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TIpoGiema ompenencHus 3a00MHBIX MAaBICHHII B MEXaHM3HUPOBAHHBIX JOOBIBAIONINX CKBAXHHAX, HE 00OPYZOBaHHBIX
TIIyOMHHBIMH M3MEPUTENILHBIMI CHCTEMaMH, SIBISETCS aKTyalbHOH 11 MHOTHX HedTaHbIX MecTopoxiaeHuii ITepmckoro
kpas. Ha npakTuke, NpH OTCYTCTBHM CIEHHAIBHBIX MNPUOOPOB MO CKBOKMHHBIM HAacocOM, 3a00ifHOe [aBicHHE
OIPEJICNIAIOT ITyTeM IepecyeTa JHHAMHYECKOro ypoBHs. IIpu TakoM MOJX0/1e OCHOBHYIO CJIOXKHOCTb IPE/ICTABIIAET pacyer
IUIOTHOCTH Ta30’KUAKOCTHOW CMECH, [JOCTOBEPHOCTh KOTOPOTO ObIBAeT HM3KOH H3-3a BIMSHHS MHOTOYHCICHHBIX
OCJIOKHSAIOMUX (akTopoB. B HacTosmel paboTe npeu1okeH NPUHIMITMAIBHO JPYTOi MOAX0/] K ONpeeIeHII0 3a00iHOr0
JIABJICHUS, PACCMOTPEHHBIH Ha NpHMepe OJHON M3 JOOBIBAIOIIMX CKBAKMH, OCHAICHHBIX BBICOKOTOYHOW ITyOMHHOI
U3MEPHUTEIBHON  CHCTEMOH, DKCIUTyaTUPYIOIIEH TyJbCKO-000pHKOBCKYIO 3anexkb IOpYyKCKOro MeCTOpOMKICHHUS.
B KauecTBe HCXOAHBIX JAHHBIX NMPUHATHI PE3yJIbTAaThl HEMOCPEACTBEHHOTO U3MEPEHNUsI 3a00HHOT0 aBJICHUs, a TAKKE PS
JIPYTHX TOKa3aTeneil ee sKcruryaranun (1e6uThl HeQTH U XKUIKOCTH, OOBOJHEHHOCTD, ANHAMHYECKUI YPOBEHb, IyOHHA
CITycKa Hacoca I10J] AHHAMHYECKUH ypOBEHb, JABJICHHE HA YCThE B 3aTPyOHOM NPOCTPAHCTBE). BBINOIHEHHBIIT HA TEPBOM
9Tarne aHalu3 JaHHBIX MO3BOJHI CIENaTh BBIBOJ, YTO 3a0OiHOE JaBlICHHE B MEPHOJ HAOIIOACHHS U3MEHSIIOCH, TIPHYEM
Pa3HOHANPABJICHHO: CHaYajla MOCTEHEHHO CHIKAJIOCh, 3aTEM — YBEIHYMBAIOCh. B 3TOH CBSA3M MCCIEOBAHME BIMSHUS
HOKa3aTeleil JKCIUTyaTallMd Ha BEIHYMHY 3a00MHOTO JaBIICHHsS NPOBEACHO U TPEX CIIydaeB: UIS BCEro Mephoja
HaOJIIOACHUH, a TAKXKE OT/CIBHO IS IEPHOJIOB €TI0 CHIKCHUS U yBenuueHus. CTaTUCTHYECKUI aHaIN3 CPeIHUX 3HAYCHUH
M IUIOTHOCTEH paclpeiesicHHil IO3BOJMII BBIACAWTH MApaMeTpbl, OKa3bIBaloOLIee BIMSAHHE HAa BEJIUYMHY 3a00HOTO
JIABJICHNS, 1 YCTAHOBUTB, YTO BIMSHHE 3TO Pa3HOHAINpPaBieHHO. Ha 3aKIIOYMTENBHOM JTalre MOCTPOCHbBI MHOTOMEPHBIE
CTaTHCTHYECKUE MOJIENH, YYHUTHIBAIOIINE pPA3HOHAINPABICHHOE BIIMAHHE IOKasaTelell SKCIUlyaTaluu Ha 3aboiiHoe
nasienue. IIpoBepka «paboTOCIOCOOHOCTHY pa3pabOTaHHBIX MOJENCH BBHINOJIHEHA HA MPUMEpe TPeX IPYTHX CKBaXKHUH
9TOro ke 00bekTa paspaboTku. OHa MOATBEpMNIA LENECO0OPAa3HOCTh HCIOIb30BAHUS Pa3spabOTaHHBIX MOAENEH JUIs
OIIPE/ICNICHNs BEJIMYMH 3a00MHOrO JaBICHHS 10 M3BECTHHIM 3HAYEHUSIM MOKa3aTeNell IKCIUTyaTallMH CKBaOXXUH H BCETO
HPETI0KEHHOTO TI0JX0/1a B LIEIOM.

The problem of determining BHP in production wells not equipped with depth measuring systems, it is relevant for many
of the oil fields of Perm Krai. In practice, the absence of special devices for downhole pump bottomhole pressure is
determined by converting the dynamic level. With this approach, the main difficulty is the calculation of the density of the
gas-liquid mixture, the accuracy of which is low due to the influence of numerous complicating factors. In this paper the
fundamentally different approach to the definition of bottomhole pressure, considered on one of the well equipped with
high-precision depth measurement system, of T1-Bb layer of Yurchukskoe field. The initial data are direct measurements of
downhole pressure, as well as a number of other indicators of its operation (flow rates of oil and liquid, water content,
dynamic level, the pump depth below the dynamic level, the pressure of the annulus). The first stage analysis of the data led
to the conclusion that the bottomhole pressure during the observation period varied, with different directions: the first is
gradually reduced, then — increased. In this regard, the study of influence of operating parameters on the value of BHP held
for three cases: for the entire period of observation, as well as separately for the period of its decline and the increase.
Statistical analysis of the averages and distribution densities possible to identify the parameters that influence the
bottomhole pressure, and found that the effect is mixed. At the final stage the multidimensional statistical models that take
into account the effect of multidirectional operating indicators BHP have been built. "Functionality" verification of
developed models was made on the example of three other wells of the same development object. This verification
confirmed the feasibility of using developed models for determining the values of bottomhole pressure from known values
of indicators for well operation and all the proposed approach in general.
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Introduction

Bottomhole pressure (BHP) is an important
parameter characterizing the operation process of
each particular well. In this connection, the control
over the value of BHP is the basis of the monitoring
wells operation [1-4].

With the aim of quality control for the well operation
producing oil fields of Fund LLC "LUKOIL-PERM" are
equipped with various types of depth measurement
systems. Thus, on considered in this paper Tula-
Bobrikovsky deposits of Yurchukskogo field about 30 %
of the wells production fund are equipped with such
systems. In other wells the value of BHP is determined
by converting the measured values directly to a dynamic
level [5-12]. Matching of the selected conversion method
with real geological and physical conditions is the most
important aspect. Today LLC "LUKOIL-PERM" is used
a number of techniques that can determine the bot-
tomhole pressure. They use the model of fluid flow in a
well, not considering all of the processes occurring in the
borehole while moving there multiphase fluid thereon.
Similar findings were obtained by the authors in [13].

In this regard, the development of fundamentally
different technique based on mathematical
processing accumulated for each data object and
creating multidimensional statistical models are
relevant aims [14-16].

In order to develop such a methodology in this
study production data of wells equipped with depth
measuring systems were used, where direct pressure
measurements at the pump intake were repeatedly
made. These measurements much more accurately
recalculated into bottomhole given to the oil-water
contact surface than the dynamic level [17].
Parameters, which are likely to have an impact on
BHP are selected of the total list of field data:

— the depth of the dynamic level H;

— watering B;

— liquid rate Qy;

—oil rate Q,;

—depth of downhole pump submersion lowers
the dynamic level Hy,p;

— temperature 7;

— well-head pressure Pwyup (WHP).

Research of wells operating parameters
influence on the value of BHP

Research of operation parameters influence on
the BHP is made on the example of the well 882,
that is characterized by the maximum number of

measurements (n = 98) for the period from
16 December 2011 to 17 July 2015. BHP changing
Ppyp in time ¢ is depicted in Fig. 1.
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Fig. 1. BHP changing Ppyp in time

It can be seen that in the period since 16 De-
cember 2011 to 30 November 2013 there is quite
natural decrease Pgpp values, then its regular increase,
but with less intensity. The Pgyp changing and other
indicators was investigated for the whole period of
analysis — the sample 1; during the time when the
pressure decreased — sample 2; in a time when the
pressure rose — sample 3. Average values of the above

parameters for samples 2 and 3 are shown in Table 1.

Table 1
Comparing the statistical characteristics
of parameters
Average values Statistical estimation*
Student | Pearson
Parameter . . o .
simple 2 simple 3 criterion | criterion
[ X2
10.64453 | 74.88653
Pgyp, MPa 7603 71201 | 00 | 5.000000
—0.26233 | 1.179766
H;, m 827.3+146.1 |835.8+175.1 0793631 | 0.554392
3.95906 | 14.59630
0,
B, % 63£32 1 3215 1 6000144 | 0.000679
5 —6.91203 | 42.73306
0;, m*/day 23525 | 260%07 | 57500000 | 0.000000
—7.51304 | 48.06495
0,, t/day 18323 | 20804 | J's50900 | 0.000000
—0.26233 | 1.179766
Hoypms M 72771461 [TI92+175.1) (oo | asazon
o —4.2005 | 17.00090
T,°K 293.8+0.5 | 294.1+0.1 0.000038 | 0.000203
2.38870 | 6.731925
Py, MPa 23+14 1708 | o ecer | 0034529
P(2), 9.992116 | 58.21086
relative value | 67240328 018200881 4 506000 | 0.000000
Remarks: * numerator — the criterion value; the

denominator — the level of significance a.
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The value ¢ is calculated to evaluate the
differences in the average values of indicators as
follows:

— |X1_X2| (1)
- 2 2\’
l+i (m,—1)S; +(n, -1)S;
n n, n+n,—2

where X;, X, — respectively average values of the
samples 2 and 3; S/, S,° — dispersion parameters in
these samples. The difference in the average values is
considered statistically significant if #,> ¢, The value
of t is determined depending on the amount of
compared data and the significance level (o = 0.05).
Table. 1 shows that average values are statistically
different by PBHP; B, Q[, Qo, T, PWHP-

For a deeper statistical analysis of the study
parameters their distribution was investigated.

Optimal intervals of indicators values are
calculated according to the formula Sturgess:
X —X_
max min (2)

T 143,32-1gN’
where X

max

X,., — the maximum and minimum

values of the index; N — data quantity.
Relative frequency are defined in each interval

P(X)=~k, 3)

where P(X) - relative frequency in the k interval
for the group (¢ = 2, corresponds to the second
sample); N; — number of index P(X) content in
the k interval; N, — sample volume for samples 2
and 3. Pearson statistic (y°) was used for
comparing the distributions density of the
indicators in the study sample, formula

e M, MY
NN, ——— | -2 (4
X 1 2;M1+M2(Nl sz “4)

where N,, N, — respectively, the number of the indicators
in these samples 2 and 3; M, M,— the number of values
that belongs to a predetermined range, respectively, for
the two studied samples; e — number of intervals. Values
of o criteria are shown in Table. 1. According to this
criterion the following indicators are statistically
different: Pgpp, B, O), Qo T, Pymp.

Research of well operation parameters
influence on the BHP in view
of its changes over time

Pgrp change quantification over time for the three
previously described samples is maden by
calculating the correlation coefficient » (Table 2).

Table 2
The correlation matrix
Pprp t Hy B O 9, Hpm T Pyup
1.00 -0.76* 0.01 0.37* -0.69* -0.69* -0.00 -0.47* -0.29*
Pgup 1.00 —0.87* 0.20 0.10 -0.62* -0.53* —0.20 —0.33 0.27
1.00 0.65* -0.01 0.48* 0.54* 0.33* 0.01 0.13 —0.18
1.00 -0.10 -0.31* 0.77* 0.74* 0.10 0.38* -0.36*
t 1.00 -0.40 -0.17 0.76* 0.68* 0.40 0.05 -0.27
1.00 -0.20 0.83* 0.80* 0.39%* 0.20 0.20 0.44
1.00 0.05 -0.24* -0.22* -0.99* .15 0.33*
H; 1.00 0.15 -0.39 -0.38 -0.99* 0.18 0.28
1.00 -0.1 —0.39* -0.39 —0.99* 0.22 0.49
1.00 -0.31* —0.64* -0.01 -0.26 -0.02
B 1.00 -0.17 —0.60 —0.11 -0.15 —0.08
1.00 0.61%* 0.04 0.10 0.19 -041*
1.00 0.92* -0.24* 0.30* -0.21*
O 1.00 0.89* 0.40* 0.10 -0.09
1.00 0.81* 0.41%* -0.10 —0.52*
1.00 0.24* 0.34* -0.19
0, 1.00 0.41* 0.15 -0.03
1.00 0.40* -0.27* -0.36*
1.00 ~0.15 —0.33*
Hmbm M _—0- 18 _—028*
1.00 -0.16 —0.49
1.00 0.01
T 1.00 0.12
1.00 0.00
1.00
Pyyp 1.00
1.00

Remarks: numerator the sample 1; middle row — sample 2; bottom line — sample 3; * — significant correlations.
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It is evident that for the entire ¢ analysis period
(sample 1), there is a statistically significant inverse
correlation with Pgpp (r = —0.76), for sample 2, this
correlation is more enhanced (» = —0.87), for the third
correlation is still statistically significant, but direct
(r = 0.65). Assuming that the other studied parameters
may change over time, for these samples » values were
calculated. Analysis showed that B and Pyzp have the
similar correlations direction. For B all data correlation
is the reverse (» = —0.31), samples 2 and 3 correlation
are —0.17 and 0.83 respectively. For Pypyp general
correlation is also reverse if » = —0.36; correlation
samples 2 and 3 is equal to —0.27 and 0.44 respectively.
The above data show a significant reorganization of the
well operation in the studied time period. In order to
ensure that the restructuring is not a random process,
the hypothesis is put forward: the separate time periods
of well operation are different by a range of indicators.

For this, stepwise linear discriminant analysis is
applied. The possibility of using it to solve similar
problems is given in [18-20]. The entire studied
sample was used to develop models of separation
options 2, 3. Ppyp criterion is not used in
separating data on options 2 and 3. The possibility
of constructing a linear discriminant function
(LDF) is following. If indicators with the number i
denote as Xj the at the observation point and the
number j for the second sample, as the result it can
be obtained matrix W; order m and n; of the this
sample observation results:

_ ” -
X, X 1n
X X
e 2 2
I/V1 =
L XITI] sz ITII‘II i

Denote values of the coefficients of the
variables with the number i at the point with the
number j of the third sample as X,l,, a Womatrix
order mxn, am obtained:

| Xlll XIIZ . X

1 1 1
W. = X21 X22 . X2nl
2= s

X, x, . oxl

where m — number of indicators; n;, ny, — sample
volume.

The centered sums of squares matrix and cross
products are compiled, to construct the LDF selective

matrix is calculated by them. Then the inverse of
sample covariance matrices (the matrix S) is
determined for the coefficients of the linear
discriminant function. Then boundary value of the
discriminant functions is calculated (R,), which
divides the sample into two subsets. The reliability of
classification is calculated using the Pearson criterion
v*. The following linear discriminant function is
obtained as a result of this method:

Z=0.5250,+ 0.9337— 0.327Pwnp —
—0.002H, — 282.200,

if R=0.679, x* = 58.21, p = 0.000.

Average Z value for option 2 is —0.898, for
option 3 is 0.935. In this function P (Z), the
probability values of belonging to this embodiment
2 were calculated. The relation between Z and P
(Z) is shown in Fig. 2.

It can be seen that P (Z) value naturally decreases
by increasing the quantity Z. The average value of
P (2) to sample 2 (0.672 + 0.328); for sample 3 is
equal (0.182 =+ 0.088). Note that the correct
recognition by this function was 80 %, all the data of
embodiment 3 are recognized correctly. Estimates of
the average value comparison P (Z) and the density
distribution of samples 2 and 3 are made by criterion
tand y* (see Table 1).

1.2

)

1.0 ® cam,,

Fig. 2. Function P (Z) on Z

The performed statistical analysis of the average
values and density distributions showed that P (2)
calculated according to the values Q,, T, Pwup, Noubm
is statistically different. It should be noted that the
study parameters effect is even in different directions
in some cases (see Table 2). This fact confirms the
complexity of the proceeding in the well processes in
multiphase flow and necessitates the development of
a special approach to the determination of BHP, that
takes into account the different directions of the
many factors influence.
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The multidimensional models development
to determine the BHP

To take into account a variety of different, in
some cases multidirectional, the studied parameters
effects on Ppyp several multidimensional models
options are construct using regression analysis. The
regression coefficients calculation in the model
developed is performed by using the least squares
method. The statistical method for studying
relationships between the dependent variable Y and
one or more independent variables X, X, X,, is refers
as regression analysis. Dependent feature in
regression analysis the resultant, independent is
called factorial. Usually, several factors effect on the
dependent variable. The cumulative effect of all
independent factors on the dependent variable is
taken into account due to the multiple regression.

In general, multiple regression is estimated by
the parameters of a linear equation:

Y=a+ b1X1+ b2X2+...+ bP‘XIU

In this equation, the regression coefficients
(b-coefficients)  represent  the independent
contributions of each independent variable in the
prediction of the dependent variable. The regression
line expresses the best prediction of the dependent
variable Y by the independent variables X. In this
case, Pppp is dependent characteristic and N, B, Q,,
Qo, Nyupm», T, Pwrp 1s independent factors.

The concept of residual function is introduced
to solve the problem of regression analysis by least
squares method:

. 1& A \2
o(b) =5 2(%-7.) (©)
k=1

Condition of residual function minimum:

k=1..N.

Obtained system is a (N + 1) linear equations
with (N + 1) unknowns by ... by.
If left side free member of the matrix

M
zyi
i=1

M
B — ;yixi,l

M
Zyixi,N
p

and the coefficients of the unknowns in the right
side equation is submitted as matrix

M M
M Z X, Z X, 5
i-1 =
M M
in,lxi,] in,zxi,l
-1 =]
M M
z XX Z XiaXin
= i=1

M
. Sk,
im1

M
PN
im1
M
9
in,/vxi,z
in1

-

M=
=

D= .

M M M
Xin zx[,lxi,N in,zxi,N zxi,in,N
i=1 i=1 i=1

matrix equation easily solved by Gauss is obtained.
Obtained matrix contains the coefficients of the
regression line equation:

i=1

Constructing multi-dimensional model is made
by three samples. Multi-dimensional model is
originally constructed by the well 882 with 50 % of
the data (option 1). The data are generated in the
training set as follows: the data of 16.12.2011values
are used first (n = 1); data of 17.12.2011 (n = 2), is
not applyed in the multi-dimensional model
construction. They are used at the definition of
constructed model "functionality". Thus, the models
will be constructed by data having an odd number,
and by data having even number will be determined.
As a result, the first multivariate model is received
and its "functionality" will be estimated. When
comparing the Pgyp values and values obtained from
the Phupm model constructed, options 1 and 2 are
finded. The model constructed with the
implementation of this condition is as follows:

Plyipn = T1.594 — 1.67465 O, —
— 0.22745T + 0.04276Pyyp + 0.44088B +  (8)
+2.13748 Q, + 0.00016 H,pm,

if R=0.862, p < 0.0000.

The values of Pjyp, were calculated according to
this model, which were used for comparison with
values Pgyp options 1, 2 (Fig. 3).

Then the constructed model was based on class
extracted using LDF method (excluding wells
dividing into two even and odd samples).
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According to the data the following model was

constructed:

Phiipm= 66.186 — 0.07541 Q; -

)
—0.19377 T+ 0.06005Pywyp
if R =0.722, p <0.0000.
8.6 T T T T T T T T T T
Saf
< SOF $ * 5
a 7.8F L
> 7.6F ’.. *
£ 73 o o
& 10} i a3
6.8F
6.0F
6.4F
6.2 A i i i i L i A i
650 6.84 7.14 744 778 8.14
6.66 699 729 7.60 7.99 8.40
Py, MPa
The 1" variant
8.6 s S L B o o
saf ]
g% E ]
. I . -
£ o
2 ;1421- 80, Voo ]
o 70F fw ]
6.8F ]
6.6} ]
6.4F
6.2 i ' i e i i i e i
650 6.84 7.14 744 778 8.14
6.66 699 729 7.60 7.99 8.40
Pyyp, MPa
The 3" variant
Y —
8.4F
o
OF *
§ 78t we .
or *
. 14 oo 14 0m .
< 7.
= 7.0F
68k
6.6F
641
6.2 i e e 'l i e e e i
650 6.84 7.14 744 778 8.14
6.66 699 729 7.60 7.99 8.40
Pyyp, MPa
The 5" variant
Y —
8.4F
g% - ]
£ 7.8F ]
= 1.6f 1
x 7.4p S L B 1
7.0k e ™ :
3 .
57| SEEE A o« °3 ]
6.4¢ ®
6.2 A i s A A i A A A A
650 6.84 7.14 744 778 8.14
6.66 699 729 7.60 7.99 8.40

Pyyp, MPa
The 7" variant

According to this formula, values were
calculated according to embodiment 3 (see Fig. 3).
Then according to this model the values of Payp,
examination sample were calculated. Pgpp
comparison with P pp,, for the examination sample
is shown in Fig. 3 (option 4).

8.6 T T T T T T T T T T
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Fig. 3. Correlation fields between Pgyp 1 Pgypy,
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Then the model was constructed to reflect the
classes extracted using the method LDF, taking into
account the wells division into two classes of parity
and odd samples (option 5). Considering these
constraints the following model was constructed:

Phpm=3.736 + 0.2083010; +
+0.000192H, — 0.1086760,

(10)

if R=0.799, p <0.00000.

Then, according to this model P53 upm values were
calculated for examination sample. Pgyp comparison
with Pyyp, for the examination sample is shown in
Fig. 3 (option 6).

According to the models values Py, and Paipn
have been identified comparison with Pgpp was carried
out by the correlation field construction between the
them (see Fig. 3).

Then testing three constructed models
functionality was made for other wells of the same
design object (wells 206, 209 and 216) in two
versions. In the first case the 1st model was used for
calculation without taking into account the division
LDF (option 7). In the second case, calculations were
made taking into account the division into classes
using LDF on models 2 and 3 (option 8). Pggp value in
the range of 6.6-8.2 MPa were used to test. This is
caused by estimating functionality of the constructed
models only in interpolation interval. The analysis of
constructed correlation fields was carried out. The
constructed according to the training sample (option 1)
correlation field consists of two subfields even at a
visual level. A similar field is observed according to
the examination sample. This indicates that the data
are quite similar. Correlation field constructed
considering division into classes using LDF (option 3)
shows that the visual division into classes is no longer
visible. A similar field is observed according to the

examination of the sample (option 4). If Pgpp,, values,
data on training and exam, and their comparison with
Pgrp (option 5 and 6) are used in the training then
there is their division into zones (see Fig. 3). For
option 5 correlation field is located in the upper right
corner of the chart to version 6 is located the bottom
left corner. It should be noted that for option 5,
r = 0.77, while for option 6 » = 0.65. These
relationships are statistically significant. Let’s perform
functional test of constructed models for wells 206,
209 and 216 (options 7, 8). In the event that the model
1 is used, the connection between Pgpp and Payp,, 1S
not observed (r = —0.12). The connection between
Pgrp and Pgyp,, is a direct and statistically significant
(r=0.87) in constructing the model using the LDF and
calculating Pgp,, values on models 2 and 3. Thus, we
can conclude that the use of changing in time Pgyp
values the can more accurately predict the Pggp,, value
by circumstantial evidence.

Conclusions

The following main conclusions can be drawn
on the results of the research:

1. 1. The BHP in mechanized wells without
depth measurement systems is determined by the
dynamic level recalculation according to known
methods with significant inaccuracies.

2. Mathematical processing of production data
(BHP, oil rates and liquid, water content, etc.) of the
Yurchukskogo field well allowed developing a
technique of construction of multidimensional
models, which can be used in other fields to
determine BHP from the known values of other
indicators of well operation.

3. The validity of the obtained results with the
use of constructed multidimensional models tested
by the example of the other three wells of the
development of the object.
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