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Kniouesvie cnosa:
CIIO)KHOTIOCTPOCHHAS 3aJ1eKb,
KOJUIGKTOP ~ TPEIMHHOTO  THIIA,
KOJUIEKTOP TIOPOBOTO THIIA, 3aKO-
HOMEpPHOCTH  He(TeU3BICUCHHS,
JJIEMEHT CHCTEMBI  Pa3pabOTKH,
OLICHKA B3aMMOACHCTBUS MEXLY
CKBaOXUHAMH, KOPPENSALHsS, KOp-
PENSLUOHHBIE MOJIs, MHOTOMEp-
HbI perpeccUoHHbIl aHanu3, Ma-
TeMaTH4YeCKHe MOJENH, (HaKTOpBI,
(dopmupyromue ne6utr HeptH B
Pa3NIUYHBIX KOJUIEKTOPAaX, JIMHEii-
HbIC IMCKPUMUHAHTHBIC (YHKIUH,
JIOCTOBEPHOCTh ~ PACHO3HABAHUS
KOJUIEKTOPOB, creHapun (opmu-
poBanusi nebuta HedTH, dbdek-
THBHOCTb CHUCTEMbI HOJICP)KaHUs
IACTOBOTO JAaBICHHMS.

Oil recovery laws that take into account distribution of reservoirs with different void types within the same accumula-
tion. Carbonate field data of development of Tournaisian-Famennian oil accumulation was used. For comparison purposes
data of development of the field with similar oil properties but reservoir of clastic grain rock and pore type were used. One
injector and neighbor producers were used as components of applied production scheme. The type of reservoir within one
development object was determined by several studies including pressure build-up curve processed by Warren-Root meth-
od. At the first stage correlation coefficients between injection and production of neighbor well were calculated. Calculation
was done for different time and with assumption, according to which correlation coefficient is a quantitative measure of
interactions between two wells. It is determined that use of correlation coefficient for pore reservoirs is significantly differ
to the character of its behavior for fracture reservoir type. Multidimensional mathematical models that characterize flooding
and allow determining producer’s rate were obtained with considered void type. Linear discriminant functions are built with
considered void type of reservoir. Analysis of those functions determined that replacement of oil by water in clastic and
carbonates porous rocks and carbonate naturally fractured reservoirs follow different scenarios.

H3y4eHsl BONPOCH! yCTAHOBJIEHHS 3aKOHOMEPHOCTEH OCYIIECTBIIEHHS TIPOLECCOB HE(TEU3BICYEHHS, YUNTBIBAFOIUX
pacnpocTpaHeHue B IpeJieNax OJHOM 3aJIeKH KOJUIEKTOPOB C Pa3IMYHBIMKU BUJAaMH IycTOTHOCTH. C 9TOH Liesbio npusie-
YeHBI MPOMBICIIOBBIC MaTePHAIbl 10 pa3paboTKe TypHe-(haMeHCKOi KapOOHATHON 3alekH HEe(TSHOTO MECTOPOXKACHHS,
a TaKkKe I CPaBHEHHUS — JaHHBIEC O Pa3pabOTKe 3a1exu HEYTH CO CXOKMMHU CBOWCTBAMM HE(TH, HO C TEPPUTCHHBIM Ipa-
HYJIAPHBIM KOJUIEKTOPOM TOPOBOTo Tuma. Jljisi pACCMOTPEHHS B CTAaThe NMPHHATHI 3IEMEHThI PEAIM30BaHHBIX CHCTEM pa3pa-
GOTKH, NPECTABISAIONIUX OO0 O/IHY HAarHETAaTENbHYIO U COCENHUE J00bIBAIONIME CKBAXKUHBL. THIT KOJUIEKTOpa B Ipese-
JIaX 3JIEMEHTa pa3pabOTKU MPUHUMAIICS 110 MaTepHallaM Pa3INYHbIX UCCIICIOBAHUIl, B TOM YHCIIE MO KPHBOM BOCCTaHOBIIC-
HMS JaBleHus, oOpaboTaHHOH mno Meroauke YoppeHa—Pyra. Ha mepBoM »3Tame pelleHus HOCTaBICHHOH 3agauu
paccuMTaHbl 3HAUEHUs KOI(POUIMEHTOB KOPPEIAIMH MEXIy IPHEMHCTOCTbIO HATHETATENIbHOW CKBAKMHBI U J1e0MTaMU
COCEJIHMX J0OBIBAIOIIMX JUISl PA3IMUHBIX MOMEHTOB BPEMEHHM, IIPH TOM PacyeT MPOM3BOJAMIICA B MPENIOI0KEHUH, YTO
KO3 (UILMEHT KOPPENSALUY SBISETCS YUCICHHOM Mepoiil B3anMOZICHCTBHS MEXK/Iy JBYMs CKBO)XHHAMH. Y CTAaHOBIEHO, YTO
u3MeHeHne Ko3((UIMEeHTa KOPPEISLMH BO BPEMEHH I MOPOBBIX KOJUIEKTOPOB 3HAYMTENIBHO OTIMYACTCS OT XapakTepa
€ro e MOBEJIEHNUs ISl KOJUIEKTOPa TPEIMHHOTO TUIIA. B nanpHeleM poBeieHHbIE HCCIIE0BAHNUS TI03BOJIMIIH TI0JTYYHUTh
MHOTOMEPHbIE MAaTEMaTHYECKUE MOJEIH, XapaKTePU3YIOIIUE MPOLECC 3aBOAHCHHS U TO3BOJISIOIINE ONPEACIATh JeOUTHI
JOOBIBAIOIINX CKBaXKHH, PACMOJIOKEHHBIX BOJIM3M 04aroB HArHETAaHUs, C YYETOM THIA IyCTOTHOCTU KOJIEKTOPA Ha pac-
CMaTPUBAEMOM YYACTKE 3aJIeKH. AHAIN3 JIMHEHHBIX AUCKPUMUHAHTHBIX (yHKIMH, IIOCTPOEHHBIX € YYETOM THUIIA IyCTOT-
HOCTH KOJUIEKTOPA, MO3BOJIMJI YCTAHOBUTB, YTO MPOLECC BHITECHEHUS HE(GTU BOJIOH B TEPPUIEHHBIX NMOPOBHIX, KapOOHAT-
HBIX MTOPOBBIX U KApOOHATHBIX TPEIMHHBIX KOJUIEKTOPAX MPOUCXONT TI0 Pa3IMYHbIM CLEHAPUSIM.
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Introduction

A zone of reservoirs of pore and fracture type is
a key feature of a number of Tournaisian-
Famennian oil formations in Perm region. That was
obtained by researches [1, 2]. Features of reservoirs
this kind are described in papers [3, 4]. Based on the
results of pressure build-up curves processing in
accordance with Warren-Root method that is
described in papers [5-12] it was determined that
zones of fracture reservoirs are directed from south-
west to north-east. These zones complicate geologi-
cal structure of accumulation and development
processes. Evaluation of the efficiency of pressure
maintenance system and determination of replace-
ment processes of oil by water depending on reser-
voir void type are on the front burner. Significant
volume of field data allows using mathematical sta-
tistics in order to overcome this challenge [13].

This paper describes study of mentioned chal-
lenge with use of units of field development that
represent one injection and neighbor production
wells. Each of the units is located in different void
type reservoirs. Injector Well 1 is located within
carbonate reservoirs of fracture type. Injector Well
2 is located within carbonate reservoirs of pore
type. Data on clastic reservoirs of pore type are
involved in the study of probability laws of oil
replacement processes. An injector Well 3 is located
within that reservoir. Oil of clastic and carbonate
reservoirs has similar composition and properties.

Mathematical modeling and analysis of interac-
tion between producers and injectors

For all units of field development selected to
study following data were obtained: volume of in-
jected water  (Vii0) , injectability of injectors (Pr)
and oil rates of producers (Q,).

Correlation links between injected water vol-
ume and injectability of injectors are:

Well 1 - Pr =23.5+0.0293V,, , atr = 0.92;
Well 2 - Pr = 34.6 + 0.0228V,, , atr = 0.87;

Well 3 - Pr=12.8 +0.0301V,, , atr = 0.90.

That shows V,, , and Pr correlate quite well.
Accumulated injectability Pr" is involved into
analysis. Table 1 shows models of change of Pr"
with time (t).

Table 1 — Dependency of Pr" on t

. . Coeffi-
Well Regression equation cient R2
1 Pr" = 242.8 — 0.0006t° + 0.001t* — 0.187¢ + 0.99
+11.04t2 — 57.74t '
2 |Pr"=-916.1 + 0.005t° — 1.884t? + 295.4t 0.99
3 |Pr"=16.26 + 0.402t° + 84.06t 0.99

Analysis of dependency data presented in the
table 1 show that for Well 1, located in the zone of
naturally fractured reservoirs Pr" changes in
accordance with more complicated law, than for
Wells 2 and 3 located in pore type reservoirs.

In order to determine influence of injected water
on average day oil rates Q, correlation coefficients r
between V,, ,, Pr, Pr and Q, were calculated. It is
supposed that based on r values it is possible to
evaluate influence of injected in an injector well
water on oil rates of producers. At the first stage r
was determined for 3-months period from start of
injection. Then r was calculated further for 1 month.

Let us have a look on r values change in three
producers located in different reservoirs zones.
Analysis is performed with use of Q, data from the
producers located nearby.

For Well 1 analysis is done based on 5 neighbor
producers which are located in naturally fractured
reservoirs. For Well 2 7 neighbor producers located
in pore-type reservoir. Analysis of Well 3 is
performed based on data of 4 neighbor producers
located in pore-type reservoir; rocks are presented
by clastic sediments. The space between injectors
and producers is varying in the range of 334 to 960 m.
Maximum difference in r values during time change
is observed at r(Pr" — Q). Thus, typical curves of
r(Pr" — Q,) change for three producers are look like
it is presented on Fig. 1.

Analysis of diagram given in Fig. 1 shows that
change of r between Pr" and Q, — r(Pr" — Q)
for wells of interest are unique. It has to be noted,
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differences presented by change curves r(Pr" — Q,)
in time for pore carbonate and pore clastic reser-
voirs are significantly smaller than differences pre-
sented by curves which characterize pore and natu-
rally fractured reservoirs. The same calculation of r
was done between V, , and Q, - r(Pr - Qo) and
between V,, , and Pr— Qo —r(Pr - Qo).

To account complex influence of coefficients r
on Q, multidimensional regression analysis is used.
Average current oil rate Q, is a function of follow-
ing factors: r(V, , — Pr), r(Pr — Qo), r(Pr" — Qo).
For instance, multidimensional model of producer,
located in naturally fractured reservoir is

Q, =-124.337r(Vy,, —Pr) -
—-1.719r(Pr-Q,) +57.033r(Pr" -Q,) +
+182.540
if R = 0,85 p<0,0000, forecast error is
6,1 tons/day. Values of Q. were calculated by

mentioned formula. Graphical comparison of Q,
and Q' in time is presented in Fig. 2, a.
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Fig. 2. Change of Q, and Q;" in time: a — multidimensional model; b — multidimensional time model
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Analysis of Fig. 2, a shows there are 4 sections
within the graph. First section is in the rage of 0 to
42 months and values Q;" correlate well. For the se-
cond section if 43 <t < 84 months then Q," exceeds
Qo. Then Qo m Q,' correlate poor, but in this range
there are 2 more subsections. Third section is in the
range of 85 to 112 months; fourth is within a range
of 113 to 138 months. To account a ratio of Q, and
Q' in the same time frames as in Fig. 2, a, multi-
dimensional models are built.

Multidimensional mathematical
time modeling and analysis of interaction
between producers and injectors

Time multidimensional models for determina-
tion of oil rates Q™ by an injector, located in natu-
rally fractured reservoir are shown in table 2.

Table 2 shows that formation of model values
QM in time is appeared to be different. That is
proved by coefficients r and values of absolute
terms of regression equation. Note, that in the
range of 85-112 months the model is characterized
by statistically negligible criteria.

Values of Q;' were calculated by 138 values.

Comparison of Q, and Q" in time is presented
on Fig. 2, b. Analysis shows Q, and Q," are equal
in general. Note, there is low correlation between
Q.and Q' in time frame of 85-112 months that is
quantitatively proved by r values, given in the Ta-
ble 2. Based on calculation results, performed by
common and time models for this producer corre-
lation fields between Q, and Q;' , Q,and Q. are
built (Fig. 3).

Correlation fields between values of Qén , calcu-
lated by common model and values of QM calcu-
lated by time models with actual oil rates Q,,
are slightly different in terms of correlation
link (Fig. 3). First case: r = 0.86, second one:
r=0.98.

Authors suggest a hypothesis that value of Qg ,
calculated by the common data is in charge of oil
rated formation due to water injection. Values of
Q. are formed by water injection and other tech-
niques (they are not a subject of this article) of res-
ervoir stimulation

Table 2 — Models to calculate Q"

Coefficients of base
Time frame, D Absolute term R
month p p
F(Vi,o = PT) r(Pr—Qo) r(Pr' - Qo)
0-42 —81.2298 6.5303 31.6133 144.339 0.871
0.021634 0.495413 0.000000 0.000026 0.00000
43-84 —34.4540 —0.7467 94.1672 125.0308 0.815
0.469092 0.528889 0.001472 0.069976 0.0000
85-112 282.870 -101.588 50.634 —199.380 0.206
0.491273 0.631770 0.660733 0.567275 0.78420
113-138 170.859 64.840 -27.324 —-137.853 0.842
0.285989 0.529289 0.180338 0.357782 0.00000

The foregoing allows evaluating the influence of
injected volume of water on oil rates through the cal-
culation of differential parameter dQ by following
formula:

dQ=(Q" -Q")/ Q™.

Change of dQ for wells of interest in all the
cases is unique.

For Well 1 based on the calculations, performed

by common and time models, comparison of Q, and
Q." is performed including 5 neighbor producers
(Fig. 4, a).

Correlation links between Q' values, calcu-

lated by common models and actual oil rated
Qo(r=0.69, p=0.000) is much weak, than
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Fig. 3. Correlation fields

between Q)" calculated though differential mod-
els, and Q, (r = 0.99, p = 0.000). The equation of
regression between Q, u Q,', calculated by com-
mon models is

Q,=9.932 + 0.860 Q"

Equation of regression between Q, u Q", cal-
culated by differential models, is

Qo =-0.001 +0.999 Q™.

Analysis of correlation coefficients and regres-
sion equations shows that second equation
describes the process of formation of Q, values for
5 producers.

In order to compare average values of Q; and
Q, for each well t-statistics is used. Calculation
results are presented in Table 3 (calculation is done
on the injection Well 1).

Analysis of results shows that for average val-
ues there is a statistical correlation between Q, and
Q;' for wells 1d, 2d, 3d and 4d. For 5d well aver-

age value of Q, and Q;" are statistically different.
For injection wells 2 and 3 calculation is done in
the same way.

Values of Q, and Q;" are compared based on

the calculation of common time models for the
injection Well 2 using 7 producers (Fig. 4, b).
Results on the Fig. 4, b prove that correlation
in the first case (r = 0.72, p = 0.000) is slightly
less, than in the second one (r = 0.81, p = 0.000).
In accordance with calculation of common and
time models for the injector 3, located in pore-type

clastic reservoir comparison of Q, and Q,' is done

using 4 producers (Fig. 4. c).

First case correlation (r = 0.69, p = 0.000) is
slightly less, than second one (r = 0.78, p = 0.000).
Comparison of correlation fields, presented in
Fig. 4 shows that they are different to each other
based on analysis of actual and model oil rates,
obtained by common and differential models.
Strong difference in correlation fields is observed
between the values of model and actual oil rates,
obtained influence of injector 1 (naturally frac-
tured reservoir). For wells of pore-type reservoirs
model and actual values of oil rate are less obvi-
ous (wells 2, 3).

Comparison of average values of parameters
in different reservoir zones in accordance with
t-criteria is presented in Table 4.

In the average values of the Table 3 statistical
differences is observed only for dQ value obtained
during the analysis of 3 injectors.

Use of discriminant analysis
to study features of flooding
of reservoirs with different void type

At the final stage of analysis of influence of
[(Vy0 —Pr)» IPr= Qo). r(Pr" = Qy), Q7 QM dQ
values, determined for different reservoir types, on
oil rates discriminant analysis is used. A method is
based on construction of linear discriminant func-
tions (LDF) [14, 15]. During construction of
LDF tpemmunsie naturally fractured carbonate
reservoirs have higher values of mentioned above
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Table 3 — Comparison of average values of Q,and Q,'
) ™ tons/da ™ tons/da tm t™
Neighbor producers Qo, tons/day R y Q_° y — —
(common model) (time models) p p
0.25076 0.05076
d 28.3+22.6 27.6+18.9 28.7+22.6 0.802186 0.902186
0.21526 0.211665
2d 18.3+19.4 17.8+18.3 17.9+185 0.829729 0.833527
0.081919 0.066063
3d 24+£32 23+1.1 23127 0.9347771 0.947376
0.295935 0.285291
4d 19.3+26.5 18.4 +23.3 184 +253 0.767506 0.775638
17.12945 0.011606
5d 56.2+11.4 18.4 £23.3 56.2 +10.9 0.000000 0.990748
Table 4 — Comparison of average parameter by well
t
Well —
Parameter p
1 2 3 Well 1-2 Well 1-3 Well 2-3
0.307 0.353 0.026
r —Pr U.0U/7 U.500 0.026
(Vi,o —Pr) 0.91+0.02 0.91 +0.02 0.91 +0.02 07536 07237 09791
-6.171 1.014 6.411
r(Pr-Qo) -0.26 +0.24 -0.09 +0.17 -0.29+0.30 0.0000 0.3109 0.0000
n -0.705 -2.918 -1.986
r(Pr'— Qo) 0.70 £ 0.38 0.67 + 0.40 0.57 +0.41 0.4809 0.0037 0.0479
5.043 6.140 1.005
", tons/d 3+109. 4121, 4 +6. PP PP A
Qy, tons/day 28.3+19.4 14.4+21.3 54+6.8 0.00000 0.00000 0.3156
mt 4.576 5.576 0.877
Q,", tons/day 28.1+215 16.3+£18.9 5.6+23.1 0.00000 0.00000 0.3810
—2.6828 -4.193 5.124
— + — =+ — + _— R .2
dQ 0.79 £ 145 0.39+0.71 2.197 £ 0.81 0.0077 0.00000 0.0000

parameters that are calculated by models with
closest producers. Here, relationship between them
and injector 1 is evaluated. Pore carbonate reser-
voirs obtained from closest producers are used in
the model. The subject of study is influence of
injector 2 is analysed. Pore reservoirs of sand-
stones represent modeling data, obtained by 4
producers, located nearby injector 3.

Based on these data following LDF were con-
structed:

Z,=12.10461(V,, o, — Pr) —0.03597r(Pr - Qo) -
—0.23894r(Pr" — Q,) — 0.00209 Q" +
+0.01268 Q™ — 0.06982dQ — 8.55129

if R = 0.970, ¥* = 6726,37, p = 0.000000;

Z,=0.856605r(V,, , —Pr) + 2.406087r(Pr - Qo) +
+1.270443r(Pr" - Q) + 0.029147 Q" —
~0.069647 Q™ + 0.29827dQ + 0.686364

if R = 0.718, ¥* = 1366.184, p = 0.000000.

Based on these functions Z; and Z, (presented
in Fig. 5) were calculated.

Fig. 5 shows that values of Z; and Z; are distin-
guished quite well within reservoir groups that are
studied. Average value of Z; for naturally fractured
reservoirs equals to +3.034, for pore carbonate res-
ervoirs equals to +2.156, for pore sandstones equals
to —6.338. Average value of Z, for naturally frac-
tures reservoirs equals to —1.318, for pore carbonate
reservoirs equals to -1.133, for pore sand-
stones equals to —0,148. Authenticity of reservoir
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Fig. 5. Distribution of Z; and Z, values
for different void type reservoirs

identification for naturally fractures carbonates is
83.5%, pore type carbonates — 96.4% and pore

sandstones — 100.0%. This shows that influence
of injectors 1-3 on producer’s oil rate is character-
ized by different values of criteria, chosen for
analysis. Thus, it can be stated that water injec-
tion and oil replacement for studied reservoirs
form different scenarios of oil rate. Therefore, in
the analysis of pressure maintenance system
efficiency for different reservoirs it has to be
taken into account.

Conclusion

1. In presence of reservoirs of both pore and
fracture types within the same accumulation
replacement of oil by water has to be studied
differentially for each accumulation zone.

2. To overcome challenges of Tournaisian-
Famennian accumulation development multidimen-
sional mathematical models are obtained. Models
characterize flooding processes and allow to evaluate
oil rate of producers, located nearby injection heart
with considered void type of reservoir zone.

3. Analysis of linear discriminant functions,
built with considered reservoir void type, allowed
determining that oil rate and replacement of oil by
water in porous clastic, porous carbonate and natu-
rally fractured carbonate reservoirs are different
for each scenario.
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