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 Проблема определения забойных давлений в механизированных добывающих скважинах, не оборудованных 
глубинными измерительными системами, является актуальной для многих нефтяных месторождений Пермского 
края. На практике, при отсутствии специальных приборов под скважинным насосом, забойное давление 
определяют путем пересчета динамического уровня. При таком подходе основную сложность представляет расчет 
плотности газожидкостной смеси, достоверность которого бывает низкой из-за влияния многочисленных 
осложняющих факторов. В настоящей работе предложен принципиально другой подход к определению забойного 
давления, рассмотренный на примере одной из добывающих скважин, оснащенных высокоточной глубинной 
измерительной системой, эксплуатирующей тульско-бобриковскую залежь Юрчукского месторождения. 
В качестве исходных данных приняты результаты непосредственного измерения забойного давления, а также ряд 
других показателей ее эксплуатации (дебиты нефти и жидкости, обводненность, динамический уровень, глубина 
спуска насоса под динамический уровень, давление на устье в затрубном пространстве). Выполненный на первом 
этапе анализ данных позволил сделать вывод, что забойное давление в период наблюдения изменялось, причем 
разнонаправленно: сначала постепенно снижалось, затем – увеличивалось. В этой связи исследование влияния 
показателей эксплуатации на величину забойного давления проведено для трех случаев: для всего периода 
наблюдений, а также отдельно для периодов его снижения и увеличения. Статистический анализ средних значений 
и плотностей распределений позволил выделить параметры, оказывающее влияние на величину забойного 
давления, и установить, что влияние это разнонаправленно. На заключительном этапе построены многомерные 
статистические модели, учитывающие разнонаправленное влияние показателей эксплуатации на забойное 
давление. Проверка «работоспособности» разработанных моделей выполнена на примере трех других скважин 
этого же объекта разработки. Она подтвердила целесообразность использования разработанных моделей для 
определения величин забойного давления по известным значениям показателей эксплуатации скважин и всего 
предложенного подхода в целом. 
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 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 Tl-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 Нd; 
– watering В; 
– liquid rate Ql; 
– oil rate Qo; 
–depth of downhole pump submersion lowers 

the dynamic level Нsubm; 
– temperature Т; 
– well-head pressure РWHP (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 
PBHP in time t is depicted in Fig. 1. 

 
Fig. 1. BHP changing PBHP in time 

It can be seen that in the period since 16 De-
cember 2011 to 30 November 2013 there is quite 
natural decrease PBHP values, then its regular increase, 
but with less intensity. The PBHP 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.  

T a b l e  1  

Comparing the statistical characteristics  
of parameters 

Parameter 

Average values Statistical estimation*

simple 2 simple 3 
Student 
criterion  

tp
 

Pearson 
criterion 

χ2 

РBHP, MPa 7.6 ± 0.3 7.1 ± 0.1 
10.64453 
0.000000 

74.88653 
0.000000 

Нd, m 827.3 ± 146.1 835.8 ± 175.1 
–0.26233 
0.793631 

1.179766
0.554392

В, % 6.3 ± 5.2 3.2 ± 1.5 
3.95906 

0.000144 
14.59630
0.000679

Ql, m
з/day 23.5 ± 2.5 26.0 ± 0.7 

–6.91203 
0.000000 

42.73306
0.000000

Qo, t/day 18.3 ± 2.3 20.8 ± 0.4 
–7.51304 
0.000000 

48.06495
0.000000

Нsubm, m 727.7 ± 146.1 719.2 ± 175.1 
–0.26233 
0.793631 

1.179766
0.554392

Т, °К 293.8 ± 0.5 294.1 ± 0.1 
–4.2005 

0.000038 
17.00090
0.000203

РWHP, MPa 2.3 ± 1.4 1.7 ± 0..8 
2.38870 

0.018864 
6.731925
0.034529

Р(Z),  
relative value

0.672 ± 0.328 0.182 ± 0.088 
9.992116 
0.000000 

58.21086
0.000000

R e m a r k s : * numerator – the criterion value; the 
denominator – the level of significance α. 
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The value t is calculated to evaluate the 
differences in the average values of indicators as 
follows: 

 
   

1 2

2 2
1 1 2 2

1 2 1 2

,
1 11 1

2

р

X X
t

n S n S

n n n n




   
    

 (1) 

where X1, X2 – respectively average values of the 
samples 2 and 3; S1

2, S2
2 – dispersion parameters in 

these samples. The difference in the average values is 
considered statistically significant if tp > tt. The value 
of tt is determined depending on the amount of 
compared data and the significance level (α = 0.05). 
Table. 1 shows that average values are statistically 
different by PBHP, B, Ql, 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: 

 max min ,
1 3,32 lg

X X
X

N


 

 
  (2) 

where max min,X X  – the maximum and minimum 

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

   ,k

q

N
P X

N
   (3) 

where P(Х)  – relative frequency in the k interval 
for the group (q = 2, corresponds to the second 
sample); Nk – number of index P(Х)  content in 
the k interval; Nq – sample volume for samples 2 
and 3. Pearson statistic (χ2) was used for 
comparing the distributions density of the 
indicators in the study sample, formula 

 
2

2 1 2
1 2

1 1 21 2

1
,

e

i

M M
N N

N NM M

      
  (4) 

where N1, N2 – respectively, the number of the indicators 
in these samples 2 and 3; M1, M2 – the number of values 
that belongs to a predetermined range, respectively, for 
the two studied samples; е – number of intervals. Values 
of χ2 criteria are shown in Table. 1. According to this 
criterion the following indicators are statistically 
different: PBHP, B, Ql, Qo, T, PWHP. 

Research of well operation parameters  
influence on the BHP in view  

of its changes over time 

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

T a b l e  2  
The correlation matrix  

 РBHP t Нd В Ql Qo Нsubm Т РWHP

РBHP 
1.00  
1.00  
1.00 

–0.76* 
–0.87*  
0.65*

0.01  
0.20  
–0.01 

0.37* 
0.10  
0.48*

–0.69* 
–0.62*  
0.54*

–0.69* 
–0.53*  
0.33*

–0.00  
–0.20  
0.01 

–0.47*  
–0.33  
0.13 

–0.29* 
0.27  
–0.18

t  

1.00 
1.00  
1.00

–0.10  
–0.40  
–0.20 

–0.31* 
–0.17  
0.83*

0.77* 
0.76*  
0.80*

0.74* 
0.68*  
0.39*

0.10  
0.40  
0.20 

0.38*  
0.05  
0.20 

–0.36* 
–0.27  
0.44

Нd  
 1.00  

1.00  
1.00 

0.05 
0.15  
–0.14

–0.24* 
–0.39  
–0.39*

–0.22* 
–0.38  
–0.39

–0.99*  
–0.99*  
–0.99* 

0.15  
0.18  
0.22 

0.33* 
0.28  
0.49

В  
 

 
1.00 
1.00  
1.00

–0.31* 
–0.17  
0.61*

–0.64* 
–0.60  
0.04

–0.01  
–0.11  
0.10 

-0.26  
-0.15  
0.19 

–0.02 
–0.08  
–0.41*

Ql  
 

  
1.00 
1.00  
1.00

0.92* 
0.89*  
0.81*

–0.24*  
0.40*  
0.41* 

0.30*  
0.10  
-0.10 

–0.21* 
–0.09  
–0.52*

Qo  
 

   
1.00 
1.00  
1.00

0.24*  
0.41*  
0.40* 

0.34*  
0.15  

–0.27* 

–0.19 
–0.03  
–0.36*

Нsubm  
 

    

1.00  
1.00  
1.00 

–0.15  
–0.18  
–0.16 

–0.33* 
–0.28*  
–0.49

Т  
 

    

1.00  
1.00  
1.00 

0.01 
0.12  
0.00

РWHP  
 

    

 1.00 
1.00  
1.00

R e m a r k s : 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 t analysis period 
(sample 1), there is a statistically significant inverse 
correlation with PBHP (r = –0.76), for sample 2, this 
correlation is more enhanced (r = –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 r values were 
calculated. Analysis showed that B and PWHP have the 
similar correlations direction. For B all data correlation 
is the reverse (r = –0.31), samples 2 and 3 correlation 
are –0.17 and 0.83 respectively. For PWHP general 
correlation is also reverse if r = –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. PBHP 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 Xij the at the observation point and the 
number j for the second sample, as the result it can 
be obtained matrix W1 order m and n1 of the this 
sample observation results: 

1

1

1 2 1

12
11 1

21 22 2
1

.

.
.

. . . .

.

n

n

m m mn

X X X

X X X
W

X X X

 
 
   
 
    

 

Denote values of the coefficients of the 
variables with the number i at the point with the 
number j of the third sample as Х1

i j, a W2matrix 
order mn2 am obtained: 

2

1

1 2 2

1 1
11 12 1

1 1 1
21 22 2

2

1 1 1

.

.
,

. . . .

.

n

n

m m mn

X X X

X X X
W

X X X

 
 
   
 
  

 

where m – number of indicators; n1, n2, – 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 (Ro), which 
divides the sample into two subsets. The reliability of 
classification is calculated using the Pearson criterion 
χ2. The following linear discriminant function is 
obtained as a result of this method:  

Z = 0.525Qo + 0.933Т – 0.327РWHP –  

 – 0.002Нsubm – 282.200,  

if R = 0.679, χ2 = 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 (Z) 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 
t and χ2 (see Table 1). 

 
Fig. 2. Function P (Z) on Z 

The performed statistical analysis of the average 
values and density distributions showed that P (Z) 
calculated according to the values Qo, T, PWHP, Nsubm 
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. 

(5)
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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 PBHP 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 X1, X2, Xp 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 = а + b1X1 + b2X2 +…+ bрXр. 
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, PBHP is dependent characteristic and Nd, B, Ql, 
Qo, Nsubm, T, PWHP is independent factors. 

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

    2

1

1 ˆ .
2

M

k k
k

Y Yb


    (6) 

Condition of residual function minimum: 

 
, 0

1 1 1

, , , 0 ,
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,
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1... .
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M M N M

i i k j i j i k i k
i i j i

y b x b M

d b
y x b x x Mb xi N

k N

  
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  
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
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 

  
  (7) 

Obtained system is a (N + 1) linear equations 
with (N + 1) unknowns b0 ... bN. 

If left side free member of the matrix 
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and the coefficients of the unknowns in the right 
side equation is submitted as matrix 

,1 ,2 ,
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matrix equation easily solved by Gauss is obtained. 
Obtained matrix contains the coefficients of the 
regression line equation: 
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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 PBHP values and values obtained from 
the Р1

B HPm model constructed, options 1 and 2 are 
finded. The model constructed with the 
implementation of this condition is as follows:  

Р1
B  HPm = 71.594 – 1.67465 Ql –  

 – 0.22745Т + 0.04276РWHP + 0.44088В +  (8) 

+ 2.13748 Qo + 0.00016 Нsubm, 

if R = 0.862, р < 0.0000.  
The values of Р1

B  HPm were calculated according to 
this model, which were used for comparison with 
values PBHP 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: 

 Р2
B  HPm = 66.186 – 0.07541 Ql –  

 – 0.19377 Т + 0.06005РWHP   

if R = 0.722, р < 0.0000.  

According to this formula, values were 
calculated according to embodiment 3 (see Fig. 3). 
Then according to this model the values of Р2

B HPm 
examination sample were calculated. PBHP 
comparison with Р2

B  HPm for the examination sample 
is shown in Fig. 3 (option 4). 

 
 

 
Fig. 3. Correlation fields between РBHP и РBHPm 

(9)
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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: 

 Р3
B  HPm = 3.736 + 0.208301Ql +  

 + 0.000192Нd – 0.108676Qo  

if R = 0.799, р < 0.00000. 
Then, according to this model Р3

B  HPm values were 
calculated for examination sample. PBHP comparison 
with Р3

B HPm for the examination sample is shown in 
Fig. 3 (option 6). 

According to the models values Р2
B HPm and Р3

B HPm 
have been identified comparison with PBHP 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). PBHP 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 PBHPm values, 
data on training and exam, and their comparison with 
PBHP (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 r = 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 PBHP and PBHPm is 
not observed (r = –0.12). The connection between 
PBHP and PBHPm is a direct and statistically significant  
(r = 0.87) in constructing the model using the LDF and 
calculating PBHPm values on models 2 and 3. Thus, we 
can conclude that the use of changing in time PBHP 
values the can more accurately predict the PBHPm 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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