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ABSTRACT

The estimation of Pressure-VVolume-Temperature (or PVT) properties is an extremely important
aspect of oil and gas exploration and production as the parameters derived from these functions
are used for reserve estimations, reservoir modeling, production and pressure analysis, and for
predicting well production performance. Reservoir fluids from unconventional reservoirs tend to
be significantly "lighter” (i.e., contain less heavy hydrocarbon molecules) compared to the so-

called "black oil" reservoir fluids, and as such, generally require specialized correlations.

The primary focus of this work is to estimate the “saturation pressure” and "oil formation
volume factor” of a relatively large sampling of reservoir fluids from unconventional (shale)
reservoirs where these fluids tend to be near-critical volatile oils or retrograde gas condensate
fluids. In this work, we utilize data from 138 PVT lab reports donated by industry collaborators
(on the condition that the reports and data remain anonymous/confidential). These data were
obtained from various unconventional reservoirs in the United States and Latin America (where

again, the origin of the data is to remain confidential).

These data are used as a test case against the most common saturation pressure correlations
available in the industry since the 1940s. It is important to recognize that this is a common
practice, i.e., to test a "standard' model against a new data set. However; virtually all of the
historical saturation pressure correlations were developed for "black oil" reservoir fluids. As
such, we test each historical model with and without regression (MS Excel and Python

algorithms are used to perform the regressions).

To assess a "best fit" in a statistical sense, we also utilize so-called "non-parametric” correlation
methods that provide a multivariate optimization without using a specific model. These methods



provide guidance on the best correlation of a given multivariate data set, but these methods
cannot be used as a predictor (at least not directly). Lastly, in this work, we have developed a
family of exponential-polynomial and rational polynomial functions to relate the saturation
pressure and oil formation volume factor with reservoir temperature, stock tank oil gravity,

separator gas gravity, and solution gas-oil-ratio.

Our proposed correlations have yielded excellent functional and statistical performances for our
specific database, and we believe these correlations provide a new methodology for representing
saturation pressure and oil formation volume factor based on these inputs. We also note that we
have used certain variations of our proposed model to predict oil viscosity, but this was more of a
test-of-concept as we are not confident that the volume of oil viscosity data in our database is

sufficient to provide unique and robust correlations.
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NOMENCLATURE

Field Variables

API
Bo
Bob
Psat
Rs
Rsh
-

Tr

= Oil stock tank gravity, [°API]
= Oil formation volume factor, [RB/STB]
= Oil formation volume factor at saturation pressure, [RB/STB]

Saturation pressure, [Pa] or [psia]

Solution gas-oil ratio, [scf/STB]

Solution gas-oil ratio at saturation pressure, [scf/STB]

Temperature, [°C] or [°F]

Reservoir temperature, [°C] or [°F]

Greek Variables

VAPI

Vg

Yo

u

Ho

= Oil API Gravity, [°PAPI]
= Gas specific gravity, [dimensionless] (air =1)

= Oil specific gravity, [dimensionless] (water =1)

Viscosity, [Pa s] or [cP]

Oil Viscosity, [Pas] or [cP]

Correlation Variables

Ci

Ci

Correlation coefficients (i=1, 2, 3, ...).

Correlation coefficients (i=1, 2, 3, ...).
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Statistical Variables

o = Standard Deviation [psia], [RB/BBL], or [cp]

o’ = Variance [psia?], [RB/BBL?], or [cp?]

ADE = Absolute Difference Error [psia], [RB/BBL], or [cp]
LSE = Least-Squares Error [psia?], [RB/BBL?], or [cp?]
AARE = Average Absolute Relative Error (percent)
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CHAPTER |

INTRODUCTION

This chapter provides an overview of the development and application of PVT correlations for
reservoir fluids from unconventional reservoirs as developed in this thesis. The goal of this work
is to establish practical and robust correlations for estimating the saturation pressure and the oil
formation volume factor for unconventional reservoir fluids using commonly available reference

properties (Rsy, yg (0r SG), API, T, psat [where psat is only used for the Boyp correlations]).

1.1 Statement of the Problem

This thesis aims to determine the validity of historical correlations and develop a new set of
equations to predict saturation pressure and oil formation volume factor for cases of black oil,
volatile oil, and retrograde gas condensate reservoir fluids from unconventional reservoirs.
Pressure-Volume-Temperature (or PVT) properties are extremely important to different facets of
the oil and gas industry, from reserve estimation, reservoir modeling, production and pressure

evaluation, and well performance.

As suggested above, almost all PVT correlations have been proposed for conventional "black
oil" fluids; however, our work will focus on the application of these existing correlations or cases
of reservoir fluids in unconventional reservoirs. In addition to "recalibrating™ the existing "black
oil" correlations to a database that we created from company data donations, we will also create
new correlations for saturation pressure (psat for black/volatile oils, or psat for retrograde gas

condensate reservoirs) and the oil formation volume factor at the bubblepoint (Bop).

The increase of exploration in unconventional shale resources has accelerated the need for the

accurate determination/estimation of PVT properties. Laboratory testing is the most

1



recommended and most accurate approach for determining these properties; however, if
obtaining a fluid sample is technically infeasible due to the well condition(s), and/or cost-
prohibitive, then correlations must be used for the estimation of PVT properties. Since
unconventional fluids tend to be significantly "lighter" (less heavy hydrocarbon molecules)
compared to so-called conventional "black oil" reservoir fluids, then we should expect to see an
erroneous estimation of the reservoir fluid properties when using historical correlations (as these

correlations were tuned to conventional reservoir fluids).

These so-called "lighter" reservoir fluids from unconventional reservoirs are typically
characterized by high stock tank oil gravity values, (>40 °API) as well as high values of solution
gas-oil ratio (>1000 scf/STB), and often yield substantially different PVT behavior than a
reservoir fluid from a conventional reservoir. It is not the purpose of this study to attempt to
address thermodynamic causes for the behaviors of unconventional reservoir fluids, but rather to
assess the validity and application of historical correlations, and to propose new correlations as

necessary.

The historical correlations (for conventional reservoirs) that are investigated in this study were

proposed by the following authors:

(1947) Standing

(1958) Lasater

(1980) Vasquez and Beggs

(1988) Al-Marhoun

(1980) Glaso

(1994) Kartoatmodjo and Schmid

(1997) Velarde, Blasingame, and McCain
(1998) Petrosky and Farshad

(2004) Dindoruk and Christman



1.2 Objectives of This Research

The overall objective of this study is to provide accurate and robust correlation(s) to predict
saturation pressure and oil formation volume factor at saturation pressure for reservoir fluids
from unconventional reservoirs using common inputs: reservoir temperature, stock tank oil
gravity, separator gas gravity, solution gas-oil-ratio (and saturation pressure for the oil formation

volume correlation(s)).

The specific objectives of this study are as follows:

1. To collect high-quality PVT data from different unconventional basins — where
contributions will be sought from companies (and public agencies if possible).

2. To review each data case to assess relevance and suitability — for reference,
approximately 10-15 percent of the data were not suitable for correlation purposes.

3. To apply existing correlation models to this database to understand the limitations of
these correlations relative to reservoir fluids from unconventional (shale) reservoirs.

4. To develop (empirical) correlations that will accurately predict saturation pressure and oil
formation volume factor for reservoir fluids from unconventional (shale) reservoirs —

specifically "near-critical” volatile oils and retrograde gas condensate cases.



1.3 Basic Concepts
This section briefly describes basic concepts referenced throughout this work in an effort to

provide a basis for understanding the theory behind the objectives of this thesis.

Unconventional Reservoirs

Unconventional (shale) reservoirs are hydrocarbon-rich plays with typically ultra-low
permeability and low to very low porosity. To produce the oil and gas trapped within these types
of rock, hydraulic fracturing must be used to permit large volumes of liquids and gases to flow
from the rock matrix through the created hydraulic fractures (and augmented natural fractures)
into the wellbore. The liquids from these reservoirs tend to be "light” in nature and as described

previously, and have high values of stock tank oil gravity and solution gas-oil ratio.

Pressure-Volume-Temperature Correlations

Pressure-Volume-Temperature (or PVT) correlations are sets of equations used to predict oil
properties with typically 5 inputs. These inputs include:

Saturation pressure (psat) (for the oil formation volume factor correlations),
Reservoir temperature (T),

Stock tank oil gravity (API),

Specific gas gravity (yq or SG), and

Solution gas-oil ratio (Rs).
The development of correlations typically involves the development of a statistically relevant
database from laboratory reports or public literature, and then creating (empirical) equations
using graphical or non-linear regression methods. We note that have created a database of 138

unique data points acquired from company donations and a few publicly available datasets.



CHAPTER II

LITERATURE REVIEW

The primary objective of this chapter is to present the most commonly used PVT correlations for
saturation pressure, psat, and the oil formation volume factor at saturation pressure, Bob, Where all
of these correlations were developed for "black oils" (Rs, < 1000 scf/STB) from "conventional
reservoirs” (as opposed to unconventional (shale) reservoirs). The comparison and "re-
calibration” of these correlations to our PVT database (138 points) for fluids from

unconventional reservoirs are presented in Chapter 1V.

Recalling from Chapter I, our inventory of existing PVT correlations includes:

(1947) Standing — Original correlations for psat and Bop,
generally most simple forms (105 data
points).

(1958) Lasater — psat Only, used a completely different correla-

tion form than Standing (158 data points).

(1980) Vasquez and Beggs — Correlations for psat and Bob, independently
cor-related for < or > 30 API (600 data
points).

(1988) Al-Marhoun — Power-law relation for psa;, Bob correlation

uses a polynomial expansion of a power-law
variable (160 Middle East data sets)
(1980) Glaso — Polynomial expansion of Standing's type of
correlating variables (26 North Sea data sets).
(1994) Kartoatmodjo and Schmidt — Power-law relation for psar (uses separate
results for < or > 30 API) and Standing-type
relation for Bop (training set = 5,396 data

points, validation set = 998 data points).



(1997) Velarde, Blasingame, and McCain — psat and Bop correlation equations are a
variation of Petrosky and Farshad's
formulations (728 data points).

(1998) Petrosky and Farshad — psat and Bop correlation equations are a
variation of Standing forms (81 data sets).

(2004) Dindoruk and Christman — psat relation is a complex variation of
Standing's correlation, and By relation is a
complex  variation of  Al-Marhoun's
correlation (100 Gulf of Mexico data sets).

As comment, the reference date for the Petrosky and Farshad work (1998) is the date of the
journal publication, the conference paper was published in 1993 and the original MS thesis by

Petrosky was published in 1990. This is mentioned for clarity in that the Petrosky and Farshad

work pre-dates the work of Kartoatmodjo and Schmidt (1994) and Velarde, et al (1997).

As a final note, this study does not consider correlating solution gas-oil-ratios (Rsb) as did several
researchers who used "Standing"-type formulations, where a given relation for the saturation
pressure, psat, could be "reverse-solved” for the solution gas-oil-ratio at the saturation pressure,

Rsb.

2.1 Standing Correlations (1947)

Standing's correlations were first presented in 1947 and are considered one of the first
comprehensive set of PVT correlations to be published. Standing compiled and used a database
of 105 experimentally determined saturation pressures for various California crude oils and
gases. Perhaps most impressively, Standing used a graphical method to develop the relationships
between the different variables, correlating each variable (or group of variables) graphically into

a common parameter, as described in the original article (Standing 1947).



Saturation Pressure:

Psat = f(Rs, 75, AP1,T) (general statement of correlation variables) ..., (2.1)
. 0.83

Psat =18.2 {—S} 10M “14 | oottt (2.2)
Yg

where the "A" parameter is given as a function of temperature, T, and stock tank oil gravity, API.

A=0.00091 T —0.0125 APL +..ovvvvvvveeereeeseeeeeeeeeeeseeeessseessessseeseeessseeeesssseseesssssesesssseenee (2.3)

Oil Formation Volume Factor:

1.175

0.5
Bop =0.972+1.47x10~% | Ry Bi} T 151 O (2.4)
6]

Standing reported an average relative error of 4.8 percent for psat (EQ. 2.2) and 1.17 percent for
Bob (EQ. 2.4) which is remarkable given the construction of the correlations. The ranges of the

variables in Standing's database used to develop these correlations are summarized as follows:

130 < psat < 7000 psia
20 < Rgp < 1425 scf/STB
100 < T < 258 °F
16.5 < APl < 63.8 °API
0590 < % < 095 (air=1)

2.2 Petrosky and Farshad Correlations (1998)

As noted above, the formal (journal) publication of Petrosky and Farshad's correlations were
published in 1998 (prior work was in 1993 and 1990). A database of 81 laboratory PVT tests
obtained from the Gulf of Mexico was used to develop these correlation models. A total of 32

different variations of the correlation formulation were assessed to determine the most accurate



prediction of saturation pressure, psa. The oil formation volume factor, Bob, as well as the
saturation pressure, psa;, correlation relations have similar forms to those proposed by Standing.
Additional fitting parameters were added to increase the accuracy of correlations (Petrosky and
Farshad 1998). Nonlinear regression methods were used to yield the following correlations:

Saturation Pressure;

R, 0-5774 A
Psar =112.727| =L 10M —12.340 | oo (2.5)
g
where the "A" parameter is given as a function of temperature, T, and stock tank oil gravity, API.

A=4561x10"2 T4 79165107 APIEOM0 e (2.6)

Oil Formation Volume Factor:

3.0936
+0.24626 TOS3L |, (2.7)

0.3738_ 0.2914
Rsb 7

0.6265
0

Bop =1.0113+7.2046x10™° [

Petrosky and Farshad reported an average relative error of -0.17 percent for psat (EQ. 2.5) and -
0.01 percent for Bob (EQ. 2.7) (note that these are not absolute relative errors, as will be used in
the original portion of this work). The ranges of the variables in the database used by Petrosky

and Farshad to develop these correlations are summarized as follows:

1574 < pggr < 6523 psia
217 < Rgy < 1406 scf/STB
114 < T < 288 °F
16.3 < APl < 450 °API

05781 < y < 0.852 (air=1)



2.3 Lasater Correlations (1958)

While most correlations follow Standing's relation for the saturation pressure (psat), Lasater took
a different approach to the combination of the parameters and used Henry's law as the
mathematical basis for his formulation. Lasater also chose to incorporate molecular weight and
gas mole fraction derived from stock tank oil gravity and gas specific gravity into the saturation
pressure correlation (Egs. 2.11 and 2.10, respectively). Lasater used a database of 158 data
points from laboratory-derived PVT reports to develop the saturation pressure correlation where
these data were collected from various locations in the western hemisphere including Canada, the
United States, and South America (Lasater 1958).

Saturation Pressure:

(T +459.67)

DAt = L D ettt (2.8)

Yy

Where:
Pf =0.3841-1.2008 5 +9.648 12 .occcovrcvvrrsivrrsinesssnensssesssensssnssen e (2.9)
Rsb

379.5

o (2.10)
350 M,

Mg =725.321+16.0333 AP +0.09524 APIZ ...o....ooooooeeeeceeeeseeeeeeseseeeeeeeeeeeeeseeeeeene (2.11)

These correlations yielded an average relative error of 3.8 percent for Eq. 2.8 (Lasater did not
propose an oil formation volume factor nor an oil viscosity correlation). The ranges of the

variables in the database used by Lasater to develop this correlation are summarized as follows:

48 < psat < 5780 psia
3 < Ry < 2905 scf/STB
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81 < T < 272 °F
17.9 < APl < 51.1 °API
0574 < yy < 1.223 (air=1)
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2.4 Vasquez and Beggs Correlations (1980)

Vasquez and Beggs (1980) utilized a database of 600 laboratory PVT reports collected from
fields all over the world. Vasquez and Beggs sought to have a wide range in fluid properties,
which led to the necessity of requiring 2 different sets of correlating coefficients (for conditions
< or > 30 °API) for both the saturation pressure and oil formation volume factor correlation
relations.

Saturation Pressure;

CoAPI Tcg
}10“459-67 ........................................................................................... (2.12)

R
Psat = Cl{ib
79

Coefficient API <30 API >30

C 27.64 56.060
C, 1.0937 1.187
Cs 11.172 10.393
Oil Formation Volume Factor:
API
Bop =1+C4Rg, + (T —60) {y—} (Co +C3Rgp) weverreririeiriiieieriteerece e (2.13)
g

Coefficient API <30 API > 30

C 4677x10™*  4.670x107
C, 1.751x10°  1.100x10°
Cs ~1.811x1078 1.337x107°

Vasquez and Beggs reported an average relative error of -0.7 percent for psa (EQ. 2.12) and 4.7
percent for Bob (EQ. 2.13) (Vasquez and Beggs did not propose a correlation for the oil formation

volume factor).
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The ranges of the variables in the database used by Vasquez and Beggs to develop this

correlation are summarized as follows:

15 < psaa < 6055 psia

0 < Rgp < 2199 scf/STB

70 < T < 295 °F
153 < API < 595 °API
0511 < p < 1351 (air=1)

2.5 Glaso Correlations (1980)

Glaso (1980) used a database for 26 different crudes obtained from across the North Sea. Glaso
used a combination of graphical methods and regression analysis to develop this correlation —
specifically, by plotting his working correlation on a log-log plot, a parabolic curve was observed
which resulted in the forms given by Egs.2.15 and 2.17. Glaso used the basic formulations given

by Standing (1947), with the addition of the quadratic correlation terms in Egs.2.15 and 2.17.

Saturation Pressure:

* * 2
Pat =L7669+1.7447 109 Pog” ~0.30218 [10g Py || v (2.14)
0.816
- Rq T0.172
psat —_— {E} W llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll (2'15)

Oil Formation Volume Factor:

* * 2
{—6.58511+2.91329Iog Bob —0.27683[Iog Bob J }
Bop =1+10L (2.17)

5 0.526
Bop = Rep [yi} F0.98BT v e (2.16)
0
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Glaso also presented additional methods to predict saturation pressure with the presence of
various impurities. Glaso reported an average relative error of 1.28 percent for psat (Eg. 2.15)
and -0.43 percent for Bob (EqQ. 2.17). The ranges of the variables in the database used by Glaso to

develop these correlations are summarized as follows:

165 < psaa < 7142 psia
90 < Rgp < 2637 scf/STB
80 < T < 280 °F
22.3 < APl < 48.1 °API
065 < yp < 1273 (air=1)

2.6 Al-Marhoun Correlations (1988)
Al-Marhoun (1988) obtained 69 bottomhole fluid samples from Middle Eastern crude oils where
a total of 160 PVT reports were available. Al-Marhoun's correlations were developed using

nonlinear multiple regression analysis and a trial-and-error methodology (Al-Marhoun 1988).

Saturation Pressure:
Psat =5.38088x107% Ry, 0719082 5 ~LBTT84 /31437 TLIZST e (2.18)

where the oil-specific gravity is used in place of the stock tank oil gravity in °API.

Yo = % ........................................................................................................... (2.19)
Oil Formation Volume Factor:

Bop = 0.4971+8.630x10™* (T +459.67) +1.826x10 X +3.181x10° X2 ..oooovvvvvvev (2.20)
Where:

X = Rsb0.742390 % 0.323294 +7% -1202040 (2.21)

13



Al-Marhoun reported an average relative error of 0.03 percent for psa: (Eq. 2.18) and -0.01
percent for Bop (EQ. 2.20). As comment, Al-Marhoun did not propose an oil viscosity correlation
in this work. The ranges of the variables in the database used by Al-Marhoun to develop these

correlations are summarized as follows:

130 < psaa < 3573 psia
26 < Rgp < 1602 scf/STB
7 < T < 240 °F
19.4 < APl < 446 °API

0.752 < 5 < 1.367 (air=1)

2.7 Kartoatmodjo and Schmidt Correlations (1994)

Kartoatmodjo and Schmidt (1994) used two different databases for their work, one database was
used for "training” (Databank A) and another database was used for "validation” (Databank B).
Databank A has 5,396 data points taken from 740 different crudes globally and Databank B
derives its 998 data points from various published literature. Analogous to Vasquez and Beggs
(1980), Kartoatmodjo and Schmidt used the < or > 30 °API criteria to have 2 correlations, in this

case only for the saturation pressure, psat, as given below by Eqgs. 2.22 and 2.22.

Saturation Pressure:

- 0.9986
Psat = 0.7972 Rslg 1405 T +459.67 (API < 30) """""""""""""""" (2'22)
0.05958 7, 1072290 AP O

= 0.9143
Psat = 0.7587 Rlsi) 28955 T +459.67 (API > 30) """""""""""""""" (2'23)
0.03150 74 10+ AP| ' T
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Oil Formation Volume Factor:

15
% 0.25
Bop = 0.98496+1x10~ Rsb0'755[ g }0.45T ................................................ (2.24)

Yo

Kartoatmodjo and Schmidt reported an average relative error of 3.34 percent for psa (for both
Eqgs. 2.22 and 2.23, perhaps as an average) and -0.104 percent for Boy (EQ. 2.24). The ranges of
the variables in the database used by Kartoatmodjo and Schmidt to develop these correlations are

summarized as follows:

15 < psaa < 6054 psia
14 < Rgy < 2473 scf/STB
75 < T < 320 °F
144 < APl < 58.9 °API
037 < y < 171 (air=1)

2.8 Velarde, Blasingame, and McCain Correlations (1997)

Velarde (1996) and Velarde et al (1997) used a total of 728 data points at saturation pressure to
develop their correlations — 478 of these data points were collected from commercial
laboratories, 160 points were collected from the Al-Marhoun (1988) study, and 90 samples were

extracted from the Petrosky and Farshad (1998) study.

Velarde et al used the psat model proposed by Petrosky and Farshad (1998) as the basis of their
new correlation, adding a new parameter (exponent) to increase the accuracy of their correlation.

Velarde et al used a generalized form of the Standing (1947) relation for Bo.

15



Saturation Pressure:

Rsbo'08 wes 5.354891
psat :109147 m 10 —0740152 ................................................... (225)
7y
Where:
A=0.013008 T 9282372 _ g 251070 API 2170124 e, (2.26)

Oil Formation Volume Factor:

2.465976
Bop =1.023761+0.000122 [Rsb0'413179 g 0210298, 0127123 | 0.019073T} ...... (2.27)

Velarde et al reported an average absolute relative error of 11.7 percent for psat (Eg. 2.25) and -
0.85 percent for Boy (EQ. 2.27). The ranges of the variables in the database used by Velarde et al

to develop these correlations are summarized as follows:

70 < psa < 6700 psia

10 < Rygp < 1870 scf/STB

74 < T < 327 °F

12 < APl < 55.0 °API
0556 < yy < 1367 (air=1)

2.9 Dindoruk and Christman Correlations
Dindoruk and Christman (2001) used a total of 100 laboratory reports derived from (US) Gulf of
Mexico crude oil samples to develop their correlations. Dindoruk and Christman employed a

nonlinear regression solver hosted by Microsoft Excel.

Saturation Pressure:

1.22145
Rsb

1.37051
7y

Psat =1.86998 10 +0.011688 [ .occcccocccevvnnnnnnneceeeeess s (2.28)
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where the "A" parameter in Eq. 2.28 is a much more complex functional form compared to
previous cases (Standing (1947), Petrosky and Farshad (1998), and Velarde et al (1997)) and is
given as a function of all variables — reservoir temperature, stock tank oil gravity, separator gas

gravity, and solution gas-oil-ratio.

| 1.43x10710T28459 _g 74,104 aAp| 122523

A = T e ———————————————————————— (2.29)
2R b—0.272946
0.033833 + —5_0_08 159561
7
Oil Formation Volume Factor:
-4 —6 42 -5 API
Bop =0.98718+7.865x10 " A+2.689x10 "~ A° +1.10x10 (T —60) — .....cocvevrevene. (2.30)
7y

where the "A" parameter in Eq. 2.30 is a much more complex variation of the proposed Bop

correlations given by Glaso (1980) and Al-Marhoun (1988).

% 5 2.25288
1135 T1:365x10°(T -60) +10.0719Rg

)
A———— — (2.31)

IR —0.630905 2
5.3526+ 0 (T —60)

[R 25108 -4.8525 ]0.44508
sb

0.9001
7y

Dindoruk and Christman reported an average relative error of 0.27 percent for psat (Eq. 2.28) and
-5.0 percent for Bon (EQ. 2.30). The ranges of the variables in the database used by Dindoruk and

Christman to develop these correlations are summarized as follows:

926 < psat < 12230 psia
133 < Rygy < 3050 scf/STB
117 < T < 276 °F
147 < API < 40.0 °API
0.602 < p < 1.027 (air=1)
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CHAPTER Il

DATA DESCRIPTION

The collection of the data used in this study underwent a vigorous solicitation campaign targeting
private companies and searching in public databases. The goal was to compile PVT reports from
unconventional reservoirs in various global geographic areas so that the correlations proposed in
this work will have a large range of applicability. In full disclosure, industry reluctance to share
data (even anonymously) and internal organizational regulations were just some of the

challenges that were overcome to compile the database used in this study.

Per agreements made with industry partners, all data provided to support this work is to remain
anonymous (but can be shared with the public, and the full database for this work is presented in
Appendix A). Further, all contributors are to remain confidential. Lastly, the vast majority of
these data (approximately 90 percent) were obtained from industry donors, a minority portion of
the data were obtained from public resources (state entities, public reports, technical articles,

etc.).

Laboratory testing of reservoir fluids (so called "PVT sampling and testing") is standard practice
throughout the oil and gas industry. These fluid samples are then used in various laboratory
tests; including compositional analysis, differential liberation tests, flash liberation tests,
separator tests, and viscosity measurements. These tests report various physical parameters and
the molecular composition of a given reservoir fluid. It is standard practice to compile the
results of these tests into a comprehensive report, most often referred to as a "PVT" or

"Reservoir Fluids" report.
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3.1 Data Preparation
The data that were collected for this study originate from Latin America and the United States
and represent a spectrum of unconventional reservoirs within those geographical areas. For the
database used in this study, the following data were extracted from donated/acquired PVT
reports:

Psat = Saturation pressure (psia)

T  =Reservoir temperature (°F)

Rsy = Solution gas-oil-ratio at psat (scf/STB)

APl =Stock tank oil gravity (°API)

% = Stock tank oil specific gravity (g/cc)

5 = Separator gas gravity (air=1)

Bob = Oil formation volume factor at psat (RB/STB) (not universally available)

tob = Oil viscosity at psat (Cp) (not universally available)

For a given lab report, each "data point" (saturation pressure, reservoir temperature, solution gas-
oil-ratio (at psat), stock tank oil gravity, separator gas gravity, oil formation volume factor (at psat)
[if available], and oil viscosity (at psat) [if available]) was selected and cross-checked against
other data. Cases with obvious errors and/or systematic deviations were excluded from the final

data-base (more than 20 submissions were discarded).

As practical comment, the oil formation volume factor and the oil viscosity were only reported in
about 1/3 of the cases, so the data for these two properties are limited. Lastly, some of the
donated data cases were given in metric units, which were converted to field units (and double-

checked).

3.2 Data Description
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A total of 138 PVT laboratory reports were used for the saturation pressure, psat, correlations
reviewed and developed in this work. From this "master” database (of 138 "data points™), only
46 data points were available to develop correlations for the oil formation volume factor, Bop.

The complete database used in this work is presented in Appendix A.

The initial review of the database is performed by creating crossplots of solution gas-oil-ratio,
stock tank oil gravity, specific gas gravity, and temperature, respectively (these variables are on
the y-axis) versus saturation pressure (on the x-axis). These goal of using these crossplots is to
visually assess any "simple” relationship between each variable and the saturation pressure.

These crossplots are shown in Figs 3.1-3.4.

The ranges of data that were used to develop the psat correlations (138 data points) are as follows:

1211 < psat < 10000 psia
275 < Rgp < 85802 scf/STB
126 < T < 330 °F

30 < APl < 88.98 °API
0437 < yy < 13 (air=1)

The ranges of data that were used to develop the B, correlation (46 data points) are as follows:

1389 < psat < 5510 psia
48288 < Ry < 4925 scf/STB
126 < T < 270 °F
34.2 < APl < 58.1 °API
0694 < p5 < 13 (air=1)
1.349 < B, < 3.838 RB/STB

0062 < uy < 0.935 cp
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Saturation Pressure versus Solution-Gas-Oil Ratio

10 E T T T T TTTT T T T T TTTT T T T T TTTT1]
B Sketch of a
- Power-Law Trend n
| (Rgy < 4000 scfiSTB) |
5 - -
»
=2
% .4
a 10 F =
& - -
> = -
= - -
e - -
8
= - -
o
g - -
£ i
i | ® .
2 ®
B . )
3 3 ~%
.
A0 F— -
P f 5
= - B
1022 1 1 ||||||3 1 1 ||||||4 1 1 ||||||5
10 10 10 10

Measured Solution-Gas-Oil Ratio, R, (scf/STB)

Figure 3.1 — Log-log plot for saturation pressure (psat) versus the solution-gas-oil ratio
(Rs) for the unconventional reservoir fluid database (138 data points).

Saturation Pressure versus Stock Tank Oil Gravity
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Figure 3.2 — Semi-log plot for saturation pressure (psat) vVersus the stock tank oil gravity
(API) for the unconventional reservoir fluid database (138 data points).
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Saturation Pressure versus Gas Specific Gravity
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Figure 3.3 — Semi-log plot for saturation pressure (psat) versus the separator gas gravity
(SG) for the unconventional reservoir fluid database (138 data points).

Saturation Pressure versus Reservoir Temperature
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Figure 3.4 — Semi-log plot for saturation pressure (psat) versus the reservoir temperature
(T) for the unconventional reservoir fluid database (138 data points).
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From Figs 3.1-3.4, we observe the following:

Fig. 3.1: The relationship of psat Versus Rsp is probably the strongest “univariate” relation-
ship for all of the variables considered. As comment, the initial power-law
straight-line trend on Fig. 3.1 is the same sort of observation that was made by
Standing (1947). The "parabolic™ behavior for Rs, > 4000 scf/STB seen in Fig.
3.1 is observed for the retrograde gas condensate cases, and it will be important
to watch this portion of the data in the correlation of psa as these data will
deviate for all of the black oil psat correlations applied to this dataset.

Fig. 3.2: There are two interpretations of the psa: versus API (oil) gravity behavior. First,
we could suggest that there is an approximate straight-line relationship for API
< 50, and second, it appears that there is a roughly constant relationship for API
> 50.

Fig. 3.3: There is very little character in the behavior of psat versus SG, perhaps a slightly
decreasing exponential trend.

Fig. 3.4: For psat versus T, one could almost just state that there is no correlation, on
perhaps just a slightly decreasing exponential trend. However, it is more likely
that there is a slightly decreasing exponential trend for T < 250 °F, then a

relatively constant trend for T > 250 °F.
The observations described above are provided not so much as suggestions of “univariate
correlations,™ but rather as just behavioral observations. The creation of multivariate correlations
is as much art as science, and understanding an apparent behavior on a variable-by-variable

correlation can be useful as multivariate correlations are attempted.
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CHAPTER IV
RE-FITTING OF HISTORICAL CORRELATIONS TO THE DATABASE FOR

UNCONVENTIONAL RESERVOIR FLUIDS

This chapter considers the comparative application of the various historical correlations
discussed in Chapter Il for the saturation pressure(psat) and oil formation volume factor at
saturation pressure (Bob); and why there is a need for new correlations — particularly for
hydrocarbon fluids from unconventional reservoirs. Reservoir temperature (T), stock tank oil
gravity (API), solution gas-oil-ratio at saturation pressure (Rsp), specific gas gravity (yg), and the

saturation pressure (psat) are all used (as required for a given correlation).

"Calculated versus Measured” log-log "validation” plots are used to compare the (calculated)
results for each historical correlation to the historical (measured) data from database available for
this work. The results of the non-parametric regression performed on the database (for the psat

and Bop data) are also shown on the validation plots to indicate the "best fit" of the dataset.

As a reminder, the following historical correlations are re-fitted to the project database:

Oil
Formation
Saturation  Volume
Pressure Factor

Historical Correlation (date) (Psat) (Bob)
Standing (1947) yes yes
Lasater (1958) yes no
Vasquez and Beggs (1980) yes yes
Glaso (1980) yes yes
Al-Marhoun (1988) yes yes
Kartoatmodjo and Schmidt (1994) yes yes
Velarde, Blasingame, and McCain (1997) yes yes
Petrosky and Farshad (1998) yes yes
Dindoruk and Christman(2004) yes yes
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For this work, standard non-linear regression analysis tools are used to fit the correlations to the
dataset. The practice of "tunning"” equations to data is now a quite common practice. In this
work, Microsoft Excel and Python libraries/algorithms are used, with the Microsoft Excel
"Solver" tool being the first choice (due to having the data in a standard Microsoft Excel
structure). The Python libraries/algorithms are then used to check/refine the work performed in

Microsoft Excel.

All regression approaches use some type of defined "error function™ that is minimized (e.g.,
using the squares of these differences yields the "least squares™ approach). The more common
statistical term for an "error function" is that of an "objective function,” where (obviously) the
goal is to minimize the objective function relative to some tolerance. For this work, the

following "objective functions" are used: (note that "y" can be either psat or Bon) depending on the

case)
n
ADE = )" [IN(Ypes )i = IN(Yeu | Absolute Difference Error (Units) ..o (4.1)
i=1
n
LSE = " [IN(Yipeas ) —In(y,y),]?  Least-Squares EFTor (UNI)..........oocceerceversevcren (4.2)
i=1

n
AARE = 100 z (ymeas)i _(ycal)i |

. ) Average Absolute Relative Error (percent)............... (4.3)
i =1 cal /i

The non-parametric correlation of the data is performed by using the Xue et al (1997)
implementation of Alternating Conditional Expectations (or ACE) algorithm proposed by
Breiman and Friedman (1985). As a point of reference, the Xue et al implementation of the ACE

algorithm is called "GRACE" as it provides a graphical rendering of the ACE algorithm outputs.

25



Recall that non-parametric methods do not provide a functional correlation, but rather relate the
dependent and independent variables on a point-by-point basis, which should provide the
minimum possible error metrics (statistics). Hence, any correlation equation which has lower

error statistics that the GRACE "correlation™ should be suspected of "over-fitting" the data.

4.1 Historical Correlations for the Saturation Pressure (psat)

In this section, the saturation pressure (psat) correlations are applied to the project database and
"calculated versus measured™" plots and statistical results tables are provided for each historical
correlation model. These “calculated versus measured” plots are shown in Figs. 4.1 — 4.9 and
statistical results are presented in Tables 4.1 — 4.9. As comment, most historical correlations
tend to follow the structure of the function proposed by Standing (1947), but obviously over
time, some quite complicated models have evolved (e.g., the Dindoruk and Christman model

[2004]).

Standing Correlation for Saturation Pressure

As background, Standing (1947) developed correlations not by using regression, but rather by a
series of plots where he incorporated one independent variable at a time (e.g., Rsy, yg (or SG),

API, T). The re-fitted form of the Standing correlation is given as:

R 0.309
Psat = 386.807 {i’} (T - SO (4.4)
%

where the "A" parameter is given as a function of temperature, T, and stock tank oil gravity, API.
A=1x1070 T = 2.8%107™ AP .ooooooeoeeeeeeeeeeeeeeeeeeeeeeeeeeee e (4.5)

The results generated using Eqgs. 4.4 and 4.5 are shown in Fig 4.1 and the statistical results are

given in Table 4.1. The most obvious feature in Fig. 4.1 is the "hook" in the calculated psat
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function, which is caused by the highly volatile oil and retrograde gas condensate cases. In
short, the "hook" feature is present in all of the re-fitted historical correlations, and represents a

limitation of these models.
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Saturation Pressure Correlation (Standing)
[Unconventional PVT Dataset (138 points)]
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Figure 4.1 — Log-log plot of calculated versus measured saturation pressure (psat);
Standing correlation and the GRACE correlation (unconventional reservoir

fluid data set — 138 data points).

Table 4.1 — Saturation Pressure (psat) — Standing model.
Parameter Value
Sum of Squared Residuals, (psia)® 31.322
Standard Deviation, psia 2,430.6
Variance, (psia)® 5,907,833
Average Absolute Relative Error, % 20.03
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Petrosky and Farshad Correlation for Saturation Pressure

Petrosky and Farshad (1998) employed a modification of the Standing correlation that added
exponent parameters in the correlating function. The re-fitted form of the Petrosky and Farshad

correlation is given as:

R 0.1671 A

v LU 21 S (4.6)
1x10

7y

Peat = 3530.37

where the "A" parameter is given as a function of temperature, T, and stock tank oil gravity, API.

A=0000278 TH10 0 1,105 APIOBET (4.7)
The results obtained using Egs. 4.6 and 4.7 are presented in Fig 4.2 and the statistical results are
given in Table 4.2. As expected, most obvious feature in Fig. 4.2 is the "hook™ in the calculated
psat function, and while this feature is not as significant as for the Standing correlation (Fig. 4.1),
the Petrosky and Farshad formulation is also insufficient for practical purposes when highly
volatile and retrograde gas condensate fluids are present in the dataset. Counterintuitively, the
AARE for the Petrosky and Farshad correlation (21.1 percent) is actually higher than that of the
Standing correlation (20.0 percent). This could be due to the relative simplicity of the Standing

model.
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Saturation Pressure Correlation (Petrosky and Farshad)
[Unconventional PVT Dataset (138 points)]
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Figure 4.2 — Log-log plot of calculated versus measured saturation pressure (psat);
Petrosky and Farshad correlation and the GRACE correlation
(unconventional reservoir fluid data set — 138 data points).

Table 4.2 — Saturation Pressure (psar) — Petrosky and Farshad model.
Parameter Value
Sum of Squared Residuals, (psia)® 14.300
Standard Deviation, psia 1,057.24
Variance, (psia)® 1,117,756
Average Absolute Relative Error, % 21.06
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Lasater Correlation for Saturation Pressure

Lasater's correlation (1958) for the saturation pressure (psat) is not of the "Standing"” formulation
and should likely have a different characteristic performance compared to the Standing-type

relations. The re-fitted form of Lasater's correlation is given by:

p¢ [T +459.67]

Psat = g (4.8)

Where the following terms are defined:

Pr =3.04536—1.9270 15 +0.407 1% coovvvscverseesssesssesseessenssenesnees e (4.9)
Rsb
_ 385527
Yg = R +_2305.32 ........................................................................................................ (4.10)
96.186 M,
M = 3664.867 +[~101.484] API +0.77884 APIZ ._.......ccccccoooccccmmmmrrrsrriissrrensrssssson (4.11)

The results using Eqgs. 4.8-4.11 are presented in Fig 4.3 and the statistical results are given in
Table 4.3. As noted above, the Lasater formulation is substantially different than the Standing-
type relations, and as such, the behavior of the calculated psat function shown in Fig. 4.3 suggests
that the Lasater model is not appropriate for this dataset, or has not been effectively fitted to the
data, or both. In particular, the "horizontal spread” of the calculated psar function shown in Fig.
4.3 is generally indicative of a failed regression, but as this cannot be uniquely verified, it could

simply be that the character of the Lasater form is inadequate for this specific type of data.
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Saturation Pressure Correlation (Lasater)
[Unconventional PVT Dataset (138 points)]
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Figure 4.3 — Log-log plot of calculated versus measured saturation pressure (psat);
Lasater correlation and the GRACE correlation (unconventional reservoir
fluid data set — 138 data points).

Table 4.3 — Saturation Pressure (psat) — Lasater model.
Parameter Value
Sum of Squared Residuals, (psia)® 14.415
Standard Deviation, psia 956.66
Variance, (psia)® 915,192.56
Average Absolute Relative Error, % 21.26
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Vasquez and Beggs Correlation for Saturation Pressure

The saturation pressure formulation developed by Vasquez and Beggs (1980) is another "non-
Standing"-type formulation (although one could argue that its power-law structure is quite
similar), and is actually a single relation but uses 2 sets of coefficients (for oil gravity <30 °API

and for oil gravity > 30 °API). The re-fitted form of the Vasquez and Beggs correlation is given

by:

R
Psat = Cl|:ib
79

CoAPI T,
:|10T +459.67

Coefficient API <30 API >30
C 1.091x10°  3.405x10°

Co 2.3913 2.7754

Cs 1x107°  1x107
The results obtained using Eq. 4.12 are presented in Fig 4.4 and the statistical results are given in
Table 4.4, perhaps due to the similarity of the Vasquez and Beggs relation to the Standing-type
formulation, a very strong "hook™ feature on Fig 4.4 is noted. In fact, the performance of Eq.
4.12 (Fig. 4.4) is very similar in a visual sense to the re-fitted Standing correlation (i.e., Eqs. 4.4
and 4.5 plotted on Fig. 4.1). Comparing, the re-fit of the Standing correlation has an AARE of
20.0 and the re-fit of the VVasquez and Beggs correlation has an AARE of 20.3 percent, which is

virtually indistinguishable in both a statistical and a visual sense.
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Saturation Pressure Correlation (Vasquez and Beggs)
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Figure 4.4 — Log-log plot of calculated versus measured saturation pressure (psat);
Vasquez and Beggs correlation and the GRACE correlation
(unconventional reservoir fluid data set — 138 data points).

Table 4.4 — Saturation Pressure (psat) — Vasquez and Beggs model.
Parameter Value
Sum of Squared Residuals, (psia)® 32.915
Standard Deviation, psia 2,542.70
Variance, (psia)® 6,465,340
Average Absolute Relative Error, % 20.33

34



Glaso Correlation for Saturation Pressure

The saturation pressure formulation developed by Glaso (1980) is quadratic polynomial
formulation with a power-law term that captures of all of the independent variables (Rs», yg (Or
SG), API, T). Obviously this relation is not of the "Standing” form (i.e., the quadratic
polynomial form), but the power-law term may yield a similar behavior as the "Standing"-type

relations. The re-fitted form of the Glaso correlation is given by:

* %72
Peat = 2.3094+2.1375 log pey; —0.3472 [Iog Deat } .................................................. (4.13)
4.807 —16
* R TleO
Peat =| —2 S (4.14)

The results obtained using Eqgs. 4.13 and 4.14 are presented in Fig 4.5 and the statistical results
are given in Table 4.5. As with the Standing-type relations, a very strong "hook™ feature is
observed in the calculated model results shown in Fig 4.5. As with other cases, this behavior is
very similar to the re-fitted Standing correlation (i.e., Egs. 4.4 and 4.5 plotted on Fig. 4.1).
Comparing, the re-fit of the Standing correlation has an AARE of 20.0 and the re-fit of the Glaso
correlation has an AARE of 20.0 percent, which is identical to the results of the Standing

correlation.
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Saturation Pressure Correlation (Glaso)
[Unconventional PVT Dataset (138 points)]
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Figure 4.5 — Log-log plot of calculated versus measured saturation pressure (psat); Glaso
correlation and the GRACE correlation (unconventional reservoir fluid data
set — 138 data points).

Table 4.5 — Saturation Pressure (psat) — Glaso model.
Parameter Value
Sum of Squared Residuals, (psia)® 26.726
Standard Deviation, psia 2,022.99
Variance, (psia)® 4,092,484
Average Absolute Relative Error, % 20.04

36



Al-Marhoun Correlation for Saturation Pressure

The saturation pressure formulation developed by Al-Marhoun (1988) is a multivariate power-
law formulation which is not a "Standing"-type form. The re-fitted form of the Al-Marhoun

correlation is given by:

-6
Psat =1.332x1072 Ry,2383% A0 7, 1120 THA23T3 (4.15)
Where the oil specific gravity is defined as:

1415
7 T 1315+ API

The results obtained using Egs. 4.15 and 4.16 are presented in Fig 4.6 and the statistical results
are given in Table 4.6. The performance of the Al-Marhoun formulation is actually much less
well-behaved than the Standing-type relations as the calculated results are somewhat more
dispersed and the "hook" feature is larger than in other cases (see Fig 4.6). The re-fit of the Al-
Marhoun correlation has an AARE of 24.2 percent, which is the second highest error metric for

all of the correlations tested.

If permitted to speculate, it could be suggested that the simple power-law inter-relation proposed
by Eq. 4.15 is not capable of representing more complex behavior which connects the
independent variables with the saturation pressure. As a summary statement, the Al-Marhoun
relation assumes that all variables are related by a simple power-law expression, where each
variable has only a single parameter relationship — this appears to be inadequate for the

correlation of the saturation pressure dataset for this project.
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Saturation Pressure Correlation (Al-Marhoun)
[Unconventional PVT Dataset (138 points)]
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Figure 4.6 — Log-log plot of calculated versus measured saturation pressure (psat); Al-
Marhoun correlation and the GRACE correlation (unconventional reservoir
fluid data set — 138 data points).

Table 4.6 — Saturation Pressure (psat) — Al-Marhoun model.
Parameter Value
Sum of Squared Residuals, (psia)® 35.021
Standard Deviation, psia 2,432.13
Variance, (psia)® 5,915,237
Average Absolute Relative Error, % 24.20
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Kartoatmodjo and Schmidt Correlation for Saturation Pressure

The formulation proposed by Kartoatmodjo and Schmidt (1994) is quite similar in a
mathematical sense to the form proposed by Al-Marhoun (1988), with the exception that
Kartoatmodjo and Schmidt consider a different set of correlation coefficients for oil gravity <30
°API and for oil gravity > 30 °API (analogous to the Vasquez and Beggs approach). The re-fitted

form of the Kartoatmodjo and Schmidt correlation is given by:

0.88234
= Rsb APl <30 4.17
Psat = 11 (AP1 <30) ..o, (4.17)
0.43818
= Rsb API > 30
Psat = (AP1 >30) .cooovviiiiinnns (4.18)

-11 -8

The results obtained using Egs. 4.17 and 4.18 are presented in Fig 4.7 and the statistical results
are given in Table 4.7. The Kartoatmodjo and Schmidt relations yield a response very similar to
the Standing-type relations, and a very strong "hook™ feature is observed in Fig 4.7. Comparing,
the re-fit of the Standing correlation has an AARE of 20.0 and the re-fit of the Kartoatmodjo and
Schmidt correlation has an AARE of 21.1 percent, so the performance of these relations can be
considered "comparable,” but on balance, it is probably best to have a correlation with only a
single set of results parameters, as opposed to the Kartoatmodjo and Schmidt approach which
considers different set of correlation coefficients for oil gravity <30 °API and for oil gravity > 30

°API.
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Saturation Pressure Correlation (Kartoatmodjo and Schmidt)
[Unconventional PVT Dataset (138 points)]
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Figure 4.7 — Log-log plot of calculated versus measured saturation pressure (psat);
Kartoatmodjo and Schmidt model and the GRACE correlation
(unconventional reservoir fluid data set — 138 data points).

Table 4.7 — Saturation Pressure (psar) — Kartoatmodjo and Schmidt model.
Parameter Value
Sum of Squared Residuals, (psia)® 42.435
Standard Deviation, psia 3,336.57
Variance, (psia)® 11,132,681
Average Absolute Relative Error, % 21.13
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Velarde Correlation for Saturation Pressure

Velarde et al (1997) employed a modification of the Petrosky and Farshad (1998) relation, which
is actually a modification of the original Standing correlation. The Velarde et al does has
additional exponents, and depending on the robustness of the regression approach, these
exponents may yield problematic (i.e., less statistically optimal) results. The re-fitted form of the

Velarde et al correlation is given as:

2.35544
R 0.052729
sb

Psat =1500.675 104 -0.229257 | oo (4.19)

1.216x10711
9

where the "A" parameter is given as a function of temperature, T, and stock tank oil gravity, API.

A=0.01271 TO21736 _2 021070 APITEOL e, (4.20)
The results obtained using Egs. 4.19 and 4.20 are presented in Fig 4.8 and the statistical results
are given in Table 4.8. From the character of the calculated results in Fig. 4.8, one can only
conclude that the regression has failed — most likely due to the additional exponents in the
Velarde et al relationship. The results given by Egs. 4.19 and 4.20 do yield the highest errors for
any correlation, but more concerning is the actual character of these results as shown in Fig. 4.8,

clearly something is critically wrong with this correlation attempt.
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Saturation Pressure Correlation (Velarde et al)
[Unconventional PVT Dataset (138 points)]
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Figure 4.8 — Log-log plot of calculated versus measured saturation pressure (psat);
Velarde et al model and the GRACE correlation (unconventional reservoir
fluid data set — 138 data points).

Table 4.8 — Saturation Pressure (psat) — Velarde et al model.
Parameter Value
Sum of Squared Residuals, (psia)® 27.258
Standard Deviation, psia 663.54
Variance, (psia)® 440,298
Average Absolute Relative Error, % 27.26
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Dindoruk and Christman Correlation for Saturation Pressure

Dindoruk and Christman (2004) proposed a form similar to Standing (1947) and Petrosky and
Farshad (1998), with a very complex relationship for an internal exponent parameter. Their goal
was to achieve a generalized best fit model. The re-fitted form of the Velarde et al correlation is
given as:

1.22145

R A
Psat 1.86998{% 10 +0.011688} ................................................................... (4.21)

7g
where the "A" parameter is given as a function of all of the variables (Rsb, y4 (or SG), API, T).

~0.8642973°%2L, 0,009925AP1 177618

2
2R, 578962
-0.084226
%

A

{44.25+

The results obtained using Egs. 4.21 and 4.22 are presented in Fig 4.9 and the statistical results
are given in Table 4.9. The calculated results shown in Fig. 4.9 are, in general, very tight around
both the perfect correlation trend and the GRACE correlation, but this model still demonstrates
the "hook™ feature, indicating that it does not (or cannot) capture the behavior of the highly
volatile oil samples and the retrograde gas condensate samples. The AARE for the Dindoruk and
Christman correlation is 20.4 percent, but that is actually a bit higher than that of the Standing
correlation which has an AARE of 20.0 percent. As was stated for other comparisons, it is likely
that the Standing correlation performs relatively better because it is the simplest of all the

correlation relations (with the possible exception of the Al-Marhoun correlation).
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Saturation Pressure Correlation (Dindoruk and Christman)
[Unconventional PVT Dataset (138 points)]
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Figure 4.9 — Log-log plot of calculated versus measured saturation pressure (psat);
Dindoruk and Christman model and the GRACE correlation
(unconventional reservoir fluid data set — 138 data points).

Table 4.9 — Saturation Pressure (psat) — Dindoruk and Christman model.
Parameter Value
Sum of Squared Residuals, (psia)® 27.985
Standard Deviation, psia 2,106.62
Variance, (psia)® 4,437,844
Average Absolute Relative Error, % 20.35
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As noted in earlier discussions in this section, one overriding concern for this work is that there
are only 138 datasets for use in the correlation of saturation pressure psat; of which probably 30
percent are highly volatile oils and retrograde gas condensate cases (which certainly challenge, if
not bias the effort to correlate these data). A summary of the performances for all of the
saturation pressure (psat) correlations is provided in Table 4.10, and the most significant
observation is that no single correlation presents an AARE of less than 20 percent, except for the
GRACE non-parametric correlation which has an AARE of 13.2 percent. In short, these
correlations were traditionally used for black oil reservoir fluids and the nature of the database
(black oils, highly volatile oils, and retrograde gas condensates) precludes a strong performance

in a statistical sense for these historical psat correlations.

Table 4.10 — Statistics: Saturation Pressure, psat (Various Correlations).

Average

Absolute

Standard _ Relative

Deviation, Varlan(;e, Error, %

Source psia (psia) (this work)

Standing (1947) 2,431 5,907,833 20.0
Lasater (1958) 957 915,193 21.3
Vasquez and Beggs (1980) 2,543 6,465,340 20.3
Glaso (1980) 2,023 4,092,484 20.0
Al-Marhoun (1988) 2,432 5,915,237 24.2
Kartoatmodjo and Schmidt (1994) 3,337 11,132,681 21.1
Velarde, Blasingame, and McCain (1997) 664 440,298 27.3
Petrosky and Farshad (1998) 1,057 1,117,756 21.1
Dindoruk and Christman (2004) 2,107 4,437,844 20.3
Non-Parametric Solution (GRACE) 1,197 1,432,965 13.2
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4.2 Application of Oil Formation Volume Factor Correlations

In this section, the oil formation volume factor (Bob) correlations presented in Chapter Il are
applied to the project database and "calculated versus measured” plots and statistical results
tables are provided for each historical correlation model. These "calculated versus measured”
plots are shown in Figs. 4.10 — 4.17 and statistical results are presented in Tables 4.11 — 4.18. In
this section, the oil formation volume factor (Bob) is correlated with reservoir temperature (T),
solution gas-oil ratio (Rsb), stock tank oil (specific) gravity (yo), and specific gas gravity (yg) — or
more compactly, Bob = f(T, Rsb, y0, yg). It is important to note that there are only 46 datasets
available for the correlation of the oil formation volume factor (Bob), and that this relatively low

quantity of data will likely bias data correlations.

Standing Correlation for Oil Formation VVolume Factor

In 1947, Standing proposed a power-law-based formulation for the oil formation volume factor

(Bob) — the re-fitted form of the Standing correlation for Boy is given as:

1.2107

0.0788
} $5.27268T | oo (4.23)

Byp = 0.843681+8.0x10~° | Ry, Ui
0

The results generated using Eq. 4.23 are presented in Fig 4.10 and the statistical results are given
in Table 4.11. The most obvious features in Fig. 4.10 are spurious points in the calculated Bop
function (in fact, these spurious calculated points occur for all of the correlation models). The
AARE for the Standing model is 5.29 percent, and the AARE for the GRACE non-parametric

correlation is 3.41 percent.
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Formation Volume Factor Correlation (Standing)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.10 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Standing model and the GRACE correlation (unconventional
reservoir fluid data set — 46 data points).

Table 4.11 — Statistics: Oil FVF (Bo,) — Standing model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.445
Standard Deviation, RB/STB 0.610
Variance, (RB/STB)® 0.372
Average Absolute Relative Error, % 5.288
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Petrosky and Farshad Correlation for Oil Formation VVolume Factor

Petrosky and Farshad (1990, 1998) developed a modification of the Standing (1947) model
(adding an exponent to the temperature term) and this model should be expected to produce a
slightly better correlation to the original Standing work. The re-fitted form of the Petrosky and

Farshad correlation for Boy IS given as:

0.34199_ 0.00025 31677

Bop = 0.927938+7.6145x1075 | 20026507052 | .. (4.24)

0]

The results generated using Eq. 4.24 are presented in Fig 4.11 and the statistical results are given
in Table 4.12. As Eq. 4.24 (Petrosky and Farshad) is a (more complex) modification of Eq. 4.23
(Standing), Eqg. 4.24 may be expected to have better statistical accuracy, which is true — the
AARE for the Petrosky and Farshad correlation is 4.97 percent and the AARE for the Standing
correlation is 5.29 percent. However, comparing the results of these 2 relations in Figs. 4.10 and
4.11 (respectively), there is very little difference in these correlations, both provide an excellent

visual match of the data.
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Formation Volume Factor Correlation (Petrosky and Farshad)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.11 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Petrosky and Farshad model and the GRACE correlation (unconven-
tional reservoir fluid data set — 46 data points).

Table 4.12 — Statistics: Oil FVF (Bob) — Petrosky and Farshad model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.351
Standard Deviation, RB/STB 0.602
Variance, (RB/STB)® 0.363
Average Absolute Relative Error, % 4.970

49



Vasquez and Beqggs Correlation for Oil Formation \Volume Factor

Vasquez and Beggs (1980) developed a relatively simple expansion for the oil formation volume
factor that, like their correlation for saturation pressure, requires 2 different sets of correlating
coefficients (for conditions < or > 30 °API). In concept, this approach should yield a better
correlation at the local level (i.e., < or > 30 °API)., but the mathematical simplicity of the
formulation may yield less accuracy in general. The re-fitted form of the Vasquez and Beggs

correlation for Bop IS given as:

Byp =1+CyRyp + (T —60) {ﬂ](c2 T o < T (4.25)

7y

Coefficient  API <30 API >30
C, 1.092x10° 4.898x107%
C, 2.391297 2.682x107°
Cs 1x10°  1.337x107°

The results generated using Eq. 4.25 are presented in Fig 4.12 and the statistical results are given
in Table 4.13. As caution, the simplicity of Eq. 4.25 may lead to less statistical accuracy, but the
visual match of the results computed with the Vasquez and Beggs correlation shown in Fig 4.12
is excellent. However, the statistical performance of the VVasquez and Beggs correlation is weak
(AARE = 5.52 percent), which is the second worst performing correlation after the Velarde et al

result (AARE = 5.54 percent).
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Formation Volume Factor Correlation (Vasquez and Beggs)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.12 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Vasquez and Beggs model and the GRACE correlation (unconven-
tional reservoir fluid data set — 46 data points).

Table 4.13 — Statistics: Oil FVF (Bon) — Vasquez and Beggs model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.398
Standard Deviation, RB/STB 0.585
Variance, (RB/STB)® 0.343
Average Absolute Relative Error, % 5.520
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Glaso Correlation for Oil Formation VVolume Factor

The Glaso (1980) correlation is a somewhat unusual formulation in mathematical structure, using
a power-law internal variable with a linear temperature correction defined by Rsp, %, 7%, and T;
where this internal variable is then used in another expansion. Given this relatively complex
formulation, the Glaso correlation is, in concept, expected to yield better-than-average statistical

results. The re-fitted form of the Glaso correlation for By is given as:

{—4.47225+0.83529 log Bob*—0.20826[log Bob*}

1.11297}
By, =0.94748+10- T (4.26)

Where the " Bop*" parameter contains Rsb, 54, 7, and T; and is given by:

0.19847
} TN (0 121 Y (4.27)

* %
Bob = Rsp [i
70

The results generated using Egs. 4.26 and 4.27 are presented in Fig 4.13 and the statistical results
are given in Table 4.14. In Fig 4.14 the performance of the Glaso correlation appears to be
excellent, and while the usual outlier points are significant, the Glaso results compare very well
(in a visual sense) with the perfect correlation trend and the results of GRACE non-parametric
correlation. The statistical performance of the Glaso correlation is excellent (AARE = 5.12
percent) compared to the Dindoruk and Christman correlation (AARE of 4.30 percent) and the

GRACE non-parametric correlation (AARE of 3.41 percent).
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Formation Volume Factor Correlation (Glaso)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.13 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Glaso model and the GRACE correlation (unconventional reservoir
fluid data set — 46 data points).

Table 4.14 — Statistics: Oil FVF (Bon) — Glaso model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.458
Standard Deviation, RB/STB 0.607
Variance, (RB/STB)® 0.368
Average Absolute Relative Error, % 5.121
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Al-Marhoun Correlation for Oil Formation VVolume Factor

The correlation proposed by Al-Marhoun (1988) uses a power-law internal variable defined by
Rsb, 7, and y; where this internal variable is then used in a polynomial expansion that contains a
single-term component to represent the influence of temperature (T). In concept, the Al-
Marhoun correlation should exhibit better than average statistical performance due to its

polynomial expansion. The re-fitted form of the Al-Marhoun correlation for Boy, is given as:

Bop =0.509+8.915x10~% (T +459.67) +1.849x10 7> X +1.449x10 0 X2 ..o (4.28)

Where the "X" parameter contains Rsb, y, and y; and is given in power-law form as:

0.806752
X =Rgp Ve,

: 0.32296 +7 -1.202101 (4.29)

D

The results generated using Egs. 4.28 and 4.29 are presented in Fig 4.14 and the statistical results
are given in Table 4.15. The character of the Al-Marhoun calculated results shown in Fig 4.14
are very good (with outliers noted), and are particularly well-correlated with the results of

GRACE non-parametric correlation (at least visually).

What is surprising is that the polynomial expansion of terms in the Al-Marhoun correlation did
not yield best-in-class statistical results. In fact, with an AARE = 5.33 percent, the Al-Marhoun
correlation is one of the worst performing correlations (at least statistically). This performance
suggests that while the polynomial expansion in the Al-Marhoun correlation may provide more
"flexibility" in concept, this feature did not yield significant statistical benefit for this particular

case.
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Formation Volume Factor Correlation (Al-Marhoun)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.14 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Al-Marhoun model and the GRACE correlation (unconventional
reservoir fluid data set — 46 data points).

Table 4.15— Statistics: Oil FVF (Bon) — Al-Marhoun model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.498
Standard Deviation, RB/STB 0.608
Variance, (RB/STB)® 0.370
Average Absolute Relative Error, % 5.330
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Kartoatmodjo and Schmidt Correlation for Oil Formation VVolume Factor

Kartoatmodjo and Schmidt (1994) also developed a modification of the Petrosky and Farshad
(1990,1998) model and is essentially the same form (with minor mathematical arrangements) as
the Velarde et al correlation (1997). The re-fitted form of the Kartoatmodjo and Schmidt

correlation for Bop IS given as:

-0.00932 160977

Bop = 0.83161+2.887x1074 | Ry,0:02788 [@ow] +0.23709T | oo, (4.30)

0

The results generated using Eq. 4.30 are presented in Fig 4.15 and the statistical results are given
in Table 4.16. As observed in Fig. 4.15, the Kartoatmodjo and Schmidt calculated results
correspond very well with the perfect correlation trend and the results of GRACE non-parametric

correlation (with the usual outlier points noted).

What is remarkable is the significantly better statistical performance of the Kartoatmodjo and
Schmidt correlation (AARE = 5.10 percent) compared to the Velarde et al correlation (AARE =
5.54 percent), where it is noted that these correlations have essentially the same mathematical
formulations. Lastly, for comparison, the GRACE non-parametric correlation has an AARE of
3.41 percent and the Petrosky and Farshad model has an AARE of 4.97 percent (the
Kartoatmodjo and Schmidt and Petrosky and Farshad models also have very similar

mathematical constructions).
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Formation Volume Factor Correlation (Kartoatmodjo and Schmidt)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.15 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Kartoatmodjo and Schmidt model and the GRACE correlation
(unconventional reservoir fluid data set — 46 data points).

Table 4.16 — Statistics: Oil FVF (Bob) — Kartoatmodjo and Schmidt model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.380
Standard Deviation, RB/STB 0.624
Variance, (RB/STB)® 0.389
Average Absolute Relative Error, % 5.095
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Velarde et al Correlation for Oil Formation VVolume Factor

Velarde et al (1997) developed a modification of the Petrosky and Farshad (1990,1998) model
(actually reduced by one parameter) and expressed the final result in a slightly more simplified

mathematical form. The re-fitted form of the Velarde et al correlation for Bop IS given as:

Bop = 0.889 +4.662x10 [R5b0'4987/

g9

1.804
—0.0117/0 0.768 1 9 45T}

The results generated using Eq. 4.31 are presented in Fig 4.16 and the statistical results are given
in Table 4.17. By inspection in Fig. 4.16, the Velarde et al calculated results yield a very good
performance, essentially overlaying the trend of GRACE non-parametric correlation, except for
the main outlier points (which is an issue for all of the correlations in this work). For reference,
the AARE for the Velarde et al model is 5.54 percent (which is the highest for all of the
correlations tested in this work), compared to the GRACE non-parametric correlation which has
an AARE of 3.41 percent. In addition, for comparison, the AARE for the Petrosky and Farshad

model is 4.97 percent.
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Formation Volume Factor Correlation (Velarde et al)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.16 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Velarde et al model and the GRACE correlation (unconventional
reservoir fluid data set — 46 data points).

Table 4.17 — Statistics: Oil FVF (Bob) — Velarde et al model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.306
Standard Deviation, RB/STB 0.601
Variance, (RB/STB)® 0.361
Average Absolute Relative Error, % 5.543
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Dindoruk and Christman Correlation for Oil Formation VVolume Factor

Dindoruk and Christman (2004) provided the most "complex" correlation to date for the oil
formation volume factor, complete with a power-law function as an internal variable. The
authors proposed this formulation as a "best fit" empirical model. The re-fitted form of the
Dindoruk and Christman correlation for Boy is given as:

Byy =—5.97x1072 —9.75x10~4 A+8.43x10°7 A2 +1.14x10°4 (T —60) AL .. (4.32)

7y

where the "A" parameter is given as f(T, Rsb, 70, yg) in the following form:

1.686, 1.35262
[ Rsh 7y
A=

0.4695
S +8.145x10°(T —60) 1% - 2.7079R5b}

0

ZRsb—1.69497

2
{0.47716+74'9247(T 60)]
g

The results generated using Egs. 4.32 and 4.33 are presented in Fig 4.17 and the statistical results
are given in Table 4.18. The calculated data show an excellent clustering around the perfect
correlation trend in Fig. 4.10 and the spurious calculated points are in better agreement with the
dominant trend than for any other correlation — the AARE for the Dindoruk and Christman
model is 4.30 percent, which is the best performance against the GRACE non-parametric

correlation which has an AARE of 3.41 percent.
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Formation Volume Factor Correlation (Dindoruk and Christman)
[Unconventional PVT Dataset (46 data points)]
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Figure 4.17 —Log-log plot of calculated versus measured oil formation volume factor
(Bob); Dindoruk and Christman model and the GRACE correlation (uncon-
ventional reservoir fluid data set — 46 data points).

Table 4.18 — Statistics: Oil FVF (Bob) — Dindoruk and Christman model.

Parameter Value
Sum of Squared Residuals, (RB/STB) 0.245
Standard Deviation, RB/STB 0.620
Variance, (RB/STB)® 0.384
Average Absolute Relative Error, % 4.295
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For this exercise, it is again noted that there are only 46 datasets available for the correlation of
the oil formation volume factor, B, — and again, the limited dataset is a recognized constraint
for this correlation work. A complete summary of the statistical results for all of the B,
correlations is provided in Table 4.19, where it is noted that the averaged AARE for all
correlations is 5.15 percent, and the AARE for the GRACE non-parametric correlation is 3.41
percent. The best performance for all of the correlations was for the Dindoruk and Christman
model, which has an AARE of 4.30 percent. As final comment, the oil formation volume factor
(Bo) is well-correlated in this exercise — all of the historical models we re-fitted well and,
despite the small dataset size, the engineer should have reasonable confidence in using these

relations for practical applications in reservoir and production engineering.

Table 4.19 — Statistics: Oil Formation VVolume Factor, Bop (Various Correlations).

Average

Absolute

Standard _ Relative

Deviation, Vanance,z Error, %

Source RB/STB (RB/STB)” (this work)

Standing (1947) 0.610 0.363 5.29
Vasquez and Beggs (1980) 0.585 0.343 5.52
Glaso (1980) 0.607 0.368 5.12
Al-Marhoun (1988) 0.608 0.370 5.33
Kartoatmodjo and Schmidt (1994) 0.624 0.389 5.09
Velarde, Blasingame, and McCain (1997) 0.601 0.361 5.54
Petrosky and Farshad (1998) 0.603 0.372 4.97
Dindoruk and Christman (2004) 0.620 0.384 4.30
Non-Parametric Solution (GRACE) 0.622 0.387 341
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CHAPTER V

DEVELOPMENT OF NEW CORRELATIONS

The purpose of this chapter is to provide the methodology used to develop new correlations for
the prediction of saturation pressure (psat) and the oil formation volume factor (Bo). Given the
relatively good performance of the historical B, correlations used in Chapter 1V, there is little
need for a "new" correlation (1 new correlation is proposed). Therefore, most of the effort in this
chapter will be devoted to the development of a strong family of very flexible multivariate

models for correlating the saturation pressure (psat) (6 new correlation models are proposed).

These proposed models are logarithmic in both the dependent and independent variables, and use
linear, quadratic, and rational polynomial expansions of the logarithms of the independent
variables. Generic expressions of these formulations are given below:

Linear Form:

In(y) =[c; +¢2In(xq)] x [c3+CqIn(x2)] x [C5 +Cg IN(x3)] x
Quadratic Form:

In(y) =[c; +¢o In(x) +C3 In(xl)z] x [C4 +C5In(xy) +Cg In(x2)2] X .
Rational Polynomial Form:

In(y) = [cl+czln(x1)+c3ln(x1) ] x [cg +c5In(xy) +cg In(xs) ] X ...
[dy +d5In(x;) +d3 In(xl) ] x [dq +d5In(xy) +dg In(X5) ] X ...

Obviously the "y-variable” will be either the saturation pressure (psat) and the oil formation
volume factor (Bo). The "x-variables" are reservoir temperature (T), stock tank oil gravity (API),

separator gas gravity (s [or SG]), and solution gas-oil-ratio (Rsb).

In this work, these new models are referred to as "exponential” because the In(y) function must
be exponentiated by the type of polynomial (linear, quadratic, or rational). The correlation

model will also be identified by its number of coefficients, and it is acknowledged that relations
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with more coefficients generally provide more complex relationships between the independent

variables, but the complexity of some relationships may actually "over-fit" the data.

The mechanism for fitting these equations to data is much the same as the process used in
Chapter IV — non-linear regression methods implemented using modules in Microsoft Excel
and/or Python algorithms. For Microsoft Excel, the "Solver" tool was used exclusively, and in
particular, the "Generalized Reduced Gradient™ option. Microsoft Excel was used as the "first
pass” tool, after which a working correlation programed into Python and various
algorithms/libraries were deployed — in particular, the "numpy", "matplotlib”, and "scipy.
optimize™ libraries were used to validate and/or enhance the results obtained using Microsoft

Excel.

As was also performed in Chapter 1V, the Xue et al (1997) implementation of Alternating
Conditional Expectations (or ACE) algorithm proposed by Breiman and Friedman (1985)
provides a non-parametric correlation of the data, Recall that the Xue et al implementation is
known as "GRACE" and that any proposed correlation equation which has lower error statistics

than the GRACE "correlation™ should be suspected of "over-fitting."
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5.2 Correlations of the Saturation Pressure (psat)
As noted in the section above, the correlation of the saturation pressure (psat) will use the newly

defined models. The models are summarized in Table 5.1.

Table 5.1 — Models: Saturation Pressure (psat) — psat = f(Rs, yg (or SG), API, T).

Number
of
Figure Variable Model Coefficients
Fig. 5.1 Psat Exponential-Linear Polynomial 8
Fig. 5.2 Psat Exponential-Linear Polynomial 16
Fig. 5.3 Psat Exponential-Quadratic Polynomial 12
Fig. 5.4 Psat Exponential-Rational Polynomial 8
Fig. 5.5 Psat Exponential-Rational Polynomial 16
Fig. 5.6 Psat Exponential-Rational Polynomial 10

The results of each proposed correlation are presented in Figs. 5.1-5.6 and statistical results are
presented in Tables 5.2-5.7. For the database used in this work, the GRACE algorithm method
yielded an average absolute relative error of 13.17 percent, which will serve as the basis for

comparison with each of the psat model correlations.

Case 1 — Saturation Pressure — Exponential-Linear Polynomial (8-coefficients)

The first model deployed is the Exponential-Linear Polynomial (8-coefficient) model. The
general form of the model is given as:
In st =[c;+CoINT] x [c3+C4 INAPI] x [e5+Cg INRs] x [c7+CgInpg ] oo, (5.1a)

Fitting Eq. 5.1a to the data in the project database yields:

In pgge = [~0.1522+7.584x1072InT] x [-5.719+17.371In API]
x [3.508x10%+1.216InRgp]  x [-56.095-2.931In7q ]
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Saturation Pressure (ps5¢) Correlation
Exponential-Linear Polynomial (8 Coefficients)
[Unconventional PVT Dataset (138 points for pg.)]
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Figure 5.1 — Log-log plot of calculated versus measured saturation pressure (psat);
exponential-linear polynomial model (8 coefficients) and the GRACE
correlation (unconventional reservoir fluid data set — 138 data points).

Table 5.2 — Saturation Pressure (psat) — Exponential-Linear Model (8 coefficients).
Parameter Value
Sum of Squared Residuals, (psia)® 17.633
Standard Deviation, psia 1,109.06
Variance, (psia)® 1,230,013
Average Absolute Relative Error, % 21.96
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This model is the weakest of all the general models, having an AARE of 22.96 percent (from
Table 5.2). The "hook™ feature observed in Fig. 5.1 is due to the retrograde gas condensate data

samples, and this performance is very similar to the historical correlation models for psat.

Case 2 — Saturation Pressure — Exponential-Linear Polynomial (16-coefficients)

The second model deployed is the Exponential-Linear Polynomial (16-coefficient) model. The

general form of the model is given as:

INPsat = ¢
CoInT +

c3In API +

C4 InRgp +C51In 34
Cg InT In API

c7InT InRgy,

cgInT Iny,

Cg In API In Ry,

+ ¢o IN APL In

+ ¢1Inyg INRgy

+ €12 InT In API In Ry
+ ¢3InT InAPLIn

+ o+ o+ + o+ + o+

+ ¢4 InT Inyg InRgy
+ &5 INAPLInyg InRgy
+ ¢ INT IN APIINRgy In 5

Eq. 5.2 is written in this fully expanded form to highlight the nature of the inter-relations of the
individual dependent variables (Rs, yg (or SG), API, T). This is the most complete "simple"

expansion (no higher order terms) and should be thought of as "less likely" to over-fit the data.
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Fitting Eq. 5.2a to the data in the project database yields:

In pgat =— 0.158

+ 7.129%x1072InT
— 6.371In API
+ 18.431In R,
+ 3.250x10%In 7

+ 1.332InT In API
— 53.095InT InRgy
— 3.084InT In y

— 92.7471In API In Ry,
— 3.573In API In y4

+1.038In 5 In Ry,

+ 14.728InT In API In Ry
+ 0.605InT In API In y

— 0.597InTIny In Ry,
+ 1016INAPHINgg INRgy s (5.2a)

~ 8.488x10"°InT In API In Ry, In 7,

This model is (perhaps) the strongest of all the general models, having an AARE of 12.67 percent
(from Table 5.3), which is the lowest of all models in this work. There is a possibility that Eq.
5.2a has slightly over-fitted the database — however; the behavior shown in Fig. 5.2 is very
"tight" and well-centered about the perfect correlation trend. There are a few minor outlying
points observed in Fig. 5.2, but these should not be seen as significant relative the excellent

overall performance of Eg. 5.2a.
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Calculated Saturation Pressure, ps . (psia)

Saturation Pressure (psy¢) Correlation
Exponential-Linear Polynomial (16 Coefficients)
[Unconventional PVT Dataset (138 points for pg.)]
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Figure 5.2 — Log-log plot of calculated versus measured saturation pressure (psat);

exponential-linear polynomial model (16 coefficients) and the GRACE
correlation (unconventional reservoir fluid data set — 138 data points).

Table 5.3 — Saturation Pressure (psat) — Exponential-Linear Model (16 coefficients).
Parameter Value
Sum of Squared Residuals, (psia)® 6.825
Standard Deviation, psia 1,363.74
Variance, (psia)® 1,859,775
Average Absolute Relative Error, % 12.67
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Case 3 — Saturation Pressure — Exponential-Quadratic Polynomial (12 coefficients)

The third model deployed is the Exponential- Quadratic Polynomial (12-coefficient) model. This
model utilizes "squared" terms for each independent variable and the general form of the model

IS given by:

In pgyt = [cl+cz InT +c3[InT]2}

x | cq +CsIn APl +cg[In AP|]2]

x | €7 +CgInRgp +Cg[IN Rsb]z}

2
x | Cp+01Inyg +C12[|n79} }

Fitting Eq. 5.3a to the data in the project database yields:

N Pggt = [6.021—1.398|nT +O.125[InT]2}

x | 3.434-0.136In API +1.325x107*[In API ]2}

x | -1.021+0.725In Ry, —4.189x10 2 [In Rsb]z}

i 2
x | 0.602-3.130x1072 In g —2.994x107° [ In 4 | }

This model has an exceptional visual correlation as seen in Fig. 5.3, and with an AARE of 13.41
percent (from Table 5.4), it is very consistent with the GRACE correlation which has an AARE
of 13.17 percent. While not "statistical," a visual comparison of the results of Eqg. 5.3b and the
GRACE correlation is the best of all cases considered in this work — particularly in the sense

that almost no "outliers™ are observed in Fig. 5.3.
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Saturation Pressure (ps,¢) Correlation
Exponential-Quadratic Polynomial (12 Coefficients)
[Unconventional PVT Dataset (138 points for pg.)]
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Figure 5.3 — Log-log plot of calculated versus measured saturation pressure (psat);
exponential-quadratic polynomial model (12 coefficients) and the GRACE
correlation (unconventional reservoir fluid data set — 138 data points).

Table 5.4 — Saturation Pressure (psat) — Exponential-Quadratic (12 coefficients).
Parameter Value
Sum of Squared Residuals, (psia)® 5.031
Standard Deviation, psia 1,073.78
Variance, (psia)® 1,153,004
Average Absolute Relative Error, % 13.41
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Case 4 — Saturation Pressure — Exponential-Rational Polynomial (8 coefficients)

The fourth model deployed is the Exponential-Rational Polynomial (8-coefficient) model. This
is the most simple of the Rational Polynomial models and is used to set a sort of basis for the

other more complex Exponential-Rational Polynomial models. This form is given as:

In peat = L (5.4a)
S8 ) +[cg+4 In AP x [Cs +Cq INRgp] x [C7 +cglnygy]

Fitting Eq. 5.4a to the data in the project database yields:

[9.021-0.119InT]
1+[2.221-0.531In API] x [0.144-1.842x107%In Rgpy] x [12.802+8.3091n 4, ]

In pgat = (5.4b)

Eqg. 5.4b has an AARE of 14.24 percent (from Table 5.5) and the results shown in Fig. 5.4
suggest that despite having the lowest complexity (and number of coefficients) of any of the
rational polynomial models, this formulation is quite credible and may be valued because of its
relative simplicity compared to the (much) more complex models. In Fig. 5.2 the observed

correlation is very good, if not excellent, and there are but a few minor outlying points
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Calculated Saturation Pressure, p, (psia)

Saturation Pressure (pp) Correlation
Exponential-Rational Polynomial (8 Coefficients)
[Unconventional PVT Dataset (138 points for p,)]
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Figure 5.4 —Log-log plot of calculated versus measured saturation pressure (Psat);
exponential rational polynomial model (8 coefficients) and the GRACE
correlation (unconventional reservoir fluid data set — 138 data points).

Table 5.5

Polynomial

—Saturation Pressure (psa) — Exponential-Rational
coefficients).
Parameter Value
Sum of Squared Residuals, (psia)® 13.25
Standard Deviation, psia 1,534.63
Variance, (psia)® 2,355,080
Average Absolute Relative Error, % 14.24
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Case 5 — Saturation Pressure — Exponential-Rational Polynomial (16 coefficients)

The fifth model is the Exponential-Rational Polynomial (16-coefficient) model, which is
arguably the most complex of all the models conceived in this work (the "rational” formulation

gives extraordinary flexibility to this model). This form is given as:

| [c1+CoInT] x [cg+c4 INAPI] x [c5+C5INRgy] x [C7 +CgInyg] -
n _—_— ... .5a
Psat =g+ 00 INT] x oy +cgz 11 AP  [ogg + 01 In Rep] x [o35 + g gl " %)

Fitting Eq. 5.5a to the data in the project database yields:

[0.858—7.881x1072 InT]
x [3.198—0.457In API]
x [0.146+0.322In Ry |
x [3.172+1.015In y,4]
[-0.340+0.540InT]
x [-0.665+0.458In API]

x [~0.545+3.343x1072 In Ry ]
x [0.454-0.281In 7,4]

In pgat =

Eg. 5.5b has an AARE of 12.75 percent (from Table 5.6), which is very close to the result from
the Exponential-Linear model (16 coefficients) (Eg. 5.3b) which has an AARE of 12.67. While
these models have a different mathematical basis, the similarity in performance may be due to
the high number of coefficients (16) for both models. In addition, the visual comparison of
results in results shown in Fig. 5.5 are very well correlated with the non-parametric results
(GRACE) as well as the perfect correlation trend (i.e., the 45 degree line). Finally, the
"tightness" of the fit of Eqg. 5.5b is excellent, with only 8 points having significant "outlier"

deviation.
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Saturation Pressure (ps5¢) Correlation
Exponential-Rational Polynomial (16 Coefficients)
[Unconventional PVT Dataset (138 points for pg.)]
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Figure 5.5 — Log-log plot of calculated versus measured saturation pressure (psat);
exponential rational polynomial model (16 coefficients) and the GRACE
correlation (unconventional reservoir fluid data set — 138 data points).

Table 5.6 — Saturation Pressure (psa) — Exponential-Rational Polynomial (16
coefficients).

Parameter Value
Sum of Squared Residuals, (psia)® 9.852
Standard Deviation, psia 1,357.11
Variance, (psia)® 1,841,747
Average Absolute Relative Error, % 12.75
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Case 6 — Saturation Pressure — Exponential-Rational Polynomial (10 coefficients)

The sixth model is the Exponential-Rational Polynomial (10-coefficient) model. This last model
is actually a bit of a hybrid, designed to have as few coefficients as necessary to provide a certain
level of performance. This model is given by:

[ci+¢CyInT]
C3+C4Inyy +C5IN APl +cgINRgy +C7 INRgpy Inpyg +

In pggt =

cgIN APl Inyy +Cg In APLIN Ry, + €19 IN APT I Rgp, In 34

Where again, Eq. 5.6a is designed to be "compact,” particularly in the denominator where the
terms have been expanded and collected. Fitting Eg. 5.6a to the data in the project database

yields:

b — [44.109-0.967InT]
Psat = [15.591—5.783In % —1.772In AP1 —0.687In Rs —2.098In Ry In 3, + } """""

3.177In API'In 74 +0.3661n API In Rg —4.335 x1072 In API In Rs In 74

Eq. 5.6b has an AARE of 13.47 percent (from Table 5.7), but much more intriguing is the visual
similarity of the performance of Eq. 5.6b shown on Fig. 5.6 and that of Eq. 5.5b shown on Fig.
5.5. These relations are exceptionally similar, despite Eq. 5.6b having 6 less coefficients that Eq.
5.5b. Of course, Eq. 5.5b provides a better statistical fit (an AARE of 12.75 percent from Table
5.7), but compared visually on Figs. 5.5 and 5.6, the performance of Eqgs. 5.5b and 5.6b are
almost indistinguishable (the outlier points for each model are slightly different, but the body of

the trends are essentially the same).
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Saturation Pressure (ps5¢) Correlation
Exponential-Rational Polynomial (10 Coefficients)
[Unconventional PVT Dataset (138 points for pg.)]
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Figure 5.6 — Log-log plot of calculated versus measured saturation pressure (psat);
exponential rational polynomial model (10 coefficients) and the GRACE
correlation (unconventional reservoir fluid data set — 138 data points).

Table 5.7 — Saturation Pressure (psa) — Exponential-Rational Polynomial (10
coefficients).

Parameter Value
Sum of Squared Residuals, (psia)® 10.966
Standard Deviation, psia 1,474.72
Variance, (psia)® 2,174,804
Average Absolute Relative Error, % 13.47
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Summary — Comparison of Correlation Results for Saturation Pressure

The results for all psa: correlation cases developed in this work are shown in Table 5.8.

Table 5.8 — Statistics: Saturation Pressure (psar) — Historical and New Correlations

Average

Absolute

Standard _ Relative

Deviation, Variance, Error, %

Source psia (psia)’ (this work)

Standing 2,431 5,907,833 20.0
Petrosky and Farshad 1,057 1,117,756 21.1
Lasater 957 915,193 21.3
Vasquez and Beggs 2,543 6,465,340 20.3
Glaso 2,023 4,092,484 20.0
Al-Marhoun 2,432 5,915,237 24.2
Kartoatmodjo and Schmidt 3,337 11,132,681 21.1
Velarde et al 664 440,298 27.3
Dindoruk and Christman 2,107 4,437,844 20.3
Exponential-Linear (8 coefficients) 1,109 1,230,013 22.0
Exponential-Linear (16 coefficients) 1,364 1,859,755 12.7
Exponential-Quadratic (12 coefficients) 1,078 1,153,004 13.4
Exponential-Rational (8 coefficients) 1,535 2,355,080 14.2
Exponential-Rational (16 coefficients) 1,357 1,841,747 12.8
Exponential-Rational (10 coefficients) 1,475 2,174,804 13.5
Non-Parametric Solution (GRACE) 1,197 1,432,965 13.2

The results provided in Table 5.8 confirm that all of the historical correlations re-fitted to the
database for this work do not achieve sufficient accuracy to warrant application. These re-fitted
historical relations have an averaged AARE of 21.0 percent (ignoring the Velarde et al result),
compared to an AARE of 13.2 percent for the non-parametric (GRACE) correlation, which is

thought to be the best result that can be achieved without "over-fitting" the data.
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Further, the new correlations developed in this work have an averaged AARE of 13.5 percent
(ignoring the Exponential-Linear 8-coefficient case), compared to the GRACE correlation which
had an AARE of 13.2 percent. This performance suggests that the new correlations are
approaching the accuracy of the non-parametric correlations. In fact, the Exponential-Linear 16-
coefficient model and the Exponential-Rational 16-coefficient model both slightly out-performed

the GRACE correlation in a statistical sense.

These results validate, at least in concept, the use of very "flexible" empirical models for the
correlation and prediction of the saturation pressure (psat) for cases of unconventional reservoir

fluids including black oils, highly volatile oils, and retrograde gas condensate fluids.

5.3 Correlation of the Oil Formation VVolume Factor (Bob)

First and foremost, it must be noted that there are only 46 datasets available in this work for the
correlation of the Oil Formation Volume Factor (Bob) (See Appendix A). Such a small dataset
for unconventional reservoir fluids makes this work somewhat “theoretical” (as opposed to being
practical) as a limited dataset should not be "extrapolated™” to suggest that it represents universal
behavior. Ironically, Standing (1947) achieved exceptional results in his early PVT correlation
work with a dataset that was only about twice the size of the one available in this work.

As most of the historical correlations were re-fitted quite well to the project database in Chapter
IV, only a single, "new" correlation will be presented, and that correlation will be analogous to
the models presented for the correlation of the saturation pressure.  Specifically, the
"Exponential-Quadratic" polynomial model will be used where the oil formation volume factor is
correlated against all of the independent variables in the dataset [i.e., Bob = f(psat, Rsb, y9 (Or SG),

API, T)].
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The Exponential-Quadratic Polynomial (15-coefficient) model used to correlate Boy is given as:
INByp = | +CyInT +c3[InT]2}

x | Cq +C5 In API +cg[In API ]2}

x [c7+cgInRg+cg[In Rsb]zJ .................................................................... (5.73)

2
x | co+CplInyg +C’.I.2|:In7g ] }

[ 2
x | C13+C14 In Py +Cy5[IN Py ] }
Fitting Eq. 5.7a to the data in the project database yields:

INBy, = |1.550-0.510InT +1.194x1073 [InT]Z}

x | -0.287-0.682In API ~5.456x10[In API |

x | 0.360—0.121In Rg +1.126x10[In Rsb]z] ......................................... (5.7b)

i 2
x | 0.414-1.094x107% In ¢ ~0.101] In g | }

x | 0.770+0.521In py +1.287x107[In psat]z}

The results for Eq. 5.7b are shown Fig.5.7, and with the exception of 2 exaggerated outlying
(calculated) data points, the visual correlation of Eq. 5.7b is excellent. Eq. 5.7b has an AARE of
5.02 percent (from Table 5.9), compared to the GRACE correlation for Bo,, Which has an AARE

of 3.41 percent (from Table 5.10).
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Formation Volume Factor (B,p) Correlation
Exponential-Quadratic Polynomial (15 Coefficients)
[Unconventional PVT Dataset (46 points for B,p)]
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Figure 5.7 — Log-log plot of calculated versus measured oil formation volume factor
(Bob); exponential-quadratic polynomial model (15 coefficients) and the
GRACE correlation (unconventional reservoir fluid data set — 46 data
points).

Table 5.9 —Statistics: Oil FVF (Bob) — Exponential-Quadratic Polynomial (15
coefficients).

Parameter Value
Sum of Squared Residuals, (RB/STB)* 0.368
Standard Deviation, RB/STB 0.598
Variance, (RB/STB)® 0.358
Average Absolute Relative Error, % 5.02
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Summary — Comparison of Correlation Results for Oil Formation VVolume Factor

The results for all Boy correlation cases developed in this work are shown in Table 5.10.

Table 5.10 — Statistics: Oil FVF (Bop) — Historical and New Correlation

Average

Absolute

Standard _ Relative

Deviation, Variance,  Error, %

Source RB/STB (RB/STB)® (this work)

Standing 0.603 0.372 4.97
Petrosky and Farshad 0.610 0.363 5.29
Vasquez and Beggs 0.585 0.343 5.52
Glaso 0.607 0.368 5.12
Al-Marhoun 0.608 0.370 5.33
Kartoatmodjo and Schmidt 0.624 0.389 5.09
Velarde et al 0.601 0.361 5.54
Dindoruk and Christman 0.620 0.384 4.30
This Study Exponential-Quadratic (15 coef.) 0.598 0.358 5.02
Non-Parametric Solution (GRACE) 0.622 0.387 3.41

The results provided in Table 5.10 show remarkable consistency in the re-fitted historical
correlations for Boh — these results have an averaged AARE of 5.15 percent and the best fit
historical model is the Dindoruk and Christman result, which has an AARE of 4.30 percent.
Recalling, the GRACE correlation has an AARE of 3.41 percent and the Exponential-Quadratic

Polynomial 15-coefficient model has an AARE of 5.02 percent.

Restating the caveat that these results are based on only 46 datasets, this work suggests that a
prediction of the oil formation volume factor using these data and results should yield acceptable
engineering accuracy. However, it must be noted that additional data must be incorporated into

such correlations before a strong case for widespread application can be made.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

The primary goal of this work is to present new empirical correlations for the saturation pressure
and the oil formation volume factor for black oil, volatile oil, and retrograde condensate reservoir
fluids obtained from unconventional (shale) reservoirs. Corporate donors provided the majority
of the laboratory PVT data for this study, which covered shale plays in the United States and

Latin America. All of these data are provided in Appendix A.

As part of a confidentiality agreement with the donor companies the data may be shared publicly,
but must remain completely anonymous as a requirement of confidentiality (i.e., no other
information regarding the donated data may be released). A total of 138 data cases were used in
this work (about 20 of the submissions were discarded as incomplete, inconsistent and/or
erroneous). The data analysis in this work was performed using MS Excel and its built-in tools

(e.g., "Solver™), as well as various Python codes and Python library modules.

While the goal of this work may seem simple enough — developing accurate correlations that
have high fidelity (i.e., the vast majority of the data are matched), this proved to be a very
challenging effort. Essentially all of the historical saturation pressure correlations tested on the
unconventional reservoir fluids dataset failed in either accuracy or fidelity, or both. This is
somewhat expected as all of the prior work in this area focused on correlations applied to black
oil or slightly volatile oil cases — in this work there are numerous (very) volatile oil cases, as

well as many retrograde gas condensate cases.
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As a test of the fidelity of the data, non-parametric regression analysis was used to establish
baseline statistics — for reference, non-parametric regression should always yield the lowest
error metrics, and any regression that achieves lower error statistics are deemed to have been
"over-fitted." The results of the non-parametric regression were plotted on all "calculated versus
measured” correlation plots along with a "perfect correlation trend" (45-degree trendline) for
reference with the results from the historical correlations and the new correlations proposed in

this work.

Of the historical correlations for both the saturation pressure (psat) (based on 138 data points) and
the oil formation volume factor (Bob) (based on 46 data points), the Dindoruk and Christman
(2000) correlation models yielded the best results (statistically) and visually. Several new,
generalized models using an exponential transform and polynomial parametric formulations (i.e.,
the "exponential-polynomial™ models) were applied and validated for both psat and Bob, and in
general these "exponential-polynomial” models yielded much better statistical results than the
historical correlations. Further, the proposed “exponential-polynomial™ models also captured the
behavior of the highly volatile oil cases as well as the retrograde gas condensate cases, where in

contrast none of the historical correlation models performed well for these cases.

6.2 Conclusions

The following key observations/deliverables are the noted from this work:

e Historical Correlations — Saturation Pressure (psat): Historical correlations for the
saturation pressure (psa) applied to the project dataset (138 points) for fluids from
unconventional reservoir were not able to yield statistical results (Chapter 1V) sufficient to
warrant the use of any historical correlation for the prediction of saturation pressure (psat)
for practical applications in reservoir and production engineering (all correlations yielded

an AARE of 20 percent or higher [Chapter V], where the non-parametric regression gave
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an AARE of 13.17 percent, [Chapter V]). Further, visual evidence from the "calculated
versus measured” plots clearly indicates that the historical correlations for saturation
pressure (psat) — all of which were developed for "black oils", cannot capture the phase
behavior of highly volatile oils nor retrograde gas condensate systems.

e Historical Correlations — Oil Formation Volume Factor (Bob): In the case of the oil
formation volume factor (Bob), the project database contained only 46 useable datasets.
Using these data to re-fit the historical correlations for the oil formation volume factor (Bon)
was actually a quite successful exercise, with almost all historical correlations performing
in an acceptable manner, and for the correlation of Dindoruk and Christman (ChapterlV),
the results were very good (AARE = 4.3 percent). For comparison, the non-parametric
regression gave an AARE of 3.41 percent for Bo, (Chapter V).

e New Correlations — General: In this work a "family” of "exponential polynomial”
correlations were proposed where the expression is written in In(y) (hence the
"exponential” name as these expressions must be exponentiated) and the independent
variables (also in logarithmic forms) are represented by linear, quadratic, and rational
polynomials as illustrated below:

Linear Form:

In(y) =[c1 +¢2 In(xq)] x [z +C4IN(X2)] x [C5 +Cg IN(X3)] x ..
Quadratic Form:

In(y) =[c; +¢o In(x) +C3 In(x1)2] x [C4 +C5In(xy) +Cg In(x2)2] X .
Rational Polynomial Form:

_ g+ In(%) +c3In(x)?] x [c4 +Cs In(Xp) +Cg IN(%0)?] x ...

In(y) 5 :
[dy +dy In(x) +dg IN(x)?] % [dg +ds In(Xp) + dg IN(X0)?] x ...

And, of course, there can be variations of these forms based on the influence of a given
independent variable (e.g., temperature might be better represented by a linear, rather than
quadratic function).

e New Correlations — Saturation Pressure (psat): The “exponential polynomial™ correlations
constructed for the saturation pressure (psa) were remarkably effective, with most
correlations performing in the 13-14 percent AARE range (recall that the non-parametric

result for psat had an AARE of 13.17 percent). The only poor performer was the 8
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coefficient "exponential-linear" model which had an AARE of about 22 percent). As might
be envisioned for relations with so much flexibility, the 16 coefficient relations had AARE
values slightly less than the non-parametric relation, indicating the possibility of minor
over-fitting.  In short, these new models provided an exceptional to outstanding
performance as correlators for the saturation pressure (psat) for reservoir fluids from
unconventional reservoirs.

e New Correlations — Oil Formation Volume Factor (Bob): As a reminder, there were only
46 useable datasets for the oil volume factor (Bo), which led to the belief that a single
"exponential-polynomial™ model would be sufficient. In this case a 15-coefficient
"exponential-quadratic™ form was used, which gave an AARE of 5.2 percent, but yield an
excellent visual correlation of the data (see Fig. 5.7 in Chapter V). Recalling, the non-
parametric regression gave an AARE of 3.4 percent for Bo,, and the Dindoruk and
Christman correlation gave an AARE of 4.4 percent (Chapter V). Given this performance,
all of these reasonable should all be considered reasonable (and realistic), despite the

relatively small number of data (only 46 useable datasets).

6.3 Recommendations for Future Work
Based on the developments in this work, the following recommendations for future work are

proposed for others to consider:

e Database: The database for unconventional reservoir fluids must be expanded to 100s if
not 1000s of data — the single most significant limitation of the present work is the
relatively small size of the database that was created for this work.

e Correlations: The new correlation relations proposed for this work should be considered
more of an exercise in necessity in order to have the flexibility required to address the
complexities of the different reservoir fluids in the database (e.g., black oils, volatile oils,
and retrograde gas condensates). Future work should consider less empiricism and more

physics (i.e., correlation models derived (at least in part) from thermodynamics).
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APPENDIX A
PVT DATA USED IN THIS STUDY (ANONYMIZED)
The database used in this study was obtained from companies operating in unconventional oil
and gas reservoirs and is anonymized as per agreement with the companies that donated these

data. The samples are taken from several US and international unconventional (shale) plays.

A.1 Saturation Pressure Database

Table A-1 — Table of data PVT for unconventional oil and gas reservoirs used for the
development of the saturation pressure correlations from anonymous
sources.

Reservoir ~ Stock-Tank  Separator  Solution-Gas- Saturation
Temperature Oil Gravity Gas Gravity Oil Ratio Pressure
Point (Deg F) (°API) (air=1) (scf/STB) (psia)
1 203 45.49 0.825 1504 3765
2 198 47.59 0.773 2003 4365
3 203 57.82 0.744 23828 5678
4 169 48.75 0.774 3982 6225
5 169 46.41 0.776 1328 3565
6 167 47.69 0.794 2681 4745
7 325 53.00 0.717 3955 4237
8 179 76.41 0.715 2335 5596
9 160 42.70 0.798 860 1921
10 240 38.02 0.937 1472 2505
11 180 54.78 0.779 5067 5031
12 175 48.80 0.744 5128 5100
13 182 50.80 0.437 4058 4898
14 168 56.87 0.834 20481 3615
15 190 45.02 0.759 1575 3615
16 207 47.86 0.762 4925 4735
17 212 46.42 0.787 3889 4565
18 183 64.10 0.743 6221 5166
19 195 58.27 0.757 7467 5072
20 187 52.24 0.788 4780 4900
21 214 56.59 0.725 14011 5705
22 197 45.59 0.853 1705 3965
23 190 52.13 0.770 3637 4832
24 193 46.48 0.812 1669 3815
25 215 40.20 0.809 996 2579
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Table A-1 — (continued) Table of data PVT for unconventional oil and gas reservoirs
used for the development of the saturation pressure correlations from
anonymous Ssources.

Reservoir ~ Stock-Tank  Separator  Solution-Gas- Saturation
Temperature  Oil Gravity Gas Gravity Oil Ratio Pressure
Point (Deg F) (°API) (air=1) (scf/STB) (psia)
26 215 42.10 1.300 1096 2497
27 250 38.70 0.896 1632 3469
28 226 52.70 0.794 16843 3102
29 225 55.80 0.704 4850 3852
30 221 54.50 0.719 5069 3773
31 231 58.10 0.794 1102 2904
32 259 42.90 0.926 1683 2951
33 226 66.90 0.716 17428 3122
34 225 48.00 0.801 1362 3650
35 180 43.00 0.745 4585 7990
36 185 44.40 0.746 6132 7525
37 196 50.40 0.822 37504 4590
38 185 45.70 0.783 19218 10000
39 181 43.60 0.756 3714 6300
40 180 42.00 0.808 3772 6310
41 150 38.80 0.770 4518 8947
42 182 43.40 0.769 5747 8120
43 173 44.20 0.796 3328 5240
44 234 47.50 0.750 39340 1919
45 234 52.80 0.717 28662 1844
46 234 48.80 0.721 54104 2030
47 234 53.10 0.712 28763 3111
48 234 62.87 0.700 58504 1707
49 168 44.45 0.888 1012 2465
50 158 43.00 0.900 869 2265
51 160 38.70 0.724 927 2685
52 175 42.50 0.722 2650 5065
53 163 41.02 0.965 1168 2613
54 166 42.10 0.715 1419 3220
55 162 40.90 0.715 1262 2950
56 156 41.30 0.694 4012 5510
57 161 40.10 0.939 868 2678
58 132 37.64 0.756 747 3150
59 178 39.60 0.917 865 2335
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Table A-1 — (continued) Table of data PVT for unconventional oil and gas reservoirs
used for the development of the saturation pressure correlations from
anonymous Ssources.

Reservoir ~ Stock-Tank  Separator  Solution-Gas- Saturation
Temperature  Oil Gravity Gas Gravity Oil Ratio Pressure
Point (Deg F) (°API) (air=1) (scf/STB) (psia)
60 126 37.70 0.886 520 2188
61 147 41.90 0.843 705 2290
62 153 40.40 0.826 661 2370
63 168 43.30 0.853 1000 2875
64 174 42.60 0.938 1100 3328
65 159 42.80 0.776 757 2721
66 189 45.10 0.894 1500 3478
67 188 45.10 0.909 1500 3259
68 240 39.00 1.008 612 1657
69 240 38.10 0.833 485 1389
70 240 36.70 0.944 483 1778
71 240 34.20 0.810 683 2057
72 245 35.17 0.887 1145 2674
73 237 34.60 1.058 915 2530
74 212 42.20 0.932 1275 2304
75 270 43.60 0.755 1230 2866
76 225 37.29 0.951 336 1211
77 225 34.60 0.994 275 1370
78 235 35.46 0.920 558 2122
79 238 43.58 0.720 1035 3064
80 225 30.00 0.650 638 2125
81 225 30.00 0.650 628 2100
82 228 30.00 0.900 762 2455
83 228 30.00 0.900 757 2440
84 228 30.00 0.650 764 2459
85 221 42.50 0.900 513 1764
86 225 34.60 0.994 275 1370
87 205 49.90 0.754 4889 5070
88 210 81.90 0.723 38878 2429
89 235 61.83 0.796 4912 3998
90 233 55.73 0.816 3912 4298
91 230 64.78 0.790 9809 3918
92 220 73.47 0.736 17933 3129
93 220 64.59 0.796 6097 4395
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Table A-1 — (continued) Table of data PVT for unconventional oil and gas reservoirs
used for the development of the saturation pressure correlations from
anonymous Ssources.

Reservoir ~ Stock-Tank  Separator  Solution-Gas- Saturation
Temperature  Oil Gravity Gas Gravity Oil Ratio Pressure

Point (Deg F) (°API) (air=1) (scf/STB) (psia)
94 218 88.88 0.775 19602 3188
95 247 74.50 0.701 85802 2577
96 151 40.50 0.918 550 1991
97 159 37.80 0.864 575 2388
98 164 39.10 0.822 825 3044
99 166 38.10 0.875 875 3297
100 166 40.40 0.993 735 2588
101 171 44.70 0.804 912 3000
102 175 44.80 0.901 1400 3200
103 159 40.80 0.897 745 2568
104 175 44.80 0.901 1200 3200
105 290 78.80 0.746 9177 3906
106 290 52.60 0.729 2901 4343
107 330 66.88 0.740 2329 3969
108 326 53.70 0.718 3187 4122
109 327 57.70 0.728 6979 4848
110 330 59.00 0.724 5771 3946
111 326 55.60 0.718 3568 4391
112 320 52.90 0.722 2449 4276
113 319 55.00 0.735 3262 4379
114 250 77.21 0.741 28130 2814
115 291 82.20 0.764 9308 3910
116 323 56.70 0.729 4573 4373
117 302 49.80 0.711 1142 3866
118 304 48.90 0.724 1224 3721
119 308 51.10 0.729 1464 3859
120 313 51.50 0.715 1944 4176
121 315 53.30 0.731 2492 4317
122 312 52.00 0.728 2711 4792
123 316 50.60 0.725 2504 4421
124 309 51.10 0.730 2102 4034
125 307 49.80 0.742 1701 4292
126 150 39.80 0.771 1175 3452
127 150 33.70 0.795 540 2172
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Table A-1 — (continued) Table of data PVT for unconventional oil and gas reservoirs
used for the development of the saturation pressure correlations from
anonymous Ssources.

Reservoir ~ Stock-Tank  Separator  Solution-Gas- Saturation

Temperature  Oil Gravity Gas Gravity Oil Ratio Pressure
Point (Deg F) (°API) (air=1) (scf/STB) (psia)
128 161 47.20 0.759 6007 5675
129 161 41.40 0.767 3220 5120
130 297 81.41 0.732 2574 4431
131 298 83.82 0.797 3094 4550
132 310 78.46 0.752 7436 5160
133 310 80.31 0.747 6560 4520
134 298 76.96 0.798 2529 4355
135 285 74.56 0.793 1567 4148
136 305 76.54 0.810 2285 4213
137 220 53.10 0.730 7493 4385
138 293 74.68 0.737 2533 4149
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A.2 Formation Volume Factor Database

Table A-2 — Table of data PVT for unconventional oil and gas reservoirs used for the
development of the oil formation volume factor correlations from anony-
mous sources.

Separator Solution- Formation
Reservoir  Stock-Tank Gas Gas-Oil Saturation Volume
Temperature QOil Gravity Gravity Ratio Pressure  Factor at psat
Point (Deg F) (°API) (air=1) (scf/STB) (psia) (bbl/STB)
1 203 45.49 0.825 1504 3765 1.874
2 198 47.59 0.773 2003 4365 2.108
3 169 46.41 0.776 1328 3565 1.704
4 167 47.69 0.794 2681 4745 2.441
5 160 42.70 0.798 860 1921 1.392
6 240 38.02 0.937 1472 2505 2.091
7 190 45.02 0.759 1575 3615 1.837
8 207 47.86 0.762 4925 4735 3.838
9 187 52.24 0.788 4780 4900 3.709
10 197 45.59 0.853 1705 3965 1.965
11 193 46.48 0.812 1669 3815 1.947
12 215 40.20 0.809 996 2579 1.708
13 215 42.10 1.300 1096 2497 1.726
14 250 38.70 0.896 1632 3469 2.112
15 231 58.10 0.794 1102 2904 2.889
16 259 42.90 0.926 1683 2951 2.214
17 225 48.00 0.801 1362 3650 2.798
18 168 44.45 0.888 1012 2465 1.593
19 158 43.00 0.900 869 2265 1.490
20 160 38.70 0.724 927 2685 1.502
21 175 42.50 0.722 2650 5065 2.360
22 163 41.02 0.965 1168 2613 1.658
23 166 42.10 0.715 1419 3220 1.804
24 162 40.90 0.715 1262 2950 1.716
25 156 41.30 0.694 4012 5510 3.150
26 161 40.10 0.939 868 2678 1.514
27 132 37.64 0.756 747 3150 1.343
28 178 39.60 0.917 865 2335 1.549
29 126 37.70 0.886 520 2188 1.329
30 147 41.90 0.843 705 2290 1.502
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Table A-2 — (continued) Table of data PVT for unconventional oil and gas reservoirs
used for the development of the oil formation volume factor correlations
from anonymous sources.

Separator Solution- Formation
Reservoir  Stock-Tank Gas Gas-Oil Saturation Volume
Temperature QOil Gravity Gravity Ratio Pressure  Factor at psat
Point (Deg F) (°API) (air=1) (scf/STB) (psia) (bbl/STB)
31 153 40.40 0.826 661 2370 1.475
32 168 43.30 0.853 1000 2875 1.669
33 174 42.60 0.938 1100 3328 1.705
34 159 42.80 0.776 757 2721 1.608
35 189 45.10 0.894 1500 3478 1.954
36 188 45.10 0.909 1500 3259 1.966
37 240 39.00 1.008 612 1657 1471
38 240 38.10 0.833 485 1389 1.374
39 240 36.70 0.944 483 1778 1.429
40 240 34.20 0.810 683 2057 1.530
41 245 35.17 0.887 1145 2674 1.779
42 237 34.60 1.058 915 2530 1.714
43 212 42.20 0.932 1275 2304 1.873
44 270 43.60 0.755 1230 2866 1.852
45 205 49.90 0.754 4889 5070 3.691
46 161 41.40 0.767 3220 5120 2.700
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A.3 Oil Viscosity Database

Table A-3 — Table of data PVT for unconventional oil and gas reservoirs used for the
development of the oil viscosity correlations from anonymous sources.

Separator Solution oil
Reservoir  Stock-Tank Gas Gas-Oil Saturation  Viscosity
Temperature Oil Gravity Gravity Ratio Pressure at Psat
Point (Deg F) (°API) (air=1) (scf/STB) (psia) (cp)

1 203 45.49 0.825 1504 3765 0.272
2 198 47.59 0.773 2003 4365 0.196
3 169 46.41 0.776 1328 3565 0.354
4 167 47.69 0.794 2681 4745 0.189
5 160 42.70 0.798 860 1921 0.289
6 240 38.02 0.937 1472 2505 0.182
7 190 45.02 0.759 1575 3615 0.211
8 207 47.86 0.762 4925 4735 0.062
9 187 52.24 0.788 4780 4900 0.154
10 197 45.59 0.853 1705 3965 0.246
11 193 46.48 0.812 1669 3815 0.256
12 168 44.45 0.888 1012 2465 0.467
13 158 43.00 0.900 869 2265 0.499
14 160 38.70 0.724 927 2685 0.435
15 175 42.50 0.722 2650 5065 0.243
16 163 41.02 0.965 1168 2613 0.300
17 166 42.10 0.715 1419 3220 0.300
18 162 40.90 0.715 1262 2950 0.340
19 156 41.30 0.694 4012 5510 0.140
20 161 40.10 0.939 868 2678 0.450
21 178 39.60 0.917 865 2335 0.457
22 147 41.90 0.843 705 2290 0.391
23 153 40.40 0.826 661 2370 0.429
24 168 43.30 0.853 1000 2875 0.280
25 174 42.60 0.938 1100 3328 0.292
26 159 42.80 0.776 757 2721 0.363
27 189 45.10 0.894 1500 3478 0.205
28 188 45.10 0.909 1500 3259 0.202
29 240 39.00 1.008 612 1657 0.352
30 240 38.10 0.833 485 1389 0.488
31 240 36.70 0.944 483 1778 0.453
32 240 34.20 0.810 683 2057 0.476
33 245 35.17 0.887 1145 2674 0.184
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Table A-3 — (continued) Table of data PVT for unconventional oil and gas reservoirs
used for the development of the oil viscosity correlations from anonymous

sources.
Separator Solution oil

Point  Reservoir  Stock-Tank Gas Gas-Oil Saturation  Viscosity
Temperature Oil Gravity Gravity Ratio Pressure at Psat
(Deg F) (°API) (air=1) (scf/STB) (psia) (cp)
34 237 34.60 1.058 915 2530 0.392
35 212 42.20 0.932 1275 2304 0.257
36 270 43.60 0.755 1230 2866 0.239
37 205 49.90 0.754 4889 5070 0.074
38 161 41.40 0.767 3220 5120 0.150
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APPENDIX B
CORRELATION OF OIL VISCOSITY FOR UNCONVENTIONAL RESERVOIR

FLUIDS USING A LIMITED DATABASE

This Appendix provides the additional work conducted to correlate the limited data that were
available for oil viscosity at the saturation pressure (tob). This is a limited dataset of 46 points as
given in Appendix A (Table A.3). Traditional correlations of oil viscosity refer to the viscosity
at a given pressure and temperature related to the so-called "dead oil viscosity" at a standard
temperature and pressure (this is the approach of Chew and Connally [1959]). As there were no
"dead oil viscosity" data for this study, the "dead oil viscosity” formulation for a given
correlation was substituted into the uob correlation and solved for all coefficients using only the
Lob data. Obviously this is neither ideal, nor the likely to produce unique correlations, but this
was a limitation of the dataset and is the reason this work is provided only as an auxiliary

companion to the main correlations of psat and Bop developed in the main body of this work.

For this work, it is assumed that oil viscosity at the saturation pressure (o) can be correlated
using the same variables as the saturation pressure and the oil formation volume factor at the

saturation pressure, i.e., tiob = f(Rsb, yg (0r SG), API, T, psat).

B.1 Literature Review of Previous Work

As noted above, most (essentially all) prior correlations of the correlations of oil viscosity refer
to the "dead oil viscosity" (tod) (Chew and Connally [1959]). The Chew and Connally approach
assumes that od = f(API, T) and gon = (204, Rsb), and since there are no data for uog in the

database used for this work, the correlation relation for g (all methods) becomes an
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"Iintermediate” or "proxy" correlation and o4 iS computed as an input for the given uob

correlation as part of the regression process.

The historical correlations for oil viscosity that are used in this work are summarized in Table

B.1:

Table B.1 — Historical Correlations for Oil Viscosity (uob) used in This Work.

Correlation Lod form Hob form
Petrosky and Farshad (1990, 1998) o4 = f(API, T)  tiob = f(tod, Rsb)
Kartoatmodjo and Schmidt (1994)  od = f(APL, T)  iob = f(ttod, Rsb)
Dindoruk and Christman (2004) tod = F(API, T) b = f(utod, Rsb)

As process, the coefficients for each correlation are solved using regression on the available data
Lob = f(Rsp, API, T), where the "dead oil viscosity" (wod) is sSimply an "intermediate” or "implicit"
variable in the uon formulation (i.e., there are no uoq data, this is simply a correlation with the
given uob correlation).

As a "test” of the relevance of the oil viscosity at saturation pressure data, the oil viscosity at
saturation pressure (uob) is plotted versus the saturation pressure (psa) in Fig. 3.1, and a
reasonable correlative trend is observed. Obviously, b is not solely a function of psat — there
are temperature and composition effects that must be addressed, the simple rendering of ob

Versus psat Shown in Fig. 3.1 is used as a data observation/validation tool.

99



Oil Viscosity versus Saturation Pressure
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Figure B.1 — Semilog plot of measured oil viscosity versus saturation pressure for data
taken from the unconventional reservoir fluid database.

B.2 Refitted Historical Correlations for Oil Viscosity

In this section regression methods are used to re-fit the historical correlations for oil viscosity to
the available database of viscosity data (i.e., Appendix A (Table A.3)). All of the historical
correlations use a "dead oil viscosity" (1od) correlation — as there are no o4 data available, the
Lod correlation is used implicitly inside of the b correlation. This process yields relevant, but
probably not unique correlations for won behavior. In the following section a completely general
(exponential-polynomial) formulation is applied to the gon = f(Rsh, yg (or SG), API, T, psat)

dataset.

The refitted historical correlations are provided below, and it is noted that regression algorithms

in Python and MS Excel were used to complete the optimization (re-fitting) of these correlations.
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Petrosky and Farshad Correlation for Oil Viscosity:
The Petrosky and Farshad correlation re-fitted to the unconventional database yields:
Dead Oil Viscosity: (at standard conditions)

fiog = 22571077 T27772 |og AP} 2.0073l0gT~12.5688]

Oil Viscosity: (at Psat)

A B
tob = Altog]

where:

. -4
A =0.04864 +1.03243x10[72:01634x10 " Rsp ]

B =1.56922 +1.92503x10[70-0010435 Rgp ]

The statistical results for the Petrosky and Farshad correlation are given in Table B.2.

Table B.2 — Statistics: Oil Viscosity (uon) — Petrosky and Farshad Correlation

Parameter Value
Sum of Squared Residuals, (cp)2 5.450
Standard Deviation, cp 0.116
Variance, (cp)? 0.013
Average Absolute Relative Error, % 28.77
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The graphical results for the Petrosky and Farshad correlation are shown in Fig. B.2. In general,
the Petrosky and Farshad is reasonably well-correlated about the perfect correlation trend. There
is most probably some overfitting in the region of 0.5 cp, where the Petrosky and Farshad
correlation is "better" (i.e., over-fitted) compared to the GRACE correlation (which should

always yield the lowest error statistics).

Oil Viscosity Correlation (Petrosky)
[Unconventional PVT Dataset (46 points)]
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Figure B.2— Log-log plot of calculated versus measured oil viscosity for the Petrosky
and Farshad correlation model, applied using non-linear regression to the
uncon-ventional reservoir fluid data set.
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Kartoatmodjo and Schmidt Correlation for Qil Viscosity:
The Kartoatmodjo and Schmidt correlation re-fitted to the unconventional database yields:

Dead Oil Viscosity: (at standard conditions)
Lo —1.3204x10t0 T-0-65188 log Ap|[-0.065912 logT-27.35313]

................................... (B.5)
Oil Viscosity: (at Psat)
fop =-0.002134+11.494X, -8.501x10™* X,> (B.6)
where:
Xy = {1.65928 +0.11995x10l-598:107 RSb]} Ho@ ™Y oo (B.7)
X, =023655-489068x101 2700 Rl (B.8)

The statistical results for the Kartoatmodjo and Schmidt correlation are given in Table B.3.

Table B.3 — Statistics: Oil Viscosity («ob) — Kartoatmodjo and Schmidt Correlation

Parameter Value
Sum of Squared Residuals, (cp)2 13.07
Standard Deviation, cp 0.067
Variance, (cp)? 0.004
Average Absolute Relative Error, % 36.97
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The graphical results for the Kartoatmodjo and Schmidt correlation are shown in Fig. B.3. The
first observation is that the Kartoatmodjo and Schmidt correlation model systematically deviates
from the perfect correlation trend, indicating either a poor regression or a weak correlation
model, or both. Speculation suggests that the complexity of the uon model (i.e., Egs. B.6-B.8) is
the cause of the relatively poor correlation fit for this particular case.

Oil Viscosity Correlation (Kartoatmodjo)
[Unconventional PVT Dataset (46 points)]

101_ T T T T ITrr T T TTTTT T T rrrrg
:( ® ) Kartoatmodjo Correlation R .
~( A ) GRACE Correlation ]
= (=== ) Perfect Trend 7

o

L

$10°F .

> - .

- = -

[7;] L -

]

o - -

2

> B ®e &

o L 4

©

QL

K -1 ,"

310 F AL .

© L e -

(&S] L R4 -
10'2 '2' L L L L 111 1 L L L L 111 0 L 1 1 L 111 1

10 10 10 10

Measured Oil Viscosity, y,, (cp)

Figure B.3— Log-log plot of calculated versus measured oil viscosity for the
Kartoatmodjo and Schmidt correlation model, applied using non-linear
regression to the unconventional reservoir fluid data set.
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Dindoruk and Christman Correlation for Oil Viscosity:
The Dindoruk and Christman correlation re-fitted to the unconventional database yields:
Dead Oil Viscosity: (at standard conditions)

1
0.7583x10° T 2829 g Ap) [1.7026x10"log T-8.985]

:uOd = I T P TP T PP PP RTPRTPEPS (Bg)
7.648x1071 pgi 0348 +0.01043 Ry, 776910
QOil Viscosity: (at Psat)
g = Aloq1?
ob 00 L e (B.10)
where:
-1
-3 471710
) 0.9708 [-0.375x1073 | R,
A= 7t BT s (B.11)
exp| 7.155x107 Ry | exp| 9.408x10* Ryp |
-1
-2 4.488x10
. 0.34208 | -1.758x1072 Ry
B =+ = s (B.12)

+
exp [—2.189 x107 Rsb} exp [—2.753x10_4 Rsb}
The statistical results for the Dindoruk and Christman correlation are given in Table B.4.

Table B.4 — Statistics: Oil Viscosity (uob) — Dindoruk and Christman

Parameter Value
Sum of Squared Residuals, (cp)® 5.598
Standard Deviation, cp 0.128
Variance, (cp)? 0.017
Average Absolute Relative Error, % 34.33
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The graphical results for the Dindoruk and Christman correlation are presented in Fig. B.4 and
are quite similar to those of Petrosky and Farshad, which also suggests a (very) slight "over-
fitting" compared to the GRACE correlation as the Dindoruk and Christman correlation results

also compare very well with GRACE results.

Oil Viscosity Correlation (Christman)
[Unconventional PVT Dataset (46 points)]
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Figure B.4 — Log-Log plot of calculated versus measured oil viscosity for the Dindoruk
and Christman correlation model, applied using non-linear regression to the
unconventional reservoir fluid data set.
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Statistical Comparison of Re-Fitted Historical Oil Viscosity Correlations:

Table B.5 provides the statistical summary of the historical oil viscosity correlations fitted to the
database for unconventional reservoir fluids. It is important to note that there are only 46 data
points used in these correlations for oil viscosity at the saturation pressure.. As comment, the
Petrosky and Farshad and Dindoruk and Christman models performed well both statistically and
in a visual sense. However; the Kartoatmodjo-Schmidt model clearly does not match the data

nor the perfect correlation trend, suggesting that this model may not be appropriate.

Table B.5 — Statistics: Oil Viscosity (uon) — All Historical Correlations (46 points)

Average
Standard Variance Absolute
Deviation, ,  Relative Error,
Source cp (cp) % (this work)
Petrosky and Farshad (1990, 1998) 0.116 0.013 28.8
Kartoatmodjo and Schmidt (1994) 0.067 0.004 37.0
Dindoruk and Christman (2004) 0.128 0.017 34.3
Non-Parametric Solution (GRACE) 0.186 0.0344 25.4

B.3 Development of New Correlations

As was discussed at the beginning of this Appendix, the historical models for oil viscosity (iob)
were compared for accuracy and for nature of the model match to the data (e.g., the
Kartoatmodjo and Schmidt model did not match the data nor the perfect correlation trend, Fig.
B.4). Having completed this work, the next goal was to establish a best-fit correlation model

where tiob = f(Rsb, yg (Or SG), AP, T, Psat).

As a general correlation is desired (i.e., a direct solution for un without having to have or
compute the dead oil viscosity [od]), several different types of models were considered, the most

"flexible™ of which is the exponential-quadratic model. This correlation is performed in
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logarithmic space (hence the "exponential” must be taken to obtain uob) and each independent

variable (Rsv, g (or SG), API, T, psat) is expressed with a general quadratic (logarithmic) relation.

The proposed general form of the exponential-quadratic model is:

In s =

_ol +cyInT +c3[InT]2}

C4 +C5In API +cg[In API ]2}

c; +cgInRgy  +Coln Rsb]z}

_010 +epinyg +cp ['n Yg ]2}

Gz +CaInpy +gs[In pb]z}

In fitting Eq. B.13 to the oil viscosity database, it became necessary to remove 8 (eight) points

from the dataset. While this is neither ideal nor preferred, this was necessary in order for Eq.

B.13 to converge to a statistically significant regression. In fact, given that there are 15

coefficients and only 38 data points, it is very likely that Eq. B.13 would overfit the dataset, but

also that it would be difficult to converge statistically. The results for this correlation effort are

given in Eq. B.14. The statistical summary is show in Table B.6 and the correlation plot is

shown in Fig. B.5.

In pip =

1549 —0.509InT +1.194x10_3[InT]2}
~0.287-0.682I APl —5.456x1072[In AP ]Z}
0.360 —0.121In Ry, +1.126x1072[In Rsb]z}

- , ,
0.414 -1.019x10 |nyg—0.101[|nyg] }

0.770 +0521In py +1.287x1073[In pb]z}
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Table B.6 — Statistics: Oil Viscosity («on) — Exponential-Quadratic Model (38 points)

Parameter Value
Sum of Squared Residuals, (cp)? 1.010
Standard Deviation, cp 0.112
Variance, (cp)° 0.013
Average Absolute Relative Error, % 13.90
Average Absolute Relative Error, % (GRACE) 18.84

Oil Viscosity Correlation
Exponential Polynomial (Quadratic Form)
[Unconventional PVT Dataset (38 points)]
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Figure B.5— Log-log plot of calculated versus measured oil viscosity for the
exponential-quadratic
regression to the unconventional reservoir fluid data set. (38 points)
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As given in Table B.6, the statistics related to fitting Eq. B.14 to the oil viscosity database
clearly shows that the Exponential-Quadratic Model is overfitted (i.e., AARE = 13.90 percent
compared to the GRACE correlation at 18.84 percent — where the GRACE correlation is a non-
parametric correlation and should always provide the lowest error metrics). However; this
"overfitting" was expected, and Eq. B.14 is provided as a conceptual starting point for cases

where (much) more data are available.

Statistical Comparison of All Viscosity Correlations:

The statistical results for all correlations are summarized in Table B.7. While it would be
unwise to draw strong conclusions, it is reasonable to state that the new (Exponential-Quadratic)
model is a "best fit" (see also Fig. B.5), the Petrosky and Farshad and the Dindoruk and
Christman models also perform well and are likely robust and representative, but again, any
strong conclusions should wait until there is a much larger dataset to establish more statistically

consistent correlations.

Table B.7 — Statistics: Oil Viscosity (uob) — Historical and New Correlations

Average

Number  Standard vVariance Absolute

of Deviation, " Error, %

Source Points cp (cp) (this work)

Exponential-Quadratic Model (this study) 38 0.112 0.013 13.9
Non-Parametric Correlation (GRACE) 38 0.112 0.013 18.8
Petrosky and Farshad (1990, 1998) 46 0.116 0.013 28.8
Kartoatmodjo and Schmidt (1994) 46 0.067 0.004 37.0
Dindoruk and Christman (2004) 46 0.128 0.017 34.3
Non-Parametric Correlation (GRACE) 46 0.186 0.034 25.4
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B.4 Summary, Conclusions, and Recommendations

Summary:
The refitting of the historical correlations for oil viscosity against the dataset available for
this project was largely successful; as all of these correlations, with the exception of the
Kartoatmodjo and Schmidt model, were successfully "re-fitted" to the dataset for fluids
from unconventional reservoirs. It should be noted that the historical correlations only
employ three variables: solution gas-oil ratio (Rs), stock-tank oil gravity (API), and

temperature (T).

In addition, a new generalized model, the "exponential-quadratic” model incorporates all
variables in the database [i.e., tob = f(Rsh, yg (Or SG), API, T, psat)] was proposed and fitted
to the database. The "exponential-quadratic” model did yield the best statistics, but this
relation also "over-fitted" the data — the statistical results for this model were significantly

below those of the non-parametric correlation, which is a definitive sign of "over-fitting."

Conclusions:

The following conclusions were observed for the work on oil viscosity in this Appendix:

e The Petrosky and Farshad (1990, 1998) model was successfully fitted to the database for
this work and was probably over-fitted.

e The Kartoatmodjo and Schmidt (1994) was not successfully fitted to the database, most
likely due to a poor regression and/or an inadequate model.

e The Dindoruk and Christman (2004) model was successfully fitted to the database and
was possibly over-fitted (but not significantly).

e The exponential-quadratic model (this study) yielded the best statistical fit (by a
significant margin) over all of the correlations tested, but was definitely (and

substantially) over-fitted.
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e The non-parametric correlation (GRACE) does not provide a functional correlation of the
data, but was successfully deployed to establish the lower bound of error statistics. This
approach is essential as it provides the basis of comparison for parametric models in
order to establish over-fitting.

Recommendations:
The following recommendations are proposed for future work performed on correlating oil

viscosity for fluids from unconventional reservoirs.

e A (much) larger database of oil viscosity (and oil formation volume factor) must be
established for fluids from unconventional reservoirs.

e The parametric formulations of the historical oil viscosity correlations only include Rsp,
API, and T — such formulations should include all of the variables typically available for
black oil correlations (i.e., Rsb, g, API, T, and psat).
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