE _pfe @
mhk Thkoor’
m — Loy = QM -ln&_ (8)
2-T-h-k r

CnepoBarensHo, nepenag, 4aBeHnst B OKONTOCKBaXKUHHOM
NPOCTPAHCTBE NPY PUNIBTPALAM XKUOKOCTU MNPSAMO
NPONOPLMOHaNEH HaTypabHOMY NTorapudmy

OTHOLLIEHWS paamyca KOHTypa nutaHns nnacta Rk K
PaanyCy CKBaXKUHbI Fe, 1 0BPaTHO MPOMOPLMOHANEH

KO3 rUmeHTY NpoHMUaemocTy K nnacra.

CnenyeT OTMETUTb, YTO BbIBOS, YpaBHEHUS (8) aHanor4eH
BbIBOLY YPaBHEHWSA TEMMONPOBOAHOCTY LIMMHOPUHECKON
CTEHKMN [2], a B Teopum ogHoa3HOM UnbTpaLmm
ypaBHeHue (8) HasbiBaeTcs hopmynon Ldronon.

YpaBHeHVe (8) NpeacTaBnsieT cobor ypaBHeHe
niorapdpmMmnHecKon KprBoK, cneaoBaTesisHo, Mnpu
drnbTpaLmn XXMOKOCTN HYepes MacT C NMOCTOAHHON
(ecTecTBEHHOM) NpOoHMLIAEMOCTLIO K, AaBneHve nnacrta

Pnn yMeHbLLAETCS NO NorapumMrU4eCcKon KpmBom (CM. puC.

1). s ganbHEeALWLNX pacCy>KaeHNIA NorapudMNHECKYHO
KPUBYIO CHVDKEHUST OaBneHus 13 puc. 1 nepeHecem Ha
puc. 2 n 3 (kpveas 1).

YXyALLEHNE NPOHNLAEMOCTIN OKOSTOCKBEDKMHHOMO
npocTpaHcTBa OT kK 00 Ks MPUBOANT K CHYKEHWIO
3a60nHoro gasneHns ot Ps(k) 20 Ps(ks) Ha BENUMHY
APs (cm. puc. 2), rae Pa(k) — 3ab0nHOe faBnieHve npu
€CTECTBEHHOW NPOoHULI@eMocTV K nnacTa, a Paks)

— 3ab0HOe JaBneHve NPy yXyALEHHON MPOHMLAEMOCTU
ks nnacra.

Haenenve nnacta Pnn B KoHType nuTtanmsa npu Rk = Rs
paBHO PRs.

Kpreasa 1 xapakTepuadyeT nageHme na1actToBOro AaBieHus
npY PUABTPALMM XXUOKOCTU B OKOSIOCKBAXKVHHOM
NPOCTPAHCTBE C ECTECTBEHHOW MPOHULIAEMOCTHIO K
nnacTa, CneaoBaTenbHo, ypaBHeH e (8) MpUMET B,

_p - 9n 4

_ nR
3(K) 2 thk - 8"

r,

P

Rs

KpuBas 2 xapakTepuayeT nafeHve nnactoBoro

OaBneHNst Mpy OUNbTRAUMN XKUOKOCTU C YXYALIEHHON
MPOHVLLEEMOCTEIO MnacTa Ks, cnefoBartenbHO, ypaBHeHNE
(8) npnmeT BMA
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It should be noted that the development of equation (8)

is similar to that of the thermal conductivity equation of a
cylindrical wall [2], and in the single-phase filtration theory,
equation (8) is referred to as the Dupuis formula.

Equation (8) is a logarithmic curve equation, hence during
fluid filtration through the formation with a constant (native)
permeability k, the formation pressure Pnn decreases along
the logarithmic curve (see fig. 1). For further analysis, the
logarithmic curve of pressure drop from fig. 1 is transferred to
fig. 2 and 3 (curve 1).

Degradation of the borehole environment permeability from

k to ks reduces the bottomhole pressure from P3(k) 10 P3(ks)
by the value of APs (see fig. 2) where P3(k) is the bottomhole
pressure at the native formation permeability and k and
P3(ks) is the bottomhole pressure at the degraded formation
permeability, ks.

The formation pressure Pnn within the external boundary at
Rk = Rs is equal to PRs.

Curve 1 describes the pressure drop of the formation during
fluid filtration in the borehole environment at its original
permeability k, so equation (8) will look as follows

P, _Qu

R
—-P ‘In—
ST o rhk

r @)

Curve 2 describes the formation pressure drop during
fluid filtration with degraded formation permeability ks, so
equation (8) will look as follows

P Qu -ln&

_p_ =2t .
Rs 3(ks) 2.71:’1, ks r 9

4

The pressure difference APs, obtained through the value
difference between P3(x) and Ps(ks) (see fig. 2), is the result
of the skin factor S, that is

APs = P3k) - P3ks) (10)

The formation pressure drop AP(ks) in the skin layer will give
(see fig. 2 and formula (9))

AP(s) = PRs — P3ks) (11)

The bottomhole pressure drop by the value of APs is
proportional to the skin factor S, hence

A Ps = (PRs - P3(ks)) S . (1 2)

Using equations (9) and (12), we can write down the
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EXPLORATION M

PRJ Ly T Qui'mﬁ - 09
2mh kg r

c

Mepenan nasneHnst APs, NosyYeHHbIN PasHOCTLIO
3HadeH mexay Pa(k) 1 Pa(ks) (CM. puc. 2), ABnseTcs
pe3ynbTaTtoM ckuH—hakTopa S, T. €.

(10)

MageHve nnacToBoro AasneHns AP (ks) B CKUH-CIOe
COCTaBMT (CM. puc.2 1 opmyny (9)

(11)

MNageHve 3ab0MHOro AaBneHvs Ha BennyHy APs
MPONOPLMOHaNBHO CKUH-hakTopy S, cnegosartefibHO

APs=(PRs — P3ks)) S. (12)

[Nonb3ysick ypaHeHnsaMM (9) u (12), 3anuiem nageHne
3ab0MHOro AaBneHus B pesyrbTare HapyLUeHns
NPOHNLIZEMOCTI MiacTa

S 11 T ML
ko 2mh o7

c

APs = P3(k) = P3(ks)

AP(ks) = PRs — P3(ks)

(13)

BblumTtas n3 ypaBHeHus (9) ypasHeHve (8°), nostyymm
pasHuLYy B MOTEPSIX AaBEHUS B MaCTe C HapYLLIEHHOM 1
€CTECTBEHHOW NPOHULIAEMOCTHIO

APS=(PRS_P3(KS))_(PR3 _P3(K)):
nnm
. Ou R Ou R
k-2mh r k2mh o1
(14)

OKONOCKBAXKNHHOE MPOCTPAHCTBO C YXy/ALLEHHOM MpoHMLaeMoCTHO ks nnacta

OKONOCKBaXKNHHOE
., MPOCTPaHCTBO

C €CTECTBEHHOM
MPOHULAEMOCTHIO
k nnacta

Puc. 2. Cxema 014 BbiBoga hopMyJibl CKUH-(hakTopa: 1-
KpVBast UISMEHEHVIS MIACTOBOMO AABMEHNS MPY CTECTBEHHOM
MPOHLIGEMOCTU MIIACTa; 2- KpUBas U3MEHEHS NIaCcTOBOrO
OaBMEHNS NMPW yXyOLLEHHOM MPOHMLIaGEMOCTY nnacTa. k

— KO3(PMULIMEHT ECTECTBEHHOM MPOHMLIREMOCTI nacTa; ks

- KO3(ULIMEHT yXyaALLIEHHOM MpoHULIaemMocTy mnacTa; PRs

— MNIaCTOBOE [aB/IEHVe Ha KOHTYPe MiTaHns; P3(ks) — saboiiHoe
JaBreHne Npu yxyaLleHHOM MpoHMLIaeMocT nnacta; Rs —
panuyc HapyLLEHN NPOHULLEeMOCTY; h — MOLLHOCTL nriacTa.
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bottomhole pressure drop caused by the formation
permeability disturbance as

SR 21 ML
k2 mh

c

(13)

Deducting equation (8’) from equation (9) provides the
difference in pressure loss between the formation with
disturbed permeability and the one with its original permeability.

APS=(PRS_P3(KS))_(PR5 _P;,(K)):

or

APy = Q-u ']11&— Q- In—
k-2mh r k2mh 1

borehole environment at natural
permeability k

p

CEBGKHHA

Figure 2. derivation of the skin-effect formula: 1 -
formation pressure curve at native formation permeability;
2 - formation pressure curve at blocked formation

permeability; k — native formation permeability coefficient;
ks - blocked formation permeability coefficient; PRs —
formation pressure on external boundary; Ps(ks) — bottom
hole pressure at blocked formation permeability; Rs

— formation damage zone radius; h — formation thickness.

Equating the right parts of equations (13) and (14), we obtain

O
k-2-mh 1
__Qw K __QOw R
k-2-mh 1, k2mh 7
(15)
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MNpupaBHVBas Npa.ble YacT ypaBHeHU (13) 1 (1

L8 R
k,-2-mh

__ Oy R __Ow R
k -2-m-h r. k-2-m-h r

s C c

(15)

4), meem

V13 (15) nony4unm popmysy ANs BbIYUCIEHUS 3HAYEHNS
CKVH — (hakTopa:

(16)

S=(1-"2)
K

1.1.BbiBoA thopmynbl CKUH-thaKTopa ¢ Y4eToM noTepu
[aBJieHNA B KOHTYPE NUTaHNA GKBaXXWHbI U GKUH-Gloe
Bonee npvBnexkarenbHbIM SBASETCA BbIBOA, YPABHEHUS
CKMH-(hakTopa C y4eTOM NOTEPW AABMEHUS MPW MIOCKO-
pagmanbHOM ULTRALMN MIaCTOBOW XXUAKOCTU B
nHTepBane koHTypa nutaHns (Rk-Rs) C NpoHmLaeMocTbio
nnacta K 1 B CknH-cnoe (Rs-r¢) C MPOHMLAEMOCTHIO Ks
(cm. puc. 3).

Mpu 3TOM 0OLLMIA Nepenan, AaBNEHMS B OKONOCKBaXKNHHOM
NPOCTPAaHCTBE COCTaBUT

P PS(KS) (IDHH PRS ) + (PRS

[NoTepw JaBneHnst B KOHTYPE MTaHUS C MPOHMLIGE-MOCThIO

K COCTaBUT

Q-u . R
P_-P -In—%& .
BT ornk R

5

P3(KS) ) *

HOTepI/I JaBlieHnA B CKNH-CNOe COCTaBUT

Q-u R
PRS—Pz(KSFM'lnn

(19)8 (1
AL -1n&+—Q.‘u -ln&=
2m-hk R, 2m-hk, 1,
Qu 1 &+l-ln&).

2n-h 'k R,k 7,

5 A [

(19)

lNoacTasnss 3HaveHus (18) n 7), NOny4 M

P.,-P

3(1(5)

(20)
[NoTepw OaBneHNst B OKOSTIOCKBaXKMHHOM MPOCTPAHCTBE

NpW eCTECTBEHHOW MPOHMLIREMOCTU NMnacTa (Kpueas 1)
COCTaBsAT

ROGTEC

from (15) a formula for calculating the skin factor value:

S=(1—£) (16)
K

1.1. Developing the skin factor formula taking into account
pressure loss within the external boundary borehole

and skin layer

More compelling is deriving the skin factor equation with
account of pressure loss during plano-radial filtration of
formation fluid within the external boundary interval (Rk-Rs)
at the formation permeability k and in the skin layer (Rs-r¢) at
the permeability ks (see fig. 3).

In this case, the general pressure difference in the borehole
environment will be:

P Pe.(Ks) (Rm - PRs ) + (PRs

Ba(rcs) )
Pressure loss within the external boundary at permeability k
will be:

M—PRS=Q.M -ln& . (18)
2m-hk R

5

Pressure loss in the skin layer will be:

Q-u ,
PRs _P3(Ks) =W'ln7 . (19)

Inserting values (18) and (19) into (17), we obtain:

Po-P =2 n B, 28 R
2w-hk R, 2m-hk, 1.
_Qu R, 1Ry
“omh k R &k r
(20

Pressure loss in the borehole environment at the original
formation permeability (curve 1) will be

Q H’ _lan
27 - hk r

c

oI 3(1()
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borehole environment at blocked formation permeability ks

borehole environment at native
formation permeability k

Fu=Fy = Ol 1By
2m-hk 1

OKOMNOCKBEKVHHOE MPOCTPAHCTBO C YXyALLIEHHOM MPOHMLIAEMOCTHIO Ks niacTa
.................

OKONOCKBAYXKMHHOE MPOCTPAHCTBO C
ECTECTBEHHOM NPOoHMLIaeMOCTHIO k
nnacta

R

- -
__.--"' Ll

ey

CHBAHIHA

CHBAHIHA

Figure 3. Pnn — formation pressure at closed boundary;
Rk — radius of external boundary; (other symbols are
shown in Figure 2).

Deducting (21) from (20), we obtain pressure loss As in the
skin layer:

Puc. 3. Pnn — NnacToBoe AaBneHne B KOHTYPE NUTaHus
Mpwvi OTCYTCTBUM NMpUTOoKa; Rk — paamyc KoHTypa nutaHus;

= Q'H -(l-ln&.fi-ln R-" —_

(ocTasibHble 060HaYEHNS CM. Ha PUC.2).
APS =P3fx) _Pw(xs) _ﬂ k R
5 P
Bbmntas (21) na (20), nonyqrm notepu gasneHns APS B —l~l &)= Q-u -(l-lnL+L-1n R, )=
CKWH-CMoe k 2m-h k R,k r
Qwp 1 R 1 R Q-u 1 1. . R
AP, =P, - P, =——(—In—*+—-In—- (—==)'In—==
s =P~ P =520 G Rk Th 27 h (kx % "
1 . R, Q-u 1 r 1 R, O-u k-—k, R
— === " .(=-1] —-1 - = 5. s
e 0 R D 2mn ok )™
op L 1R (22)
2m-h 'k, k r,
O-u k-k, R. Using equation (12) we can determine:
“omn ok M T
5 c APS
22) S=——"—. (23)
Rs 3(ks)
P,.—P
[Nofb3ysck ypaBHeHeM (12), sanuem
AP Inserting (19) and (22) into (23), we obtain:
S
S=——""—. (23) S=Q‘y-(k_k5).]n&* Q- u lnR
Py, = Py 2tk kk - r 2mhk  or
MopcTasnss (19) 1 (22) B (23), nosy-mnm — (k—k,) -k, = k -k,
_Qup koky R Qu R iy d
em-h koK, 7, 27{;‘21: 7, or
K
_(j:_ksj'ks_k—‘s:s S=(1—_S)
- ’ K (24)

kk, =k
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N 1.2. Effect of the skin layer contamination radius and

K permeability disturbance on the fluid influx value

S = (1 - _S) (24) Let us consider the ratio of pressure loss APs in the skin layer
K (22) to pressure loss in the absence of a skin layer

(Pnn = Paw)) (21).

1.2. BnnAHne cKuH-cnoa (paguyca sarpasHenna) u

HapylueHne NpoHNLAeMOCTH Ha BEJINUMHY NPUTOKA . _
WUAKOCTH B CKBAKMHY AP, = Qe M .(k k )- ln& , @
PaccMOTpyM OTHOLLEHWE MOTepu AasneHnst APs B CKUH- 27 h k- ks r,

cnoe (22) K NoTepu gaBneHnst Npu OTCYTCTBUM CKUH-COSA

(Pnn - P3(|()) (21 )
Q . k—k R where Qy(ks) is fluid influx at formation permeability Ks,
x(xs) W . ( TRy ) n == (25) i.e. in the presence of a skin layer.

ST 2x-h k'k o

(o
: R 26
roe Qy(ks) - MPUTOK XKNAKOCTU MW MPOHALLAEMOCTU w — Doy = M . ]n—k , (20)
nnacrta Ks, T. €. Mpu HaMHYMN CKUH-CIIOS. 2m-h-k r.
. R
P -P,. = Qi ¥ ‘In—% , 9
L 3(x) 20-hk r where Q(ks) is fluid influx at the formation permeability K,
€ i.e., in the absence of a skin layer.

roe QX(K) — MPUTOK »KMOKOCTU MPY MPOHULLAEMOCTHU
nnacta K, T. €. Mpu OTCYTCTBUN CKUH-CIOS.
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AP Q)K KS, ) Ju k - k R
S = &) ( £ ) ‘In— =+ 27)
P.-P, 2mh kk T
Q)K(K) nu' 1 (E _ 1) . QJ}((KS) rc ]
2mhk o r, [ K0 Q| Re
r

¢
13 aHanm3a 6e3pa3mMepHOro BbipaxkeHns (27) cnegyet
Ba>KHbI BbIBOA, YTO B CHIDKEHWNE MPUTOKA MaBHbIN
BKJ1a, BHOCUT yXyALIEeHMe NMPOHMLAaEMOCTU NiacTa, a
paguyc 3arpsasHEHVS (CKNH-CNOWM) Ha NPUTOK BAUSIET
JNIOrapudMUHECKI, T.€. HE3HAYUTENBHO MO CPABHEHUIO C
YXYALIEHEM MPOHMLIGEMOCTU.

1.3. HexkoTopble HETOYHOCTK, iONYLLYEHHbIE B BONPOCAX
rMAPOAVHAMMKY HedhTAHOro NNacTa npu Bbiode thopmynbl
Skin Effect (1949)

Van Everdingen A.F.,
Hurst N.(1949) [4]

MycazanosP.LL. (cbopmynat3)

AP, = Ou ——— S AP, Qu -IH&S (1)

2 7tkh > 2mkh v

C

PaaHuua B noTepsax faBneHnst C HapyLLEHHON 1 €CTECTBEHHON

MPOHMLIAEMOCTBIO MylacTa cocTasuT [4] n (hopmynald)
R R
= Q'u .ln_s_&.]n_s @)
2aksh v, 2mkh o or,

Pewwasa cosmecTHO (1) 1 (2), nonyyera dropmyna (3) ons pacyeta
CkuH-thakTopa S

Hawkin M.F. (1956) Mydazanos P.LL. (cbopmynaile)
k R k.
S=(—-D)in—= @ S=(1--% 3
(ks ) p ® ( k) @
Tak Kak k §< k., obnactb npuHagnexxkHocT S
S € (-0o0;0)U (0;+0) SeE(0:1]

AHanna chopmynsl (1) V. Everdingen A. F. n Hurst N.
MOKa3bIBaET HYTO, BO-MEPBbIX, MO 3aKOHY MOPOOVHAMUKM
HETAHOro NnacTa, NPV MUALTPALM XXUOKOCTU 3HA4YEHVE
APs nmeeT norapummnyeckyto npupoay, T.e. APs
CHIPKaETCS MO SIoraprMnUHeCcKon KprBoK, a B hopmyre
(1) V. BEverdingen A. F. n Hurst N. (cm. Tabn.) aTo He y4TeHo.
OTa owmbka BHeCNa B 3HaYeHWe S HeonpeaeneHHoCTb

1 + oo, BO-BTOPBIX, cornacHo opmyne(1) V.Everdingen
A.F.n Hurst N., notepu 3abonHoro gasneHns APs He
3aBVCUT OT pPadnyca HapyLLEHVS MPOHMLIGEMOCTY MiacTa
(CKMH-CNOS), 3TO MPOTUBOPEHNT 3aKOHaM MMAPOAMHAMMKA
nracra 1 3aHWKaeT peasibHOe 3HaqeHre S, C YeM Henb3s
cornacutbca. B-tpetonx, B dopmyne (1) npu onpeneneHmn
APs He y4TeH KOS(DMUUNEHT NPOHNLEEMOCTU KS CKUH-
30HbI. JTa oLLMbKa NpvBena K NOSIHOMY UCKaXKEHNIO

28 | ROGTEC

AP =Qm(xs)'ﬂ_(k—ks) i
P,-P, 2m-h k-k rc
ln&
& Qm(x) U n e (E _1)- Q irs ey
2m-hk 1, Ks Q m&
r

c

(27)

The analysis of dimensionless expression (27) leads to

the important conclusion that the formation permeability
degradation makes the most important contribution to
influx reduction and the contamination radius (skin layer)
affects influx logarithmically, i.e. insignificantly compared to
permeability degradation.

1.3. 0il Formation Problems: Errors committed during
calculation of the skin effect formula (1949)

Van Everdingen A. F., Mufazalov R. Sh. (formula 13)
Hurst N.(1949)
Qu ¢ Ou 1. R
5= © §= n (1)
2J'£kh 2nksh T,

The difference in pressure loss at the disturbed and original formation
permeability will give [4] and (formula 14) is

__Ou R Ou R
2aksh v, 2mkh

c c

@

Jointly solving formula’s (1) and (2) (3) for calculating
Skin Factor S

Hawkin M. F. (1956) Mufazalov R. Sh (formula 16)
k R k.
S=(—-Dmh—= g | §=01--= 3
(ks )nrc ©) ( k) @
Since k5.< k the belonging domain of S is
S € (=5;0)U (0;+) SE ;1]

According to the Van Everdingen and Hurst formula (1), the
bottomhole pressure loss due to the presence of a skin layer
does not depend on the permeability disturbance radius
(skin layer). This undoubtedly contradicts the hydrodynamic
laws relating to formations. Secondly, according to the same
laws, the value changes along a logarithmical curve during
fluid filtration, which is disputed in formula (1). Thirdly, the
skin layer permeability ski is disregarded in its determination.
Mathematical logic was ignored in the Van Everdingen and
Hurst formula (1), and the above mentioned errors were
made. Using the erroneous formula and solving (1) and

(2) together, M. F. Hawkin obtained erroneous formula (3)
which is currently known in education and scientific literature
as the Hawkins formula. According to this formula, S can
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3Ha4eHns S. Takm 0bpa3om, NMpu BbIBOAE DOpMy bl

(1) V.Everdingen A.F. n Hurst N. (1949) hapylieHa
MaTemMaTu4ecKas 1orvka 1 JOMyLEHbI CEPbESHBIE OLLNOKM.
Hawkin M.F. (1956), ncnonbsys oLwmbo4Hyto hopmyry (1)

1 peLlast coBMecTHO (1) 1 (2), nony4mn cdhopmyny (3) co
BCEMM BblLLIEyKa3aHHbIMM OLLMOKaMKM A5t ONPeaeneHns
CkuH-thakTopa S , KOTopast BOLLMA B yHEOHYHO W Hay4YHYHO
nmTepatypy kak Hawkins’ formula. CornacHo atown
hopmyne, S MOXXET MPUHMATL SHAYEHNST OT MUHYC
BECKOHEYHOCTI [0 HYNS 1 OT HyNS A0 MtOC 6ECKOHEYHOCTU
6e3 NpUHaOIEXXHOCTN 06acTV ONpPeaeneHns,
CYLLIECTBOBAHNS U MPAKTNYECKOrO MPUMEHEHNS.

B cBs3n ¢ 3TuMm, B MpedplayLLyX pasgenax gaHHom paboThbl
noapobHO 1 MOCNe0BaTENbHO N3MOXKEH aHAIUTNHECKN
BbIBOL, (DOPMYyJIbl 3aBUCMOCTU Ps (13) 1 dhopMybl s
pacyeTa CkuH-thakTopa S. B cneaytoLLyx pasnenax
aHaMTNHECKUI BbIBOA, (hOPMYbl S MOATBEKAAETCS
BbIBOAOM (hOPMYIbl S Heped MHAVKATOPHbIE IMHM «0ebUT-
OaBNeHne», «AebUT-ypOBEHb» 1 MO 3HAYEHNSIM 3a00NHOTO
JaBNeHVst 1 NoTeHUWaibHOro AebuTa 1, Kak CneacTave,
npvBoaMTCA 0600LLIEHHaSA hopmyna (58) ona onpeneneHus
3HaqeHns S.

2. BbiBof thopmynbl CKUH-thaKTOpa Yyepes
WHANKATOPHbIE NUHUKM P=f(Qy) N h=Ff(Qx)
PaccMoTpyM reoMETPUHECKYIO MHTEPMPETaLMIO
COBMECTHOW paboTbl MiacTa 1 CKBaXKMHbI (CM. puc. 4) B
koopamHatax: P, h=Ff(Qx), (bonee nogpobHo cm. [3 1 7]).

2.1. Boieof thopmynbl CKUH-thaKTOPa Yepes UHANKATOPHbIe
JINHUK <[1e6UT-laBNIeHNe»

npyn Ps=const U hg=const

[TPUTOK XKNOKOCTU NPU €CTECTBEHHOW MPOOYKTUBHOCTA
nnacta K:

Q}K(m= K- (P i P:,.), (0bo3Ha4eHns Ha purc.4). (28)
[MpUTOK MpW yXyALEeHHOM NpoayKTMBHOCTM NnacTa Ks
0 =K, (P, B). (9

CHwKeHVe NpuUToKa XNAKOCTY AQXK B CKBKUHY B
pesynbTare yxyaLleHnst npoayktmeHocTV nnacta oT K oo Ks:

AQ)K= Q)l({ld_ QH(KS)=K- (R'm_ P3) - Ks ' (Prm_ Pa) (30)

TaK Kak CHKEHNE MPUTOKA XXUOKOCTU B CKBEXKMHY
MPOMNOPLIMOHATEHO  CKUH-(haKTopy, BBeAeM 0003Ha4eHVe

¢ A0,
Q)K(K) (31)

www.rogtecmagazine.com

assume values from minus infinity to zero and from zero to
plus infinity without belonging to the domain of definition,
existence and practical application. In this connection,

a detailed and consistent presentation of the analytical
development of the APs dependence formula (13) and
skin factor calculation formula was given in the previous
sections of this paper.

2. Developing the skin factor formula through indicator lines
P=f(Qx) and h=f(Qx)

Let us consider the geometrical interpretation of the joint
operation of a formation and a borehole (see fig. 4) in
coordinates: P, h=f(Qy) (for more details see [3 and 7]).

2.1. Developing the skin factor formula through the “flow rate-
pressure” indicator lines at Ps=const M hy=const
Fluid influx productivity at the original formation, K is:

Qm(x)= K- (Pn.u_ 133), (designations in fig. 4) (28)

AQuw

/1
/
/

<
3
z
7’
/
= =

e Qulk) — ol

Figure 4. Geometrical representation of the borehole-
formation correlation to calculate the skin-effect if Ps-
const and hy - const: 1: indicator line P3 = f(Qx(x));

2: indicator line P3 = f (Qx(ks)); 3: indicator line hg = f
(Qx(k)); 4: indicator line hg = f (Qx(ks)); K — productivity

index with natural formation permeability; Ks — productivity
index with blocked formation permeability; Qx(k) — fluid
influx at formation productivity K; Qx(ks) — fluid influx at
formation productivity Ks; AQy — fluid influx reduction

due to productivity degradation from K to Ks; her — static
fluid level in the borehole; hg — dynamic fluid level in the
borehole; QnoTk) — potential influx rate at formation
productivity K; QnoTks) - potential influx rate at formation
productivity Ks; Lo — well depth to top perforations;
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e Qulk) — ol

Qu(x)

-
el

ha

const

4

Quor(k,)

Puc. 4. eomeTpryeckas MHTEPNPETALMS COBMECTHOM
pPaboThbl MNacTa N CKBaXKMHbI 4151 OMPEOENEHNst CKIH-
dakTopa npu Ps-const 1 hg - const: 1- nHonkaropHas
mHns Ps = f(Qx(k)); 2- MHOVKATOPHAS IMHKS

P3 = f (Qx(ks)); 3- HoukaTopHas mHnsA hg = f (Qx(k));
4 - yHavkaTopHasa MHUS hg = f (Qx(ks)); K

— KOS(MOULMEHT MPOAYKTUBHOCTW MPY ECTECTBEHHOW
MpPoHMLaeMocTn nnacta; Ks — koahuumeHT

MPOAYKTUBHOCTI MPW YXYOLLIEHHON MPOHMLIAEMOCTH
nnacta; Qx(k)— MPUTOK XXUAKOCTA NPV MPOLYKTUBHOCTY
nnacta K; Qs(ks) — MPUTOK XUOKOCTY MK
nponykTveHocTY nnacta Ks; AQy — CHUXKEHVE MPUTOKa

B pesy/brare yxyALeHnsi IpoayKTUBHOCTY nacTa
oT K 00 Ks; her — cTatnmyeckmin ypoBeHb XXNOKOCTA B
CKBaXKMHE; hg — OVHaMUHECKNIN YPOBEHDb B CKBAXKUHE;
QnoT(x) — NOTEHLMANBHbI MPUTOK NP MPOLYKTUBHOCTM
nnacta K; QnoT(ks) — MOTEHLMATBHBIA MPUTOK MW
npopykTeHocTw nnacta Ks; Lo — riybrHa CKBaXKMHbI 00
BEPXHNX MePdOPaLOHHBIX OTBEPCTUN.

MNoacTasnssa (28) v (30) B (31), nonayym

A0u_ K- (Bu-P)-K, (Pu-P)+ @2

#x(x)
sK-(P-P)=1-5s
K
nnn K
S=(1-1s
( K)

2.2. BoiBop1 thopmynbl CKUH-thaKTopa yepes

MHAVKATOPHbIE NUHUK «<[1e6UT-YyPoBeHb>

npn Qx=const  (CM. puc. 5)

[MPUTOK >KNAKOCTU Qx MPY ECTECTBEHHOWM MPOOYKTUBHOCTU
rnnacta K coctasut

30 | ROGTEC

Fluid influx at the degraded formation productivity Ks is:
Q)xfxs) = KS ' (Pnn_ Bi)' (29)

Fluid influx reduction AQxx caused by the formation
productivity degradation from K go Ks is:

AQJK= Qm{x]_ Q;K(Ks)=K' (Rm_ Ba) - K_q ) (Prm_ Pa)
(30)

Because the fluid influx reduction is proportional to the skin
factor, we will introduce the following term

g=8Cx @)
Q)K(K)

Inserting (28) and (30) into (31), we obtain

A K (Pu-P)-K, - (Pu-P)+

#K(K)
sK-(P.-P)=1-%s | %)
K
or
K
S=(1-=
( K)

2.2. Developing the skin factor formula through the “flow rate-
level” indicator lines at Q,x=const (see fig. 5)

Fluid influx Qx at the natural formation productivity K will be
Q.=K[L,—(Ly ~ ) = by | 0, 8 -0

With permanent drainage, the productivity degradation from
K to Ks causes the dynamic level to decrease from hgk) to
ha(ks), hence:

Q= Ks[ Ly~ (Lo = )~ her | P 8 -9

Using (34) and (35), we determine dynamic levels at
productivities K and Ks:

Q}K

—=% +h..; %9
K-pcg

h ax) =

www.rogtecmagazine.com
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Pua
2 APy
Pi(k) f
~
Paic) N N ~ o

L N N O«

T o
her Qi cee : :
I |
I I
ha(x) 8 3 | |
ha(k,) 5 : :
Lo i |
I |
I |
Nlm ]
|
| |
N [ ~ I
N S ~ < |
I |
N N !

Puc. 5. ‘eorpadmyeckas nHTepnpeTaLms COBMECTHOM
paboThbl MacTa 1 CKBaXKMUHbI ANst ONMPERENEHNS CKAH-
daxTopa npu Qx-const: 1- VHAVKATOPHaSA NMHUS

P = f(Qx(x)); 2- nHovkaTopHas nvHUs Ps = f (Qixk(ks));
3 - nHankatopHasa nuHns hg = f (Qx(k));

4 - nHonkatopHas vHVS hg = f (Qx(ks));

K - KO3 MDULMEHT NPOAYKTUBHOCTM NP ECTECTBEHHOM
npoHuLaemocTn nnacta; Ks — koaduumeHT
NPOAYKTUBHOCTU NP YXYALLEHHON MPOHULIAEMOCTA
nnacta; Qy — MPUTOK MNACTOBOW »XNOKOCTN B CKBaXKUHY;
her — CTaTM4ECKMIN YPOBEHD »XMOKOCTN B CKB&XKUNHE;
ha(k) — DVHAMNHECKNI YPOBEHD XXMOKOCTY MpW
npopyktmeHocTv nnacta K; hgs) — OvHamm4ecknn
YPOBEHb >KMOKOCT MpY NPOAyKTBHOCTY nnacta Ks,
Ahg — CHWKeHVEe AMHaMNYECKOrO YPOBHS B pe3ySibTaTte
yxyaLweHnsa npoayktmeHocTy nnacta ot K 0o Ks, Lo

— ryBVHa CKBaXKHbI 0 BEPXHUX NEPOPaLMOHHBIX
OTBEPCTUN.

Q.=K[Ly-(Ly—hy)—ber] 0, 80

[py NOCTOAHCTBE OTOOPA XXMOKOCTU yXyLLleH/e
npogykTeHoCcTY OT K 0o Ks MpBOOUT K CHUXKEHWIO
OHaMn4eckoro yposHA oT hgk) 80 hg(ks),
CJ1ef0BaTeSbHO:

Q.= KS[LO - (L, - h’n(Ks)) - hcr] "Px 8+ (35

Nonb3ysck (34) u (35), onpeaenmM AMHaMUHECKME YPOBHM
npu ko duupmeHTax npoayktmeHoCcTM K v Ks:

h Q}K g h . (36)

aw) = CT?

K- 0. g
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The dynamic level drop Ahg gives
Ah,=h
Inserting values (36) and (37) into (38), we obtain

Ah, = (L= her) (Y= hep) =
K 08 K 0x8
_ 0, K-K,
“og KK,
The dynamic level drop by the value of Ahg is proportional to

the skin factor S,

We introduce the term 40
: AR, (40)

h hey

h (k)" (38)

a(xs)

(39)

a(xs)
Using equation (37), we write down

0 L 0.

— x — —
hn(rcs)_ hCT - K + h’CT hCT - K
sPx8 s P8
Pus A
1
K
Ks
Pua
2 APy
Ps(k) f N
Piic) N ~
~ ~ Q
2 = S
her Qi cee : :
i |
ha(x) K 3 | |
: i |
I |
] ]
I |
I |
|
|
|
|
|
|
|
il

Figure 5. Geometrical representation of the borehole-
formation correlation to calculate the skin-effect if
Qx-const: 1: indicator line Ps = f (Qx(k)); 2: indicator line
Ps = f (Qx(ks)); 3: indicator line hg = f (Qx(k));

4 - indicator line hg = f (Qx(ks));

K - productivity index at natural formation permeability;
Ks - productivity index at blocked formation permeability;
Qx - formation fluid influx into the borehole; her - static
fluid level in the borehole; hak) - dynamic fluid level at
formation productivity K; hg(k) - dynamic fluid level at
formation productivity Ks, Ahg - fall of dynamic fluid level
due to formation productivity degradation from K to Ks;
Lo - well depth to top perforations;
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9.
K, 04 8
NageHve aMHaMmM4eckoro yposHA Ahg coctasuT

Ah,=h . —h

cr (37)

(38)

n(xs) ~ (k)"

lNoacTaBnss 3HaqeHus (36) 1 (37) B (38), nosyymm

Q)l(

Ox
K, 08 K 0:8 39
Qx (K -K, )
rg K- K,
NageHre oMHaAMMHECKOrO YPOBHS Ha BeENMYHY Ahg
MPONOPLUMOHaNBHO CKUH-thakTopy S,
BBEOeM 0bo3Ha4eHne (40)
Ah
S=——".
th(KS) - hCT
Nonb3ysack ypasHeHneM (37), 3anmLiem
0, 1 0, @)
hsoy— Ber = +her —hep = — ==,
K08 K, psg

Nocne nogctaHoBkK (39) 1 (41) B (40) nonyynm

Go_ M 0 K-K, 0. 1

h;u(Ks)_hCT p}xg KKS pﬂcg Ks
K
=]1-—". S=(1—Ks)
K K (42)

2.3. BoiBog thopmynbl CKMH-thaKTOpa N0 3HAYEHUID
3a601HOro0 AaBNeHuA NpU Qx=const

YpaBHeHVe NpUTOKa XXUAKOCTU Qxk Mpu 3HAYEHUAX
npogyktneHocT! K 1 Ks, 3anuwem B Buae (CM. puc. 5)

0,=K(P,-P ), (43)
0,=K(P,-Py ), (44)

V13 hopmyrnbl (43) onpenensiem 3abonHoe aasneHve Pa(k)
npw eCTECTBEHHOM NMpoayKTnBHOCTK nnacta K:

K-P_-
K K

32| ROGTEC

Inserting (39) and (41) into (40) provides

go_ A0, K-K, 0 1 _
h,-hs 08 KK, pg K,
K
- K,
S=(-
K =%

(42)

2.3. Developing the skin factor formula through the value of the
hottomhole pressure at Q,x=const

Let us write down the fluid influx Qxx equation at the
productivity values K and Ks in the form of (see fig. 5)

Q}K= K(PHJI - P:;(K) )s 43)
Q}K=K(P1'U1 _193(1() )9 (44)

The bottomhole pressure Ps(k) at the natural formation
productivity K is determined from formula (43):

K.PHJI_Q;K=P _gx (45)

w g L

The bottomhole pressure Pa(ks) at the degraded formation
productivity Ks, i.e., in the presence of a skin layer, is
determined from formula (44)

_K B, -0 _
3(ks) K na K

5 S

At a constant drainage, the formation productivity
degradation from K to Kg causes bottomhole pressure to
drop from P3(x) t0 P3(ks).

The bottomhole pressure drop APs will be

AR! = IDEI(K) - PL'i(KS) . (47)
Inserting the values P3(x) and P3(ks) into (47), we obtain
O, O _ o KK,
AP, =(By= %)= (Fu= =0, )-
K K, K-k~ “9

The bottomhole pressure drop by the value of AP3 is
proportional to the skin factor S.

AP3 = (Pnn - P3(ks) ) S.

or

AP,

3

S —3
Pml = Ps(Ks)
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EXPLORATION M

3 chopmynbl (44) onpenensem 3abonHoe fasneHne Paks)
npY yXyOLeHHOM NpoayKTuBHOCTY Nnacta Ks ,T.e. npu
Ha/MHN CKWH - COSt

_ Ks'me‘Qm_ 0. (46)
3(ks) IDHJI - )
K

5 I<S
[Npy MOCTOAHCTBE OTOOPA XXUAKOCTU YXYyALLEHNE
npoayktveHocTy Nnacta oT K 0o Ks MpvBoauT K mageHuo
3aborHoro aasneHns ot Pa(k) [0 Pa(ks).

MageHve 3aborHoro nasneHust APs coctasuT

AP P(K) 1:)3(1(5) . (47)
MNMofctaenag 3HadveHVs Pak) 1 Pa(ks) B (47), nony4vm
Qo K-K,

Q}K
AP, =B, 5B, ) o

)Q(

MNageHve 3ab0MHOro AaBneHva Ha BennymHy APs
MPOMNOPLMOHANTBHO CKUH-akTopy S.

AP3 = (Pnn - P3(ks) ) S.

nnm S = AP3 (49)
P;m - P 3(kS)
13 hopmynbi (44) 3anuuem
O
P -F, 3(ks) K ’ (s]0)

s

NoacTaensas sHaveHus U3 (48) n (50) B

K-K,, 0, K-K K.
ek 'k Tk Tk e
S=( K,

(49), nony4mm

2.4. BoiBOA, hopmMynbl CKUH-hakTOpa No 3Ha4YEeHUI0
noTeHuuanbHoro aeéuTta (cM. puc.6)

MoTeHuManbHbIM OEOUTOM CKBaXKWHbI HA3bIBAETCS AEOUT,
KOTOPbI MOXET ObITb Nony4veH Npu P3=0. [drHamuyeckumi
YPOBEHb CKB2XKVHHOWM >XMOKOCTN NP STOM CH/KAETCS
00 BEPXHUX NepdopauroHHbIX oTBepcTuin T.€. hg=Lo.
lNnacToBoe gaBneHne octaeTcs 6e3 U3MeHeHNs,
Prnn=const.

113 ypaBHEHMSA MPUTOKA MOTEHLIMANBHBI 4eOUT Mpn
koahdhrumenTe npoaykTBHocT K coctasuT

www.rogtecmagazine.com

From formula (44) we write down

_ 0,
By—Puy = =% (50)

5

Inserting the values from (48) and (50) into (49), we obtain

K-K,, 0, K-K, . K,

OOk Kk Tk Tk e
K

S=(1-=2

2.4. Developing the skin factor formula through

the primary production potential value (see fig. 6)

The primary production potential of a well is a potential that
can be obtained at P3=0. In this case, the dynamic level of
borehole fluid sinks to the top perforations, i.e. hg=Lo. The
formation pressure remains unchanged, Pnan=const.

It follows from the influx equation that the primary production
potential K will be

Qnom ()

In the presence of a skin layer, the productivity falls from K to
Ks, so the primary production potential will be

Qnom(](s) = Ks ) })rm (53)

The reduction of the primary production potential Qnot due
to the formation productivity degradation from K to Ks will
make

AQRU\U’I

=K-P_. 2

LT

= Quniey = Coaminy = K Pua=K, Py = P (K- K,).
(54)

The reduction of the primary production potential by the

value of A Qnor is proportional to the skin factor S
AQHOm = S ' Qnam(x)
or
AQnam

S= _
Qnom(rc) (59)

Inserting values (52) and (54) into (55), we obtain:
PHH(K - KS ) K - KS
K-P, K
or
— KS
K (56)
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. 52
Qnom(.l()=K P * %2

1

[Npy HAIMHUN CKMH—CNOS KOS MULMEHT MPOLAYKTUBHOCTA
napaet oT K 1o Ks, Torga noteHuyanbHbi 4ebut coctasnT

Qnom(lcs) = Ks ) Prul (63)

CHWXeHWe NoTeHUmanbHOro aebuta QMoT B peaynbTarte
yXyAuleHusa npoaykTieHocTy mnacta oT K oo Ks coctaBut

ﬁQrmm =Qnam(x)_Qm(KJ) =K'P11J1_K5.PM=PM'(K_K5)'

(54)

CHUbKeHVe MoTeHLyansHoro aebuTa Ha sennnky A Qpor
nponopLyioHansHo ckuk-daxtopy $ AQ, . =S+ 0, .0

nnn
AQ
S = nom (55)

Qnom(r()

MNopcTrasnag sHadeHve (52) u (54) B (55), nony4nm

g_PuK-K)_K-K,
K-P_ K °

nm

K
S=(1-—s) ©
=%

3. ®opmyna Tuma

B ypasHeHusix (16) 1 (24) oTHoLLeHVe % ABNAETCH
OTHOCUTENBHOM NMPOHNLIZEMOCTHIO, a B (33),(42), (51) 1 (56)
- K? -OTHOCUTENBHOW MPOOYKTVBHOCTLIO MacTa.

Ha ocHoBe aHanmMaa Bbilleyka3aHHbIX (DopMYJT K
dopmyn (12), (23), (31), (40) n (55) MOXXHO caenatb
Ba>KHbIV BbIBOA, HYTO CHUXEHWE MPOHNLAEMOCTH
NPOOYKTUBHOIO MiacTa ABNAETCS pesdybTaToM
CKMH—(hakTopa S u, Kak cneacTeme, ST0 NPUBOAUT
K CHV>KEHWUIO MPOAYKTUBHOCTU NnacTta, nageHuno
3ab0MHOro gaBneHvs 1 AMHaMUYeCKoro ypPOBHS
YKUOKOCTW, CHYDKEHUIO MPUTOKA U MOTEHLMANBHOIO
nebuta, a 6e3pa3mMepHble OTHOCUTENbHbIE UX
BENNYMHBbI PaBHbI MeXXOy Cobom

-"!'_,z £= ‘E;(x,; _ ““acxj _ Q:n:(x,) _ me(x,) . 57)
K K ﬁm hd(x,] Q:n:l:x:l Qmm(x)

Ha ocHoBe (57) 3anmiuem 0600LLeHHY0 hopmMyy 015
onpeneneHnst 3Ha4eHnst CKUH — chakTopa:
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1
K
o K
P
2 AP3
Pa(K) AQuw
} "~
Pa(ics) N N
Vo \ N o
[y T o o
her Qu(K) 1 1
x| Q) : :
ha(x) ) 3 : :
ha(k,) e : !
Lo ! !
e————AQnor—my
4 Aha :
I I
t I
Qllm(KJ \ 1 \ I
- I ~N |
Qlwl(l\} \: - J

Fig. 6. Overall representation of the borehole-formation
correlation to calculate the skin-effect:

1: indicator line P3 = f (Qx(k));

2: indicator line P3 = f (Qx(ks));

3: indicator line hg = f (Qx(k));

4: indicator line hg = f (Qx(ks));

K — productivity index at natural formation permeability;
Ks — productivity index at blocked formation permeability;
Qi (ks) — fluid influx at formation productivity K; Qik(ks)

- fluid influx at formation productivity Ks; AQx — fluid influx
reduction due to formation productivity degradation from
K to Ks; her — static fluid level in the borehole; hg(k)

— dynamic fluid level at formation productivity

K; hg(ks) - dynamic fluid level at formation productivity
Ks; Ahp — dynamic fluid influx reduction due to formation
productivity degradation from K to Ks; Lo — well depth

to top perforations; APz — bottom-hole pressure drop
caused by productivity degradation from K to Ks; Qnor(k)
— potential output rate at productivity impairment K;
Qnort(ks) - potential output rate at productivity impairment
Ks; AQnor — potential output loss due to productivity
degradation from K to Ks;

3. Tim formula K,

In equations (16) and (24), the ratio k is the relative
permeability and in (33),(42), (51) and (56), X: is the relative
formation productivity. K

The analysis of the above-mentioned formulas and formulas
(12), (29), (31), (40) and (55) leads to the important conclusion
that the reduction of the productive formation permeability is
caused by the skin factor which, as a consequence, leads to the
a drop in bottomhole pressure and fluid level, reduction of fluid
influx and primary production potential, and their dimensionless
relative values are equal to each other.
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EXPLORATION M

|
1
K
oy AR
Pua
2 APs
PJ(I\‘) AQw \\
P-;?R.) N ~
Vol \ N o
) T ‘T e
her = Q) 5] 1 |
Y = Qx(x) | —+— I
I | I
ha(x) 3 [ !
. I I
ha(xk,) I I
I I
Lo ! !
e————AQnor—my
4 Aha . \
I I
1 I
Qllm(KJ \ 1 \ I
X | ~ |
Qlwl(l\} \ : - J

Puc. 6. [onHasa nHTepnpeTaLys COBMECTHOM paboThbl
njacTa 1 CKBaK1HbI 4719 ONPEAeNeHns CKUH-(hakTopa:
1- nHovkatopHasa nMvHWS Pa = f (Qxk(k)) ;

2- yHovkaTopHas iHVA Ps = f (Qx(ks)) ;

3- nHonkatopHas MvHVS hg = T (Qx(k)) ;

4- yHovkatopHas vHvs hg = f (Qx(ks)) ;

K — KosthurUMEHT NPOayKTUBHOCTM MPU ECTECTBEHHOM
npoHuuaemocT nnacta; Ks — koshpuupmeHT
MPOLYKTUBHOCTU NP YXYALLEHHOW MPOHULIAEMOCTA
nnacta; Qyk(ks) — MPUTOK XXUOKOCTU MpW
npopyktBHocTY mnacta K; Qyk(ks) — MPUTOK »KMOKOCTW
npv npoayktBHoCcTY nacta Ks; AQy - CH/KeHME
MpUTOKA B pe3ysibTarte yXyOLLEeHss IPOOYKTUBHOCTU
nnacta ot K 0o Ks; her - cTatndeckmin ypoBeHb
YKNOKOCTU B CKBaXKUHE; hpg(x) - OVHaMMYeCKnin ypoBEHb
npv npoaykteHocTY niacta K; hg(ks) - OvHamMmM4ecKkni
YPOBeHb Npu NpoaykTBHOCTY Mnacta Ks; Ahg

— CHKEHNE OVHAMMHECKOrO YPOBHS B PE3Y/bTaTe
yxyaLenHva npoayktneHocTy nnacta ot K oo Ks; Lo

- TJIyBVHA CKBaXKMHbI 40 BEPXHUX MEPMOPaALMOHHBIX
oTBepcTUi; AP3 — nageHne 3aboMHOro AaBMneHNs

B pesy/ibTare yxXyALeHUs MPOayKTVBHOCTY MiiacTta

oT K 10 Ks; Qnort(k) — MOTEHUMabHBIN OEOUT Npw
npopyKTeHOCTU nnacta K; Qnor(ks) - MOTEHLMATBHBIN
£ebut npu npogykteHocTY Mnacta Ks; AQnor

- CHWKEHNE NOTEHLMANBHOrO AebuTa B peadysibTare
yXyALeHva npoayktmeHocTy nnacta oT K o Ks.

s=a-%-q-Koy. A% M
K K~ Py- [)3(:{,) h&{ﬁr,) =R
_A0, _AQ,. (58)°
Q.‘ML‘(K) Qm)m(xj

* TMockonbky AaHHas paboTa BbIMofHeHa B Hay4YHO —
NPON3BOACTBEHHON hrpMe «TuMypHedTeras», Mbl PEKOMEHOyEM
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— Q:II:I:J\',:I — Qnom(x,) . (57)
Q:‘I\:I:X:I Qmm(x)

k, K, Fu, _ Byt

K X

P;I?t) ht’(*.l

Based on (57), we can write down a generalized formula for
determining the skin factor value:

s=a-Saq-By AR A
K PR.; - [)3(3'_‘) ha(x,) - hr:m

Q.‘ML‘(K) Qm)m (x)

* Because this paper has been written by
“Timurneftegas”, we recommend introducing formula
(68) into scientific and education literature under the
name of the “Tim Formula”.

Conclusion
The analysis of formulas (16), (24), (42), (51) and (56) allows
the following conclusions:

» the numerical value of the skin factor S is a
dimensionless quantity;

» the numerical value of the skin factor S only has a
positive quantity;

» the domain of definition of S (belonging) S (0,1];
» the domain of existence of S, 0<S=<1,

» at Ks=K, the skin factor S is absent (the case in which a
formation is not disturbed);

» at Kg=0 the skin factor assumes a maximum value,
i.e. 8=1 (the case in which the formation is absolutely
impermeable).

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 and the
reduction of the formation water influx.

The skin factor has a huge negative effect at all stages of
a hydrocarbon deposit - from reservoir engineering to well

abandonment:

» at the engineering stage, the skin factor is taken into
account as introduced design errors;
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PASBE[OKA

BBECTV hopMyiy (58) B Hay4HYIO 1 yHeOHYHO nuTepaTypy nog
HanmMeHoBaHeM «Popmyna Tumar»

3aknmouyenue
Ha ocHoBe aHannsa dopmyn (16), (24), (42), (51) n (56)
MO>XHO CenaTtb CreayroLLlne BbiIBOObI:

» YMCIOBOE 3HAYEHME CKH—haKTopa S npeacTasnaer

Be3pa3mMepHyo BEMNHMHY;
> 4MCNOBOE 3HAYEHME CKUH—hakTopa S NMEET TOSBKO

MONOXXUTENBHYHO BENHMHY;
» obnactb onpeneneHua S (MpuHagnexHocTty) S (0,1];

» obnacTb cyLlecTBoBaHuA S, 0<S<1;

» npn Ks=K ckunH—dakTop S oTCcyTCTBYET (Cny4yan,
Korga nnacT He VMEET HapyLLEHWI);

» npu Ks=0 cknH—akTop npuHMMaeT
MaKCUMarbHOE 3HaveHne, T. e. S=1 (cnyyan, korga
nnacT abconoTHO HEMPOHULIAEMBIIA).

CKMH-(haKTOp — KOMIMIEKCHbIN NapamMeTp, OTParKatoLLMIA
NHTErpasibHO BCE BUAblI MEXaHN3MOB HapyLLEHNS
KONSIEKTOPA, BIMSIOLLMX Ha yXyOLLEHNE MPOHNLIREMOCTA
1 MOPUCTOCTN OKOJIOCKBEXKMHHOMO MPOCTPaHCTBA
MPOOYKTUBHOMO MacTa U Ha CHYPKEHWE MPUTOKa
NIacTOBOW XXMAKOCTU.

CKUH-(haKTOp BHOCUT CBOW OMPOMHbIV HEraTVBHbIN BKI1AA,

Ha BCEX aTanax XW3H1 MECTOPOXOEHWA - HA4MHasA OT

MPOEKTUPOBAHNS Pa3paboTKM 1 3aBEpLLIas Er0 CrIICaHVEM:
» B CTaaum NPOEKTUPOBaHNS PaspaboTKN
MECTOPOXKAEHVS CKUH-(DaKTOp 3aKaablBasTcs B
BUAE AOMYLLEHHBIX OLLIMOOK NPOEKTUPOBaHNS;
» B CTagun CTPOUTENBCTBA M pa3paboTki
MECTOPOXAEHWSA CKUH-(haKTop obecneyrBaeTca B
BUAE PEaIM30BaHHbIX OLLINBOK MPOEKTUPOBAHUS;
» B CTagum aKcnnyaTaumm MeCcTOpOXXOEHMS
CKMH-(haKTOop peannsyeTcs B BUAE OMPOMHbIX
HEBO30OHOBNSEMbIX 3aTpaT Ha SKCryaTaumio
MECTOPOXAEHNST C HEOBPATUMBIMU HAPYLLIEHNSIMIA
rMapameTpOoB MiacTa 1 Ha BOCCTaHOBMEHME
pa3pyLLEHHON MAOPOre03KON0MN.

CnucoK nuTepaTypbl
1. Bakumpos C. H., PaspaboTka ra3oBblIX, Fa30KOH-

» at the construction and development stage, the
skin factor is is accounted for as current design errors;

» at the production stage, the skin factor is large cost
overruns deposit on exploitation with formation
disturbances parameters and the restoration of ruined
hydroecology.
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