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Abstract—In the oil industry, the evaluation of oil
viscosity is one of the important issues. Generally, the
viscosity of crude oil depends on pressure and
temperature. In this study, the prediction issue of oil
viscosity has been viewed applying empirical correlations
as Beggs-Robinson, Labedi, modified Kartoatmodjo,
Elsharkawy and Alikhan, Al-Khafaji. Original field data
reports have been obtained from Guneshli oil field of
Azerbaijan sector of Caspian Basin. The correlation
models used in the evaluation of viscosity of Azerbaijan
oil have been implemented in the Python software
environment. The obtained values on empirical
correlations have been compared to experimental data
obtained from Guneshli oil field. Statistical analysis in
terms of percent absolute deviation (% AD) and the
percent absolute average deviation (% AAD), mean
absolute error (% MAE), correlation coefficient (% R?),
root mean square error (% RMSE) are used to subject the
evaluation of the viscosity correlations. According to
statistical analysis, it has been known that the Beggs-
Robinson model has shown the lowest value on AAD
(10.5614%), MAE (12.4427 %), RMSE (20.0853 %). The
Labedi model has presented the worst result on every four
criterions. Even though the Elsharkawy-Alikhan model
has presented the highest result (99.9272%) on
correlation coefficient, in the evaluation of viscosity of
Azerbaijan crude oil, the Beggs-Robinson model can be
considered more acceptable.

Index Terms—Correlation, oil viscosity,
solution gas-oil ratio, bubble point pressure.

dead oil,

|. INTRODUCTION

The determination of the physical properties of oil is
significant both theoretically and experimentally. The
substantiation of the composition of reservoir oil and
PVT properties is one of important conditions in the
increasing of calculation accuracy of reserves and
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efficiency of oil fields’ development.

That's, the accurate knowledge about pressure-volume-
temperature (PVT) properties of reservoir fluid is
considered primary data for engineer-oilmen in the
projection of oil fields, development and exploitation,
calculation of well debit, the projection of surface devices,
as well as, calculation of hydrocarbon reserves [1-4].
Viscosity is one of the most important parameters of PVT
properties. Especially, viscosity is important in the
modeling of oil gas fields, the projection of pipelines or
compressor stations, increasing oil extraction and storing
natural gas [5-9]. It plays a major role in the management
of oil in porous environment and pipes, and determines
the internal resistance of the liquid flow. Oil viscosity is a
strong function of physical properties of saturated oil-gas
as pressure, temperature, the specific gravity of oil, the
specific gravity of gas, bubble point pressure [3, 4, 10,
11]:

to =T (T.7:74:R)) (1)

In 1946, for the first time, Beal have proposed
correlation model for estimation of viscosity of USA
crude oil. In his study, he has shown that viscosity of
crude oil increases proportionally with the increase in
pressure.

The viscosity of the oil directly affects the flow of oil
into the lower part of the well during the operation of oil
reservoirs. How much oil viscosity is small, its flow rate
increases so much. In the atmosphere, the viscosity of
dead oil can range from 0.1 to 1000 cP. The viscosity of
the oil in reservoir conditions varies depending on the
pressure and temperature of the reservoir and the amount
of gas dissolved in the oil. So with the increase of
temperature the viscosity of the oil decreases, and when
gas solves in oil, the oil viscosity is significantly reduced.
Therefore, the viscosity of the oil in the atmosphere and
the conditions of installation is different. At one of the
fields in Azerbaijan, the oil viscosity is 1.23 cP in the
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layer (Pl = 119 atm, tl = 24 =C and Qf = 100 m3 / t), but
its viscosity in the atmosphere is 5. However,
experiments show that the oil viscosity increases faintly
with increasing pressure, starting at saturation pressure.
The smallest viscosity of oil exists in a saturation
pressure when oil and gas create a sensory surface [11-
13].

Bubble point pressure B, is the maximum pressure
that gas begins to separate from the oil during the
isothermal expansion of the oil under the thermodynamic
balance condition. Saturation pressure is high when the
temperature is high. Solution Gas Oil Ratio (GOR) R, is

the ratio of the volume of measured gas under normal
condition (on the surface) to the volume of the remaining
oil [12, 14].

Generally, in the standard PVT analyses increased
pressure to cause increase in viscosity when increased
pressure is higher than saturation pressure.

Ideally, the viscosity is defined by laboratory
experiments using samples taken from the bottom of the
well at reservoir pressure and temperature conditions.
Since these laboratory experiments is costly and much
time is required, alternative approaches are using. These
approaches used in the prediction of oil viscosity in the
available literature [15-17] are classified into three main
categories:

- Equations of state (EOS);
- Empirical correlations;
- Machine Learning methods.

The equations of state (EOS) are based on detailed
composition knowledge of the reservoir fluids, thus they
do not eliminate the requirement for laboratory analysis.

When laboratory information is not satisfactory,
engineers use empirical correlations, which usually differ
by the complexity and accuracy, according to existing
information of crude oil. Correlation means regression
equations based on experimental data acquired in
laboratory studies. The accuracy of these correlations
largely depends on primary data used in the calculations
and composition of fluids of various geographic places
[10, 18, 19].

Over the last 70 years, in the prediction of oil viscosity,
numerous correlation equations, which characterize these
or other oils of the world have been proposed by authors
as Beal [1], Chew and Connally [2], Khan, et al. [3],
Labedi [22], Glaso [5], Abdulmajeed [6], Vazquez and
Beggs [20], Beggs and Robinson [21], Kartoatmodjo and
Schmidt [23].

Several correlations for predicting oil viscosity are
available in the literature and five correlations were
considered in this study: Beggs-Robinson [21], Labedi
[22], Elsharkawy — Alikhan correlation [10], Al-Khafaji
correlation [24], and modified Kartoatmodjo [23] which
are applied to estimate the oil viscosiy of Azerbaijan
crude oil samples.

Beggs — Robinson developed a empirical correlation
for predicting oil viscosity by proposed Bell. Beal [1]
correlated dead oil viscosity as a function of API gravity
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and temperature. Authors [21] proposed a modified
correlation for the estimation dead oil and live oil
viscosity using USA crude oils samples (460 data points
for dead oils and 2073 data points for live oils). The
developed correlation is a function of reservoir
temperature, oil API gravity and solution gas—oil ratio.

In 1992, Labedi developed correlations for light oil
viscosity at atmospheric pressure (dead-oil viscosity), at
saturation pressure, and above and below the saturation
pressure. This model uses viscosity data for 100 crude oil
samples were taken from the oil fields of Libya. Labedi
also presented the dead oil viscosity in the range of 0.66
to 4.79 cP and API ranging from 32.2 to 48.0 as a
function of API gravity and temperature in the range of
38 to 152<C using 91 data points. The developed
correlation is a function of physical parameters such as
stock-tank oil gravity, reservoir pressure, and temperature.
Labedi correlation has also reliable predictions since was
developed for similar crudes [22].

In 1994, Kartoatmodjo and Schmidt [23] developed
new empirical correlations for estimate dead oil and the
live-oil-viscosity. The new model based on a large data
collection from reservoirs all over the world. The authors
represented an empirical correlation to predict the
viscosity of dead oil with 3588 data points from 661 dead
oil samples and the live-oil-viscosity correlation from
5321 data points. These publications were considered in
this study: Chew-Connally and Beggs-Robinson
correlations for Live-oil viscosity, and Beal and Vasquez-
Beggs correlations for undersaturated oil viscosity. In all
but the undersaturated oil viscosity case, the new
correlations provide the best prediction.

Elsharkawy and Alikhan [10] presented the new
empirical models for predicting dead, saturated, and
undersaturated viscosities of Middle East crude oils. The
model uses viscosity data of 254 crude oil samples
collected from the Middle East for temperatures ranging
from 38<C to 150<C. The accuracy and limitations of
previously published models for predicting the viscosity
of crude oils are reviewed and discussed. From the
statistical analysis, the new model is present as one of the
best models by comparing it with other models published
in the literature.

In 1987, Al-Khafaji and his colleagues [24] developed
and improved the predictive accuracy of the existing
viscosity correlations to estimate dead, live and
undersaturated oil viscosities. The model based on 1270
experimental data points collected from various oil
reservoirs of different compositions. This model showed
better predictability and high accuracy compared to other
correlations such as the Beal, Beggs and Robinson, Chew
and Connally.

The mathematical expressions of used correlations in
this study have been given in APPENDIX A.

From studied publications it was known that in the
determining of reservoir fluids, trend of decrease of
number of PVT studies and wider use of correlation
dependencies are being observed. In this regard,
improving of existing correlation dependences or
developing new ones, as well as developing computer
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software for calculation of physical properties of
reservoir fluids of separate regions are important.
Recently, different software packages have been
proposed by different companies and manufacturers. For
example, PVTsim (Calsep International Consultants,
USA), Visual PVT (Russian Federation), Kappa PVT
(KAPPA Engineering, France), ECLIPSE PVTi (SIS
Schlumberger Limited, USA), etc.

* PVTsim (Calsep International Consultants, USA)
is focused on modeling the equation of state (EOS)
and allows the user to simulate fluid properties
and PVT experiments.

*  VisualPVT includes about 160 correlations on oil,
gas and water.

» Kappa PVT is simulator which models with both
black-oil and EOS PVT.

*  The ECLIPSE suite of simulators can be used to
model any reservoir type.

The purpose of the study is to review and summarize
the world experience using correlation dependencies to
determine the physical properties of reservoir fluids
according to the results of PVT analysis. Then it is to
explore the possibility of applying the widely spread
correlations in scientific literature in the evaluation of the
Azerbaijani oils’ viscosity for prediction of viscosity,
which is one of the main parameters of PVT properties of
reservoir  fluid. And finally, it is propose
recommendations in the estimation of viscosity of
Azerbaijan crude oil.

The remainder of this paper is organized as follows. In
Section 2, the related works have been analyzed widely.
In section 3, experiments have been carried out on
Azerbaijan oil. In section 4, obtained results and
discussions about these results have been presented.
Finally, section 5 concludes the paper.

Il. RELATED WORKS

In [2] S. A. Khan et al. developed new viscosity
correlations for the crude oils of Saudi Arabian oil
reservoirs. This model used viscosity data for 75 samples
taken from 62 Saudi Arabian oil fields. The samples
contains solution gas-oil ratio, gas relative density, oil
API gravity. Reservoir oil viscosities have been measured
at various pressures above and below the bubble point
pressure for different temperatures. This model showed
better predictability and high accuracy compared to other
correlations such as the Beal, Beggs and Robinson, Chew
and Connally.

Researcher from the University of Baghdad in Iraqi
R.K. Abdulmajeed [6] developed a new correlation to
calculate the oil viscosity at various operating conditions
either for dead, saturated or under saturated reservoir [4].
The analyzes was based on 612 field data sets collected
from different Iragi fields in Khasib, Rumaila, and
Mishrif formations. Each data set contains Temperature,
Gas oil ratios, APl gravity, saturated pressure. In the
development of the proposed model, 516 of 612 data sets
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was used to cross-validate the relationship established
during the training process and, 96 for model testing.
Reservoir oil viscosities have been measured at various
pressures above and below the bubble point pressure for
different temperatures. According to the author, the
proposed correlation can be applied for pressure values
that are above or below bubble point pressure in contrast
to the existing correlations in the literatures that used two
different formulas to be applied for pressure values that
are larger or less than bubble point pressures. This model
showed better predictability and high accuracy compared
to other correlations. The new correlation gives also
lower average absolute relative error (3.20%) than the
other correlations models, from 4.90% for the Khan
correlation and to 6.96% for the Kartoatmodjo correlation.
Notice that the present model works for various reservoir
conditions.

Researchers from the Universities of Oman, Iran and
the Netherlands conducted studies to determine the
correlation that most accurately describes the value of the
dead (degassed) oil viscosity depending on temperature
[25]. In this study, PVT experimental data of three
sample oils from Omani dead oils have been measured
using Automatic Rheometer System Gemini 150/200 3X.
In result was proposed correlation formula is based on
real data, which covers Omani oil types. The correlations
for prediction of viscosities which proposed in this study
for the Omani Fahud crude oils was achieved better
results in comparison with all published dead crude oil
models. The average relative error of the model was 2.5%.
The average relative error was for the Begs — Robinson
and Kartoatmodjo — Schmidt correlation was 7.5% and
30.9% respectively.

In [9] H. H. Hanafy and colleagues presented a new
approach to estimate the viscosity for Egyptian oil. Fluid
data samples used for correlations were collected from 75
fields distributed along three different regions of Egypt
including, the Gulf of Suez, Western Desert, and Sinai.
The authors argue that correlation can be applied to
estimate the properties of oil to different types of crude
oils. However, according to observations, it was found
that due to regional ranges in crude oil compositions, a
universal correlation that can be applied to different types
of crude oils would be difficult to obtain.

In 2014 researchers from the Oil India Limited
Department in India developed comprehensive dead oil
viscosity correlations for the crude oils of Upper Assam
Basin [26]. The author’s belief that the chemical
composition of crude oil is an important factor while
determining an accurate viscosity correlation. This
underlines the importance of the geographical location of
the crude oil samples used in the correlation creation,
which makes it virtually impossible to develop a single
comprehensive viscosity model to include the different
oil-regions of the world. The analysis based on samples
from 162 wells was collected from nine different oil-
fields of Upper Assam Basin of Qil India Limited. The
viscosity measurement of the crude oil samples was
performed using a rotational viscometer and the data
covered a viscosity from 2 to 120 cp and API gravity in
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the range of 18 to 43 <API. In this study, a regression
analysis was conducted according to 486 samples using
IBM’s SPSS statistics software package. The correlation
for light oils was obtained from 353 samples, the
correlation for heavy oils from 94 samples.

Researchers from the Research Institute of Petroleum
Industry and Amirkabir University of Technology in Iran
conducted to develop a reliable black oil model viscosity
correlation and a neural-network based model for
estimation of dead crude oils for Iranian oil reservoirs
[27]. The new proposed correlation was developed by the
aid of non-linear multivariable regression and
optimization based on extensive data set that covers all
Iranian oil reservoirs. Input parameters for this new
correlation are API gravity and temperature. The average
relative error of the model was 4.29%.

In 2010 Iranian researchers developed a new
correlation [8] for prediction of under saturated oil
viscosity based on Iranian oil reservoirs data. The
predicted viscosity using the presented model has been
compared with the actual field data and similar values
obtained using other well-known correlations such as the
Beal, Beggs and Robinson, Vasquez and Beggs,
Kartoatmodjo and Schmidt, and Khan. Checking the
results of this correlation shows that the obtained results
of Iranian oil viscosities in this work are in agreement
with experimental data compared with other correlations.
The value of the average absolute error for the obtained
correlation dependence is not more than 2.6%.

A. Hemmati-Sarapardeh and colleagues [28] proposed
a new mathematical basis approach to develop reliable
models for the determination of crude oil viscosity in
light and intermediate crude oil systems. For this purpose,
a soft computing approach, namely least square support
vector machine (LSSVM), has been utilized to develop
two distinct viscosity models for temperatures below and
above 313.15 K. This model was applied to about 1500
dead oil viscosity data points of light and intermediate
crude oil systems collected from different geographical
areas. Obtained results of proposed CSA-LSSCM models
were compared with appropriate experimental results.
Acquired results show that the proposed models are more
sustainable, reliable and effective compared to existing
methods, and only 2% of the data points may be regarded
as the probable outliers.

In 2016 Iranian researchers developed a new multi-
hybrid model [29] is used to estimate the crude oil
viscosity below, at, and above the bubble points using the
South Pars crude oil data. The model based on parameters
such as the reservoir temperature, oil APl gravity,
solution gas—oil ratio, pressure and saturation pressure. A
general structure of group method of data handling along
with Genetic algorithm, are proposed to obtain efficient
polynomial correlations to estimate oil viscosity. These
correlations also are compared with other well-known
correlations presented in previous studies. Results show
that the proposed multi-hybrid model is superior to the
other models for estimating the viscosity values of
Iranian crude oils.

In 2014, T.K. Al-Wahaibi and his colleagues [30] used
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an ANN approach (artificial neural networks) to predict
the viscosity of dead, saturated and under-saturated
Omani crude oil. The model based on 646 experimental
data points collected from 36 PVT reports from different
Omani oil fields. The database has been divided into 240
data points for under-saturated oils, 370 for saturated oils,
and 36 for dead oils. All unmatched PVT data sets were
removed. The neural-based black box model adopted in
this study was a feedforward neural network (FFNN).The
input variables used for each FFNN were the reservoir
temperature, bubble point pressure, and the stock tank-oil
gravity (API), solution gas oil ratio. The ANN prediction
was compared against 38 oil viscosity correlations using
Omani crude oil viscosity database. Twelve of these
correlations are for dead oil viscosity, 14 are for saturated
oil viscosity and 12 for under-saturated oil viscosity. The
predicted values in the three categories perfectly matched
the experimental results. All coding was made by using
the MATLAB neural networks toolbox.

M.A. Al-Marhoun et al. presented a new approach [15]
to predict of crude oil viscosity curve using artificial
intelligence techniques. The results of the study showed
that the predicted viscosity curve obtained from gas
compositions of Canadian oil fields closely replicated the
experimental viscosity curve above and below bubble
point pressure when compared to other correlations. Also
Functional Networks with Forward Selection (FNFS)
surpassed all the artificial intelligence techniques
followed by Support Vector Machine (SVM).

Many approaches have been presented in the literature
for predicting the viscosity of crude oil. The results
derived by these methods have important errors when
compared with the experimental data. In [31] for this
purposes a robust artificial neural network (ANN) code
was developed in the MATLAB software environment to
predict the viscosity of Iranian crude oils. The results
obtained by the ANN and the well-known semi-empirical
equations were compared with the experimental data. The
prediction procedure was carried out at above and below
the bubble-point pressure using the PVT data of 57
samples collected from oil fields of Iran. Results show
that in comparison with the models previously published
in literature, the ANN model has a better accuracy and
performance in predicting the viscosity of Iranian crudes.

In [32] introduce the ensemble model of bagging as an
important data mining technique to predict dead oil
viscosity. The proposed ensemble model predicted the
viscosity accurately with a correlation coefficient of 0.99,
an accuracy that is comparable to that of ANN as
previously published in literature. It was also noted that
bagging lowered the relative error of the base classifier
(ANN) from 10% to about 8%.

In [16], Oloso et al. developed ensemble machine
learning model for the prediction of dead oil, saturated
and under saturated viscosities. The input parameters for
the machine learning process used easily acquired field
data. For the simulation various functional forms for each
property have been considered. Prediction performance of
the ensemble model is better than the compared widely
used empirical correlations. As the improved predictions
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of viscosity the developed ensemble support vector
regression models could potentially replace the empirical
correlation for viscosity prediction. The developed
ensemble support vector regression models for viscosity
prediction could potentially replace the empirical
correlation, as the improved predictions of viscosity.

1. IMPLEMENTATION SEVERAL EMPIRICAL
CORRELATIONS FOR ESTIMATION OF AZERBAIJAN
OIL VISCOosITY

It has been known, the oil fields of Azerbaijan, both
onshore and offshore, have been in production for over
130 years. During that period records of varying quality
have been kept concerning the properties of individual
boreholes, oil and gas production, and reservoirs. Many
of the very early records are either extremely incomplete
or lost because of various reasons [33].

Oil samples selected from published research
Huseynov et al. [11] of Azerbaijan Guneshli oil field
have been used to conduct experiment (table 1). For
Azerbaijan oil, the relative density (specific gravity) of
gas has been taken 0.8, the relative density (specific
gravity) of oil has been taken 0.8644, API gravity has
been taken 32.1974 [11].

Beggs-Robinson  [21], Labedi [22], modified
Kartoatmodjo [23], Al-Khafiji [24] and Elsharkawy-
Alikhan [10] correlations have been used which are come
across mainly in the literature, for calculating oil
viscosity.

Experiments  were  conducted using  Python
programming language (Jupiter notebook) on Linux OS
(Ubuntu Desktop 16.04) with 1.7GB RAM, Intel(R)
Core(TM) i5-2400, 64bit processor, 3.10GHz CPU
properties. And MATLAB is used to visualize results.

Table 1. Data of Guneshli oil field

(RSSCF /5T8) T(°F) R (psia) |, (cp) P(MPa) oy (CP)
1100.46 | 123.710 | 4312.84 | 0.570 40 6.6966
954.48 | 123.843 | 3826.52 | 0.630 35 6.6770
816.02 | 126.801 | 3372.075 | 0.717 30 6.2648
756.00 | 129.576 | 3178.404 | 0.762 28 5.9153
640.01 | 132.024 | 2774.911 | 0.869 24 5.6333
582.01 | 134.386 | 2572.685 | 0.932 22 5.3820
525.97 | 136.639 | 2372.122 | 1.004 20 5.1594
470.00 | 138.767 | 2166.011 | 1.084 18 4.9632
361.02 | 140.644 | 1740.236 | 1.277 14 4.8003
308.02 | 142.464 | 1527.347 | 1.391 12 4.6510
255.01 | 144.102 | 1306.496 | 1.520 10 4.5232
203.98 | 145540 | 1085.236 | 1.663 8 4.4159
154.01 | 146.709 | 858.242 | 1.820 6 4.3318
104.99 | 149.884 | 649.931 | 1.990 4 4.1168
55.02 | 150.467 | 362.969 | 2.174 2 4.0793

IV. EXPERIMENTS AND DISCUSSIONS

The oil fields of Azerbaijan, both onshore and offshore,
have been in production for over 130 years. The viscosity
of crude oil has been calculated by Beggs-Robinson,
modified Kartoatmodjo, Labedi, Elsharkawy-Alikhan and
Al-Khafiji correlations. The comparison of calculated
results to viscosity of oil samples taken from Guneshli oil
field has been shown in Table 2. The mathematical
expressions of used correlations in this study have been
given in APPENDIX A. One sample of the pseudo code
of the program is presented in APPENDIX B.

Saturated oil viscosity is predicted by Beggs-Robinson,
modified Kartoatmodjo, Labedi, Elsharkawy-Alikhan and
Al-Khafiji correlations. The accuracy has been checked
with experimental data for calculation of saturated oil
viscosity.

Table 2. The calculated values of viscosity with Beggs-Robinson [2], Modified Kartoatmodjo [4], Labedi [3],
Elsharkawy-Alikhan [10] and Al-Khafiji [9]

. Calculated correlations

Oils samples Experimental Beggs- . Modified Elsharkawy - -

correlation Robinson Labedi Kartoatmodjo Alikhan Al-Khafaji
1 0.570 0.7039 1.5402 0.7252 0.6836 0.8764
2 0.630 0.7819 1.6177 0.8359 0.8034 1.0049
3 0.717 0.8498 1.6385 0.9558 0.9224 1.1225
4 0.762 0.8714 1.6193 1.0065 0.9678 1.1621
5 0.869 0.9563 1.6625 1.1657 1.1083 1.3043
6 0.932 0.9964 1.6672 1.2500 1.1769 1.3706
7 1.004 1.0429 1.6795 1.3449 1.2522 1.4450
8 1.084 1.1002 1.7027 1.4568 1.3396 1.5335
9 1.277 1.2836 1.8294 1.7750 1.5909 1.8026
10 1.391 1.3910 1.8949 1.9501 1.7234 1.9476
11 1.520 1.5319 1.9892 2.1588 1.8816 2.1270
12 1.663 1.7138 2.1197 2.3978 2.0632 2.3422
13 1.820 1.9635 2.3137 2.6798 2.2794 2.6116
14 1.990 2.2553 2.5205 2.9252 2.4620 2.8596
15 2.174 2.8277 3.2115 3.3294 2.7818 3.2632
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Elsharkawy and Alikhan correlation [10] has been
checked with experimental viscosity of saturated oil taken
from Guneshli oil reservoirs, and the result has been
shown graphically in figure 1. In this model, absolute
average deviation (AAD) is 25.2323%, correlation
coefficient (R 2 ) is 99.9272% mean absolute error (MAE)
is 30.8906%, root mean square error (RMSE) is

33.4159%.
The Elsharkawy and Alikhan correlation
- Experimental viscosity
254 Calculated viscosity
201
v
o
]
]
Y
® 15
v
10
0 S T T T T T T T T
0 2 4 6 8 10 12 14
Experimental

Fig.1. The comparison of experimental viscosity with calculated
viscosity by Elsharkawy and Alikhan correlation.

Labedi correlation [22] has been applied to calculate
oil viscosities of obtained Azerbaijan oil samples. The
comparison of calculated values with predicted values has
been shown in figure 2. In this correlation model, AAD is
73.4591%, is 91.4944%, MAE is 70.6893%, RMSE is
73.4825%.

The Labedi correlation
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—=— Calculated viscosity
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Fig.2. The comparison of experimental viscosity with calculated
viscosity by Labedi correlation

The modified Kartoatmodjo correlation [23] is has
been checked over Azerbaijan crude oil samples, and the
obtained result has been presented graphically in figure 3.
AAD is 38.3125%, is 99.8744%, MAE is 50.3589%,
RMSE is 58.2237%.

Beggs-Robinson correlation [21] has been tested with
the viscosity of oil samples taken from Guneshli oil
reservoir and the comparative result has been shown in
figure 4. For this model, AAD is 10.5614%, is 97.2405%,
MAE is 12.4427%, RMSE is 20.0853%.
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Fig.3. The comparison of experimental viscosity with calculated
viscosity by modified Kartoatmodjo correlation

The Beggs-Robinson correlation

—— Expenmental viscosity
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Fig.4. The comparison of experimental viscosity with calculated
viscosity by Beggs-Robinson correlation

Al-Khafiji correlation [24] has been applied to
calculate the viscosity of Azerbaijan oil samples. The
comparison predicted value with experimental value has
been shown in figure 5. AAD is 46.9403%, is 99.6687%,
MAE is 55.7998%, and RMSE is 59.5658%.

The Al-Khafaji correlation

r

—+— Experimental viscosity
3.0 { == Calculated viscosity

Calculated

0 2 4 6 B 0 14
Experimental

Fig.5. The comparison of experimental viscosity with calculated
viscosity by Al-Khafiji correlation

The accuracy of applied correlations — expressed by
(2)-(6) formulas — has been calculated based on statistical
parameters [34, 35] as absolute average deviation, mean
absolute error, correlation coefficient, and root mean
square error.

Firstly, AD has been calculated as following:
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:uexp — Hea
Hexp

%AD = x100 @

Above expression given by (2) equation is an
indication of the absolute deviation in percent from
experimental and calculated values, where gz, and s,

represent the experimental and calculated viscosity values,
respectively. Absolute deviation has been taken into
consideration for calculation of absolute average
deviation.

1 n | Hexp — Hea
%AAD ==Y = TE15100 ©)
n :uexp
AAD is an important indicator of the accuracy of the
correlation.

x100 ()

%MAE = % z Heal — :uexp

n
i=1

Mean absolute error is a measure of difference between
Heyy aNd L1, Values.

n (:ucal ‘uexp ) - (Z.uexp )(zﬂcal )
ISy =t ¥ 042 (b))

%R*= x100 ®)

A correlation coefficient is a measure of some type of
correlation, meaning a statistical relationship between
Hep AN g, Values.

z in:l ( Heal — luexp )2

n

x100 (6)

%RMSE :\/

Where n is the number of experimental points, is
experimental viscosity, and is calculated viscosity.
AAD% shows how to be near the calculated values to
experimental values.

The results of calculations have been presented in table
3, and graphically in figure 6.

Table 3. The results of statistical analysis

. Statistical analysis

Correlations 5

AAD®%) | R*(%) | MAE (%) |RMSE (%)
Begus- | 105614 | 97.2405 | 12.4427 | 20.0853
Robinson
Labedi | 73.4501 | 91.4944 | 70.6893 | 73.4825
Modified
Kartoatmodjo | 333125 | 998744 | 503589 | 58.2237
Blsharkawy - | o5 o33 | 99.9272 | 30.8906 | 33.4159
Alikhan
Al-Khafaji | 46.9403 | 99.6687 | 55.7998 | 59.5658

As seen from Figure 6, the %AAD value is
respectively 10.5614, 73.4591, 38.3125, 25.2323, and
46.9403%, and % is 97.2405, 91.4944, 99.8744, 99.9272
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and 99.6687 for Beggs-Robinson, Labedi, modified
Kartoatmodjo, Elsharkawy-Alikhan and Al-Khafaji
corrections.

The comparison of errors

.I!Egs-llul:imuntum]aﬂun

I Labed correlation

[ Nludifed Kartoadmodjo correlation
DEIsharLaM}-AIile:nwrrr\:l‘ml

I AkKhafiji correlation

Correlation Coefficient

Mean Absolute Error

Absalute Average Deviation Root Mean Square Error

Fig.6. The result of statistical analysis

APPENDIX A SUMMARY OF USED VISCOSITY
CORRELATION

141.5

APl = —-1315

70

Beggs — Robinson correlation [21]:
/'lcal =ax /'lgd

where

oy =107 -1

X = T -1.163 x (103.0324—0.02023><API )

a=10.715(R, +100) °**
b =5.44(R, +150) %%

Labedi correlation [22]:

0.6447
2.344-0.03542xAP1 \ _ Mod
10 x
0426
R

Modified Kartoatmodjo correlation [23]:

Heal = (

M =0.0132+0.9821* F —0.005215* F?
where

F = (0.2038+0.8591*10( *00#5"R) ) * |,0385:05664%
((-0.00081*R,)

y=1

Elsharkawy — Alikhan correlation [10]:
fucal =ax /-lcl,)d

where

a=1241.932(R, +641.026) *124°

b =1768.841(R +1180.335) *%%%

Al-Khafaji correlation (1987) [24]:

:ucal =ax :ucl:d
where

a=0.247+0.2824X +0.5657X * —0.4065X * +0.0631X *
b =0.894+0.0546X +0.07667X 2 —0.0736X° +0.01008X *
X =log R,

1.J. Information Technology and Computer Science, 2019, 6, 18-27



Evaluation of Oil Viscosity Based Various Empirical Correlations for Azerbaijan Crude Oils 25

APPENDIX B PSEUDO CODE OF THE BEGGS-ROBINSON
CORRELATION

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

#input data

P=np.array(#value of pressure)
Rs=np.array(#value of solution gas-oil ratio)
exp_vis=np.array(#value of experimental viscosity)
T=np.array(#value of oil reservoir temperature)
Pb=np.array(#value of bubble point pressure)
sg_0=0.8644

sg_g=0.8

API=141.5/sg_0-131.5
x=pow(T,(-1.163))*pow(10,(3.0324-0.02023*API))
do_vis=pow(10,x)-1
a=10.715*pow((Rs+100),(-0.515))
b=5.44*pow((Rs+150),(-0.338))
cal_vis=a*pow(do_vis,b)

#visualization
plt.plot(exp_vis,color="blue’,marker=".")
plt.plot(cal_vis,color="red',marker=".")
plt.legend(('Experimental viscosity', ‘Calculated
viscosity'), loc="upper left’)
plt.xlabel('Experimental’)
plt.ylabel('Calculated")

plt.title('The Beggs-Robinson correlation ')

plt.show()

NOMENCLATURE
API Oil API gravity
R, Solution gas-oil ratio (SCF/STB)
e Dead oil viscosity (cp)

Saturated oil viscosity at bubble point

Hoo pressure (cp)
2 Specific gravity of gas
7, Specific gravity of oil
T Oil reservoir temperature
P, Bubble point pressure
7 Experimental viscosity
. Calculated viscosity
P Pressure
AD Average deviation
AAD Absolute average deviation
MAE Mean absolute error

R? Correlation coefficient
RMSE Root mean square error

V. CONCLUSION AND RECOMMENDATION

Viscosity is one of the most important governing
parameters of the fluid flow. Several empirical
correlation models have been applied to estimating
viscosity of crude oil samples taken from Azerbaijan
Guneshli oil reservoir.

Copyright © 2019 MECS

At the end of the analysis, it has become clear that the
Beggs and Robinson model had the lowest %AAD
(10.5614%) value and the Labedi model had the
highest %AAD value (73.4591%) for Azerbaijani oil
compared to other correlation models. Elsharkawy-
Alikhan model has shown the highest result for
correlation coefficient (99.9272%). According to the
results of statistical analysis, we can say that Beggs-
Robinson model compared to other used correlation
models can be considered more acceptable in the
evaluation of viscosity of Azerbaijan crude oil.
Experiments show that, in the prediction of viscosity,
partial compline is observed to offer traditional empirical
correlations according to different geographical regions
for oil which differ sharply each other by PVT properties
between predicted and experimental values. That’s why
none of these correlations can be considered a universal
correlation. More compatible empirical correlations must
be applied to calculate and to predict accurately viscosity
of Azerbaijan crude oil. In future studies, it is planned to
develop more accurate correlation models for the
evaluation of the viscosity of Azerbaijan crude oil. The
development of model based on machine learning
methods is also intended to evaluate more accurately
viscosity.
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