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ABSTRACT: Downhole fluid analysis (DFA) has been successfully used to describe reservoir connectivity and fluid properties.
DFA not only measures bulk fluid properties such as the gas-oil ratio (GOR), density, and light-end compositions of CO2, CH4,
C2H6, C3H8-C5H12 fraction, and hexane and heavier (hexane þ) fractions but also color (optical density) that is related to the
heavy ends (asphaltenes and resins) in real time at downhole conditions. Therefore, color gradient analysis in oil columns becomes
essential to determine reservoir complexities. In this paper, a new bimodal Γ-distribution function (asphaltene molecules þ
nanoaggregates and clusters) was proposed to characterize asphaltene components. A thermodynamic asphaltene-grading model
was also developed to describe equilibrium distributions of heavy ends (heavy resins and asphaltenes) in oil columns using the
multicomponent Flory-Huggins regular solution model coupled with a gravitational contribution. The variations of oil properties
(such as molar volume, molar mass, solubility parameter, and density) with depth were calculated by the equation of state (EOS).
The primary factors governing asphaltene distribution in reservoirs are the gravitational term, which is determined in part by the size
of the asphaltene colloidal particle, and the solubility term, which is determined in large part by the GOR (composition).
Consequently, it is critical to accurately measure both the fluid coloration and the GOR (composition) to understand the asphaltene
gradient in oil columns. The results obtained in this work are in accordance with the Yen-Mullins model in asphaltene science. In
particular, if asphaltenes are equilibrated in an oil reservoir, then a massive fluid flow through the reservoir had to have taken place,
and permeable rocks are required, thereby implying connectivity, because asphaltenes necessarily enter the reservoir out of their
ultimate equilibrium at the beginning of the reservoir charging. Therefore, a new powerful approach is established for conducting
DFA color and GOR gradient analysis by coupling advanced asphaltene science with DFA technology (profiling of fluids) to address
reservoir connectivity.

’ INTRODUCTION

Downhole fluid analysis (DFA) has been successfully used to
delineate reservoir attributes such as vertical and lateral con-
nectivity and properties of the produced fluids.1-8 DFA not only
measures bulk fluid properties such as the gas-oil ratio (GOR),
density, and light-end compositions of CO2, CH4, C2H6, C3H8-
C5H12 fraction, and hexane and heavier (hexane þ) fractions
more accurately but also color (optical density, OD) that is
linearly related to the heavy ends (asphaltenes and heavy resins)
in real time at downhole conditions. In addition, the color mea-
surement is one of the most robust measurements in DFA.
Therefore, the analysis of color gradients, especially in conjunc-
tion with GOR (composition) gradients, in oil columns becomes
vital to discerning reservoir complexities.

Asphaltenes are defined as the hydrocarbon fractions soluble
in toluene and insoluble in n-heptane, which are heavy polycyclic
aromatic compounds forming nanocolloidal particles dispersed
and/or suspended in oil. These nanocolloidal aggregates are the
heaviest components in crude oil with by far the lowest effective
diffusion coefficients in the oil.9 Gravitational segregation tends
to push asphaltenes down in an oil column, whereas light hydro-
carbons such as methane and other dissolved gases tend to rise
in the column. In addition, because light hydrocarbons and
high-GOR oils are poor solvents for asphaltenes, asphaltenes

are expelled from the high-GOR top of the oil column. That is,
both gravity and solubility tend to make asphaltene composition
low at the top of the oil column. The fluids necessarily enter the
reservoir out of their ultimate equilibrium at the beginning of
reservoir charging, so it requires considerable fluid flow and
permeable rocks to establish fluid equilibrium in the reservoir.
Thus, fluids that are determined to be in equilibrium in different
regions of the reservoir suggest that those reservoir regions are
connected. In particular, if asphaltenes are equilibrated in spite of
their small transport coefficients, the connectivity is implied
because flow barriers would greatly impede asphaltene equilibra-
tion in the reservoir. Any sealing barrier or flow restriction would
interrupt the movement and migration of asphaltenes. In con-
trast the presence of a discontinuous asphaltene composition
vertically or laterally within the reservoir explicitly indicates a
boundary for fluid flow. Although asphaltene gradients do not
explicitly prove reservoir connectivity, the lack of an asphaltene
gradient indicates a lack of connectivity. The recent advances in
asphaltene science from the laboratory and field data have
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demonstrated that asphaltenes are dispersed and/or suspended
in crude oils and/or solvents in three forms: molecules, nano-
aggregates, and clusters of nanoaggregates.8-15 This provides us
with a new foundation for methods of determining flow connec-
tivity in the reservoir. In particular, in situ measurements of color
(thus asphaltene content) and GOR (composition) by DFA in
the reservoir enable coupling data with new thermodynamic
models to determine the state of the asphaltene distribution. This
distribution can often be used to assess reservoir connectivity.
Therefore, a thermodynamic model is required to analyze DFA
color and GOR (compositional) grading data.

Cubic equations of state (EOS's) have been broadly and
successfully used to simulate reservoir fluid properties such as
GOR and gas-retrograde dew-condensate phase transitions.16-22

However, the previous cubic EOS's have not been able to handle
asphaltenes accurately, in part because there were no appropriate
ways of characterizing asphaltenes accurately. Because asphal-
tene properties, such as the critical properties and acentric factors
required in the EOS calculations, cannot be measured experi-
mentally due to decomposition prior to reaching their critical
temperature, they were empirically assigned and/or extrapolated
from light-hydrocarbons using property correlations. Moreover,
the molecular and colloidal structures of asphaltenes are
unknown, and even the order of magnitude of asphaltenemolecular
weight has been debated for many years.10 Without knowing
asphaltene size, the gravity term could not be assessed. Conse-
quently, the EOS approach has been successfully used to
calculate compositional gradients with depth for reservoir fluids
without the incorporation of asphaltenes.23-28 Indeed, corre-
sponding workflows of light ends (CO2, CH4, C2H6, C3H8-
C5H12, and hexane þ) have been used to determine compart-
mentalization and/or nonequilibrium distributions of reservoir
fluids particularly for significant compositional gradients with
depth by Zuo et al.28 If formation conditions are far away from
the critical points of the reservoir fluids, the compositional gra-
dients if equilibrated are usually not significant, and thus analysis
of the light ends cannot be used for analyzing reservoir con-
nectivity. However, color (asphaltene) gradients are usually
found to be considerable in the reservoir because of gravity
and the variation of the live oil (fluid that contains substantial
amount of dissolved gas) solubility parameter. Therefore, the
color (asphaltene) gradients with depth can be employed to ana-
lyze reservoir compartmentalization or connectivity.

Although cubic EOS's can be employed to describe asphaltene
distributions in oil columns as described by Zuo et al.,29,30 it
makes calculations a bit complicated because of the large molar
mass of asphaltene nanoaggregates and clusters. These large
asphaltene nanoaggregates and clusters affect the calculations of
conventional fluid properties and phase behavior significantly
because a conventional cubic EOS is unsuitable for such com-
plicated systems, especially for the fluids with a relatively high
asphaltene composition. The perturbed-chain statistical associat-
ing fluid theory (PC-SAFT) EOS has been applied to asphaltene
precipitation in flow assurance.31-34 However, there still exist
uncertainties in the characterization of asphaltenes at downhole
conditions. On the other hand, the Flory-Huggins regular solu-
tion model has been widely and successfully employed to model
asphaltene precipitation issues.35-39 Nevertheless, the PC-SAFT
EOS and the Flory-Huggins type of solubility model have not
been extended to model asphaltene distributions in oil columns.
Although Hirschberg40 suggested the use of the regular solution
model to describe asphaltene gradients, asphaltene dispersions in

crude oil were not fully understood at that time, nor was there a
thorough understanding of the solubility of asphaltenes in crude
oils. Therefore, a new approach is needed to describe asphaltene
distributions in oil columns by combining the Flory-Huggins
regular solutionmodel with the gravitational contribution, that is,
an EOS þ Flory-Huggins regular solution model approach.

To achieve this purpose, a new thermodynamic approach was
developed for analyzing asphaltene gradients in oil columns. This
approach consists of two parts: the EOS and the Flory-Huggins
regular solution model. In the first part, the EOS was applied to
calculate compositional and property gradients without taking
asphaltenes into consideration in particular. The variations of
bulk fluid properties such as density, molar volume, molar mass,
and solubility parameter with depth were calculated by the EOS
whose parameters were adjusted to match compositional and
property gradients data measured by DFA or in laboratories. In
the second part, a presumed two-group-multicomponent system
was accounted for by the Flory-Huggins regular solutionmodel:
a solvent group of the oil mixture without asphaltenes and a
solute group of the asphaltenes in the oil mixture. Furthermore,
asphaltenes were treated as multiple asphaltene subfractions
(pseudocomponents) using a new bimodal Γ-distribution func-
tion. The asphaltene properties were estimated by the use of the
empirical correlations taken from the open literature. The
average molar mass of asphaltene molecules, nanoaggregates,
or clusters was determined by matching color gradient data
measured by DFA and compared with recent advances in
asphaltene science (the Yen-Mullins model10). A few field case
studies were used to validate the thermodynamic method, and
the obtained results indicate that the developed method can be
successfully used to delineate fluid complexities and reservoir
architecture.

’DOWNHOLE FLUID ANALYSIS AND EOS BASED
DATA INTERPRETATION

The first generation of DFA tools was primarily for real time
monitoring of oil-based mud (OBM) filtrate contamination
during downhole fluid sampling as well as to distinguish hydro-
carbon and water fractions in the 1990s. The second generation
of DFA tools was introduced in the early 2000s with the
capability of measuring hydrocarbon composition (CH4, C2H6-
C5H12, and hexane þ), GOR, and fluorescence properties at
downhole conditions. The third generation of DFA tools was
introduced recently.3 The new DFA tool integrates multiple
sensors in a single platform and provides significantly more accu-
rate and complete fluid properties than previous fluid analyzers.
It incorporates an absorption spectrometer, a fluorescence sensor,
density measurement, resistivity, and pressure/temperature sen-
sors, which provides real time in situ fluid GOR, compositions
(CH4, C2H6, C3H8-C5H12, and hexane þ), CO2 content, fluid
density, water pH, fluorescence/reflection intensities and resis-
tivity, and OBM filtrate contamination level (volume of OBM
filtrate in contaminated oil divided by volume of contaminated
oil). Compared to the previousDFA tools, not only a new density
measurement at downhole conditions is added, but also the
accuracy of all of the fluid property measurements is substantially
enhanced through newly designed hardware and fundamentally
improved interpretation algorithms.

TheDFA technique utilizes the optical spectroscopy spectrum
of crude oils, gases, OBM filtrates, and water in the visible and
near-infrared (NIR) wavelength regions. The optical density (OD)
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is defined as the logarithm of the intensity ratio of the incident
light to the light transmitted through the fluid. The absorption
difference between crude oil and OBM filtrate at the low wave-
length region (< 1000 m) provides a physical basis for monitor-
ing and quantitatively determining OBM contamination during
the sampling process. The two distinguished absorption peaks of
water at (1450 to 2000) nm are used to quantitatively determine
the water fraction in the flowline of fluid analyzer. The composi-
tion analysis uses absorption properties of hydrocarbon compo-
nents in the NIR region. Methane, ethane, and propane have
different absorption peaks in both wavelength and magnitude.
From combination principle, hydrocarbon composition is
derived in groups of methane, ethane, propane to pentane, and
hexane and heavier hydrocarbons. Fluid GOR is then determined
from the composition. The detailed methods are described by
Mullins.52

The new DFA tool was tested extensively at all development
stages. A series of laboratory experiments were designed to test
and qualify individual sensors as well as the actual DFA tools.
In the tests, a research grade laboratory spectrometer and other
PVT laboratory equipments were used along with the DFA
tool, and test fluids included actual crude oils, condensate and
dry gases, pure compounds, standard viscosity fluids, and even
drilling mud for cleanup efficiency check. The new DFA has
also gone through extensive field tests at various conditions
and with all types of formation fluids. Measurement accuracy,
reliability, and an interpretation algorithm of the new DFA
tool were thoroughly evaluated through laboratory and field
tests.3,18 Figures 1 and 2 compare the DFAmeasurements with
laboratory data for compositions and GOR. The compositions
and GOR measured by DFA tools and in laboratories are in
good agreement. The results show that the new DFA tools
provide good fluid property measurements across a wild range
of fluids at downhole conditions.3,18 For the readers who are
not familiar with oil and gas, some basic terms are given in the
Appendix.

Zuo et al.18 developed a new approach to maximize the value
of DFA data, perform quality assurance and/or quality control
of DFA data, and establish a fluid model (EOS) for DFA
predictions. The basic inputs from DFA measurements are mass

percentages of CO2, CH4, C2H6, C3H8-C5H12, and hexane þ
and fluid density. A new method was proposed to delump and
characterize the DFA measurements of C3H8-C5H12 and
hexane þ into full-length compositional data. C3H8-C5H12 is
delumped into propane, butane, and pentane fractions by means
of the component ratio correlations developed based on a large
database consisting of different fluids all over the world.18

Hexane þ is characterized and extrapolated to single carbon
number fractions (such as hexane, heptane, octane, etc.) by
assuming that the relation between mass fractions and molar
masses (or carbon numbers) follow an exponential distribution,
which is widely used in natural existing oil and gas systems.18,19

The full-length compositional data predicted by the new method
were compared with the laboratory-measured gas chromatogra-
phy (GC) data up to C30þ for more than 1000 different types
of reservoir fluids. These fluids have GOR = (1.4 to 25 000)
m3

3m
-3 and API gravity = (9 to 50). Figure 3 shows a typical

comparison of delumped compositions with laboratory GC data
for gas condensate, black oil, and heavy oil. A good agreement
was achieved between the delumped and the GC compositions.18

In addition, on the basis of the delumped and characterized full-
length compositional data, an EOS model was established that
could be applied to predict fluid phase behavior and physical
properties by virtue of DFA data as inputs. The EOS predictions
were validated and compared with the laboratory-measured fluid
properties for more than 1000 different types of reservoir fluids.
TheGOR, formation volume factor (volume of oil with dissolved
gas at high pressure divided by volume of stock tank oil (STO) at
standard conditions T = 288.7 K and p = 0.1 MPa), and density
predictions were in good agreement with the laboratory
measurements.18 The deviations of the predicted GOR, forma-
tion volume factor, and density are 4.8 %, 1.5 %, and 1.1 %,
respectively. The established EOSmodel was then able to predict
other fluid properties, and the results were in good agreement
with the laboratory measurements as well.

Consequently, the EOS model proposed laid a solid founda-
tion for DFA log predictions (compositional and property gra-
dients with depth), which have successfully been integrated with
DFA measurements in real time to delineate compositional and
property gradients in oil columns.28-30 The EOS model is also
used to calculate variations of bulk fluid properties.

Figure 1. Evaluation of fluid property measurements of the new
generation DFA tool on composition. ], CH4; light blue 0, C2H6; 4,
C3H8-C5H12 fraction; dark blue 0, C6H14 þ fraction; O, CO2. The
mass fractions w measured by DFA are in good agreement with the
laboratory measurements.

Figure 2. Evaluation of fluid property measurements of the new
generation DFA tool on GOR. The GORs measured by DFA are in
good agreement with the laboratory measurements.
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’THE FLORY-HUGGINS REGULARSOLUTIONMODEL
FOR ASPHALTENE GRADIENTS IN OIL COLUMNS

It is assumed that a reservoir fluid is treated as a mixture with
two groups of multicomponents: a solvent group (nonasphaltene
components or maltene) and a solute group. Asphaltenes are
divided into a different number of subfractions using a bimodal
Γ-distribution function which is described later. The mixture (bulk
fluid-whole oil) properties are represented by no subscripts in
the following derivation, and they are calculated by the EOS des-
cribed in the previous section and relevant references.17,18,28-30

To calculate compositional gradients with depth in a reservoir
column, it is usually assumed that all components have zero mass
flux defining a steady state for amixture withN-components. The
equation for component i is given by Zuo et al.28,29

ðdμiÞT þMigdhþ FTid ln T ¼ 0 i ¼ 1, 2, :::,N ð1Þ
whereμi,Mi, g, andT stand for the chemical potential andmolarmass
of component i, gravitational acceleration, and absolute temperature,
respectively. The term (dμi)T denotes the chemical potential change
of component i in a small interval (dh) of depth at isothermal con-
ditions. FTi is the thermal diffusion flux of component i, which takes
into account temperature gradients in the oil column. If it is assumed
that the reservoir is isothermal, the thermal diffusion term in eq 1
vanishes. In some treatments, the gravity term is incorporated into the
chemical potential term,41 but the results are the same.

In the EOS approach, the chemical potential μi can be calcu-
lated in terms of the fugacity fi of component i. Hence, eq 1 can be
expressed as

RTd ln fi þMigdhþ FTid ln T ¼ 0 i ¼ 1, 2, :::,N ð2Þ
This formula is widely used to calculate compositional gra-

dients with depth for reservoir fluids by virtue of cubic EOS.23-29

According to the thermodynamic relation,42 the isothermal
chemical potential change of component i is a function of pres-
sure (p) and component mole fractions (x):

ðdμiÞT ¼ ∂μi
∂p

 !
T, x

dpþðdμiÞT, p ¼ VidpþðdμiÞT, p ð3Þ

where the term (dμi)T,p is the chemical potential change of com-
ponent i in a small interval of depth at constant temperature and
pressure. Substituting eq 3 and an equilibrium hydraulic equation
(dp = Fgdh) into eq 1 and assuming that the reservoir is isother-
mal, we obtain

ðdμiÞT, p ¼ ðFVi -MiÞgdh ¼ Vi F-
Mi

Vi

� �
gdh ð4Þ

It is further assumed that the partial molar volume of compo-
nent iVhi is equal to its molar volume Vm,i, which is reasonable for
highly incompressible components such as asphaltenes. There-
fore, Fi = (Mi/Vm,i) is the density of component i. Thus, eq 4 can
be rewritten for asphaltene components as

ðdμaiÞT, P ¼ Vm, aiðF-FaiÞgdh ð5Þ
where subscript ai is the ith subfraction of asphaltenes. (dμai)T,P,
Fai, and Vm,ai are the chemical potential change at constant tem-
perature and pressure, density, and molar volume of the ith sub-
fraction of asphaltenes, respectively. F is the density of the bulk
fluid. The chemical potential change of asphaltene components
at constant temperature and pressure can be estimated by the
multicomponent Flory-Huggins regular solution model35-37,42

ðdμaiÞT, p
RT

¼ d ln φai þ 1-
Vm, ai
Vm

� �
þVm, ai

RT
ðδai - δÞ2

� �
ð6Þ

where R is the universal gas constant. φai, δai and Vm,ai stand for
the volume fraction, solubility parameter, and molar volume of
the ith subfraction of asphaltenes.Vm and δ are the molar volume
and solubility parameter of the bulk fluid. The first two terms on
the right-hand side of eq 6 stand for the chemical potential
contribution from the combinatorial entropy change of mixing
which is estimated by the Flory-Huggins polymer-like contri-
bution.42 The third term arises from the enthalpy change upon
mixing computed by means of the regular solution model.42

Substituting eq 6 into eq 5, integrating it at two depths (h2 and
h1), if Δh = h2 - h1 is small enough, and we ignore the density
difference between h2 and h1, we have

φaiðh2Þ
φaiðh1Þ

¼ exp
Vm, ai
Vm

- 1

� �� �
h2

-
Vm, ai
Vm

- 1

� �� �
h1

(

þ Vm, ai
RT

ðδai -δÞ2
� �

h1

-
Vm, ai
RT

ðδai -δÞ2
� �

h2

þ Vm, ai gðF-FaiÞðh2 - h1Þ
RT

)
ð7Þ

Therefore, the volume fraction variations of asphaltenes with
depth depend on three terms: the entropy, solubility (enthalpy),
and gravitational contributions. The solubility and gravitational
terms enhance the asphaltene gradient, whereas the entropy term
reduces the asphaltene gradient. In particular, if an oil column has
a large GOR (compositional) gradient, then the solubility term
can dominate, in large part because of the nonexistent solubility
of asphaltenes in gas (mainly consisting of methane). In contrast,
if the GOR (compositional) gradient is very small, such as in the
case of a highly undersaturated low-GOR (GOR < 150m3

3m
-3)

black oil, then the gravity term dominates asphaltene distribu-
tions in the oil column. Consequently, to understand asphaltene
gradients, it is crucial to measure both the asphaltene (colo-
ration) and GOR (composition) gradients in the column.

Figure 3. Comparison of delumped and laboratory-measured mole
fraction x for three typical fluids. Carbon number n = 0 means CO2;
carbon number n = 30 means C30þ; 4, laboratory composition for gas
condensate; ;, delumped composition for gas condensate; 9, labora-
tory composition for black oil; 3 3 3 , delumped composition for black oil;
O, laboratory composition for heavy oil; ---, delumped composition for
heavy oil. The delumped compositions are in good agreement with the
laboratory measurements.
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’BIMODAL ASPHALTENE MOLAR MASS DISTRIBU-
TIONS AND ASPHALTENE CHARACTERIZATION

In recent years, considerable progress has been made in vir-
tually all areas of asphaltene science.9 In particular, the molecular
and colloidal structure of asphaltenes has largely been resolved
and is now codified in the Yen-Mullins model.10 The Yen-
Mullins model provides us with a framework/foundation for
understanding the dispersion of asphaltenes in crude oil and has
found application and success in oilfield case studies.10

In the Yen-Mullins model, asphaltenes are dispersed and/or
suspended in crude oils and/or in solvents in three forms: mole-
cules, nanoaggregates, and clusters of nanoaggregates, as depic-
ted in Figure 4.

Asphaltene molecules have an average molar mass of≈ 750 g 3
mol-1 in a range of (400 to 1000) g 3mol-1. The number of fused
aromatic rings (FAR) per asphaltene polycyclic aromatic hydro-
carbon (PAH) is ≈ 7. The critical nanoaggregate concentration
of asphaltenes (CNAC) is (50 to 150) mg 3 L

-1, aggregation
number of nanoaggregates≈ 6, and the concentration of asphal-
tene cluster formation (2 to 5) g 3 L

-1, and the clusters have≈ 8
nanoaggregates.43,44 Laboratory and field data have proven the
Yen-Mullins model. Asphaltene molecules are dissolved in
condensate (e.g., GOR > ≈ 356 m3

3m
-3); nanoaggregates are

dispersed in stable black oil (e.g.,≈ 20 m3
3m

-3 < GOR <≈ 356
m3

3m
-3), and some clusters are at least stably suspended in

heavy oil (e.g., GOR < ≈ 20 m3
3m

-3) and asphaltene-destabi-
lized black oil. Coupling this advanced asphaltene science with
the new generation of DFA technology provides us with a new
and powerful approach for delineating reservoir connectivity
through asphaltene gradient analysis.

If reservoir fluids contain a large fraction of asphaltenes and/or
asphaltenes are unstable under reservoir conditions, then not
only do the common asphaltene nanoaggregates with about 2 nm
in spherical diameter exist, but also clusters of asphaltene nano-
aggregates (≈ 5 nm) are stably suspended in reservoir fluids.
Therefore, a new bimodal asphaltene molar mass distribution func-
tion is proposed to describe asphaltene components. The new
asphaltene bimodal probability density function is expressed as

pðMÞ ¼
Xk¼ 2

k¼ 1

zkpkðMÞ ð8Þ

where zk and pk(M) are the fraction and probability density func-
tion of the common asphaltene nanoaggregates including mole-
cules, as well as those of the clusters of asphaltene nanoaggregates,
respectively, subjecting to

P
zk = 1.

The three-parameter Γ function is chosen for describing the
molar mass distribution of asphaltene nanoaggregates and
clusters.45,46 The probability density function is given by

pkðMÞ ¼ ðM-Mk, minÞR- 1exp½- ðM-Mk, minÞ=β�
βRΓðRÞ ð9Þ

where R, β, and Mk,min are the three parameters defining the
distribution.M1,min can be set to the number of ≈ 500 g 3mol

-1

for asphaltene nanoaggregates including asphaltene molecules
since it represents the minimum molar mass to be included
in asphaltene nanoaggregates.10 M2,min can be set to ≈ 3000
g 3mol-1 for the clusters of asphaltene nanoaggregates as it
stands for the minimummolar mass to be included in asphaltene
clusters.10 If R is given, β can be estimated by

β ¼ ðMk, avg -Mk, minÞ
R

ð10Þ

The parameter R can be determined by fitting experimental
data of asphaltene molar mass distributions. For asphaltenes and
bitumens, Tharanivasan et al.37 found R = 3.5. This value is also
used in this paper. Therefore, the undetermined parameter is the
average molar mass of asphaltene molecules, nanoaggregates,
and/or clusters, which can be treated as an adjustable parameter
to match DFA color (OD) gradient data in the reservoir. In this
manner, a distribution of asphaltenes (or colored heavy resins)
dispersed/suspended in crude oils as molecules, nanoaggregates,
and clusters can be accounted for. If there are only asphaltene
molecules (e.g., colored asphaltene-like heavy resins in conden-
sates), the average molar mass of asphaltene molecules is about
750 g 3mol-1. If there are no asphaltene clusters but nanoaggre-
gates, then the average molar mass of asphaltene nanoaggregates
is about 3000 g 3mol-1 with about 2 nm in spherical diameter. If
there are asphaltene clusters only, then the average molar mass of
asphaltene clusters is about 25 000 g 3mol-1 with about 4 nm in
spherical diameter. In these cases, only one term is used in eq 8. If
asphaltene nanoaggregates and clusters coexist, then M1,avg and

Figure 4. Yen-Mullins model, the new first principle paradigm of asphaltenes.10 Asphaltene molecules have average molar mass of ≈ 750
g 3mol-1. Nanoaggregates have ≈ 6 molecules, and clusters have ≈ 8 nanoaggregates. Condensates have a molecular dispersion of heavy ends,
stable black oils have asphaltenes in nanoaggregates, and unstable black oils and heavy oils have at least some asphaltenes in clusters of
nanoaggregates.
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M2,avg are set to (≈ 3000 and ≈ 25 000) g 3mol-1, respectively.
Then z1 is adjusted to match the DFA data in oil columns.

The Gaussian quadrature method is used to discretize the
continuous Γ-distribution, pk(M), using N quadrature points.46

It is noted that the calculated results are similar whenNg 3. In this
work, therefore, N = 5 is used; that is, five pseudocomponents/
subfractions represent asphaltene nanoaggregates including
molecules, and the other five pseudocomponents/subfractions
stand for asphaltene clusters.

’DETERMINATION OF THE PARAMETERS REQUIRED
IN CALCULATIONS

After characterizing asphaltenes, the asphaltene properties
required in the calculations can be computed by the following
correlations taken from the open literature.

It is assumed that the properties of the asphaltene are inde-
pendent of depth and the reservoir fluid remains a single phase or
stable molecular or colloidal dispersion at all depths. The density
of asphaltene subfraction i in kg 3m

-3 is calculated by the
expression36

Fai ¼ 670M0:0639
ai ð11Þ

whereMai is the molar mass of asphaltene subfraction i obtained
via discretizing the Γ-distribution function. The solubility para-
meter of asphaltene subfraction i in MPa0.5 is estimated by the
expression of Alboudwarej et al.36

δai ¼
ffiffiffiffiffiffiffiffi
AFai

p ð12Þ
where A = 0.366 kJ 3 g

-1. For instance, δai = 20.957MPa0.5 if Fai =
1200 kg 3m

-3. The temperature dependence of asphaltene solu-
bility parameters is taken into account by the following relation39

δaiðTÞ ¼ δaiðT0Þ½1- 1:07 3 10
- 3ðT-T0Þ� ð13Þ

whereT0 is the reference temperature for solubility parameters of
asphaltenes. The values computed by eq 12 were assumed to be
those at T0 = 298.15 K (typical room temperature). For instance,
if it is assumed that the molar mass of asphaltene molecules is
750 g 3mol

-1, then Fa = 1.023 g 3 cm
-3 computed by eq 11, δa

(T0 = 298 K) = 19.35 MPa0.5 estimated by eq 12, and δa(T =
398 K) = 17.28 MPa0.5 calculated by eq 13. It can be seen that an
increase of 100 K in temperature causes a decrease in the asphal-
tene solubility parameter by ≈ 11 %. The influence of pressure
on solubility parameters of asphaltenes is ignored because of the
incompressibility of the asphaltenes.

The compositional and fluid property gradients (fluid profile)
proposed by the method of Zuo et al. (described in the previous
sections)17,18,28-30 are computed for bulk oil by solving eq 2
using the Peng-Robinson EOS47,48 with the Peneloux volume
translation.49 The EOS parameters are adjusted to match phase
behavior and compositional gradient data measured by DFA
and/or in laboratories. The solubility parameter of the bulk oil is
computed using the established EOS as well. That is, the reser-
voir fluid is treated as a whole. Then its internal energy (Δu) and
molar volume (v) are calculated by the EOS, and the solubility
parameter is computed by the definition δ = (Δu/v)0.5. Recently,
Zuo et al.50 developed a simple relation to estimate the solubility
parameter of live fluids based on live fluid densities, which can
also be used for the solubility parameter of bulk fluids. In this way,
the solubility parameter of bulk fluids can easily be determined
based on measured bulk fluid density.

In the thermodynamic model mentioned above, the only un-
determined parameter is the average molar mass of asphaltene
molecules, nanoaggregates, or clusters, which is determined by
matching the color gradient data measured by DFA. Therefore, it
is critical to measure both the asphaltene (coloration) and GOR
(composition) gradients in oil columns to conduct DFA asphal-
tene profiling. It should be noted that the fitting parameter must
be consistent with values from the Yen-Mullins model in
asphaltene science. Otherwise, the fitting process does not make
any scientific sense, and the results are meaningless.

’RESULTS AND DISCUSSIONS: FIELD CASE STUDIES

Case 1: Asphaltene-Like Heavy Resins in Condensate.
Condensates have a very small number of asphaltenes because
a large amount of dissolved gas and light hydrocarbons make
them very poor solvents for asphaltenes. In addition, mechan-
isms of forming condensate reservoirs do not tend to generate
asphaltenes. Therefore, there is very little crude oil color as deter-
mined by DFA in the near-infrared region. Nevertheless, there
are asphaltene-like molecules, the heavy resins, which absorb
visible light and even some in the near-infrared region. On the
other hand, condensates have substantial GOR gradients with
depth. Because condensates are compressible (large compressi-
bility), the hydrostatic head pressure of the condensate column
produces a density gradient in the column. The density gradient
creates the driving force to create a chemical composition gradi-
ent. The lower density components tend to rise in the column,
while the higher density components tend to settle in the column.
This GOR gradient gives rise to a large solubility contrast for the
heavy resins, thereby producing significant DFA color gradients.
These gradients are useful to check for reservoir connectivity.
In the Norway case,6 the condensate reservoir has large GOR

(composition) gradients and two separate gas caps as shown in
Figure 5. Both separate gas caps are thought to share a common
oil leg. However, the two gas/oil contacts (GOCs) differ by 18 m
true vertical depth (TVD). If the oil sand is continuous, then the
reservoir fluid cannot be in equilibrium because there cannot be
two different saturation pressures at one depth. The unexpected
18 m TVD difference of GOCs could be explained by two

Figure 5. Norway reservoir with two gas caps. The two gas/oil contacts
(GOC) differ by 18 m true vertical depth. Either there is a lateral
nonequilibrium or compartmentalization.
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reservoir descriptions: either the reservoir is compartmentalized,
or there is a single compartment with a small lateral nonequi-
librium.
The delumped compositions are compared with the labora-

tory measurements in Figure 6 for the three fluids studied in this
work. The delumped compositions are in good agreement with
themeasured data. The fluid in case 1 was analyzed to C10þ in the
laboratory (open squares). The EOS model was established by
themethod of Zuo et al.18 The fluid properties were alsomatched
by tuning the EOS model. The phase envelope is shown in
Figure 7 for the fluid at the GOC inWell A. It can be seen that the
fluid is a volatile condensate oil and the formation pressure is
equal to the bubble pressure at the GOC (not far from its critical
point). This fluid should exhibit significant compositional gra-
dients according to Høier and Whitson.23 Indeed, the data
measured by DFA and laboratory and the EOS predictions have
proved the large compositional gradients in this reservoir.
Figure 8 illustrates a comparison of the predicted composi-

tions with the laboratory data (which are similar to DFA data) at
the GOC inWell A. The compositions significantly change at the
GOC, and the compositional gradients are large in the reservoir.
The predictions are in good agreement with the laboratory-
measured data.
Figure 9 compares the predicted GOR and live fluid density

using the EOS with the laboratory-measured data, which are in
good agreement. The EOS slightly underpredicts GOR and oil
density in the oil zone. The GOR varies from (340 to 280)
m3

3m
-3 in the oil column.

For simplicity, it was assumed that colored components of
fluids are a mixture of colored asphaltene-like heavy resins, which
was later proved to be consistent with the Yen-Mullins model,
with the color proportional to the mass fraction of the colored
resins. The three-parameter Γ-distribution function mentioned
above was used to describe the molar mass distribution of the
colored asphaltene-like resins at the reference point. The average
molar mass was treated as an adjustable parameter by fitting the
DFA-measured coloration gradient data in Well A. The fitting

results are shown in Figure 10 with the adjusted average molar
mass of 680 g 3mol-1 for the colored asphaltene-like resins at a
relative depth of about 63 m for Well A. The corresponding
average density and molar volume are 1.017 g 3 cm

-3 and 668.6
cm3

3mol-1, respectively.
The color data (OD at 647 nm) from Well A follow a con-

sistent trend predicted by the Flory-Huggins regular solution
model except for the deepest point, which has a bit more color
than anticipated and is near the oil-water contact (OWC). The
color data fromWell B (only available at two depths) are plotted
on the same trend line at the top of the reservoir, but the deepest
point, which is also near the OWC, is above the curve. This
follows the trend from Well A, where fluids in the lower part of
the reservoir have more color. The color data from the third well,
referred to as Well C, are also on the same trend curve calculated

Figure 6. Comparison of delumped and laboratory-measured mole
fraction x for the three fluids studied in this work. Carbon number n = 0
means CO2; carbon number n = 30 means C30þ; 0, laboratory com-
position for the fluid in case 1 (condensate analyzed up to C10þ); ;,
delumped composition for the fluid in case 1;4, laboratory composition
for the fluid in case 2 (stable black oil); 3 3 3 , delumped composition for
the fluid in case 2; b, laboratory composition for the fluid in case 3
(destabilized black oil); ---, delumped composition for the fluid in case 3.
The delumped compositions are in good agreement with the laboratory
measurements.

Figure 7. Phase envelope of the Norway reservoir fluid at the GOC in
Well A. The formation pressure is equal to the bubble-point pressure at
the GOC. The formation condition is not far away from the critical
point. Large fluid compositional and property gradients are anticipated.
O, experimental bubble point; 0, critical point calculated by EOS; ;,
bubble points calculated by EOS; ---, dew points calculated by EOS.

Figure 8. Comparison of the predicted andmeasured variations of mass
fraction w with relative depth h for the Norway fluids in Well A. The
compositions significantly change at the GOC, and the compositional
gradients are large. The predictions are in good agreement with the
measurements. ), CO2measured by laboratory;4, C2-C5measured by
laboratory; 0, C1 measured by laboratory; O, C6þ measured by
laboratory; - 3 -, CO2 calculated by EOS; ---, C2 to C5 calculated by
EOS; 3 3 3 3 , C1 calculated by EOS; ;, C6þ calculated by EOS.
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by the Flory-Huggins regular solution model. This is consistent
with reservoir connectivity. The subsequent production data
have proven the connectivity of the reservoir. Therefore, the un-
expected 18 m GOC difference could be caused only by a subtle
lateral nonequilibrium.
It should be noticed that the fitted asphaltene average molar

mass (680 to 711) g 3mol-1, molar volume (669 to 697) cm3
3

mol-1, and diameter (1.28 to 1.30) nm are consistent with the
values from the Yen-Mullins model,10 such as the molar mass of
an asphaltene monomer being about 750 g 3mol-1. The obtained
results show that the colored asphaltene-like components are
molecularly dispersed in the oil columns in the Norway field.
This is also consistent with the processes of generating conden-
sate reservoirs mentioned previously (not tending to generate
asphaltenes but resins).
Case 2: Asphaltene Nanoaggregates in Stable Black Oil.

Betancourt et al.1 reported that highly undersaturated black oil in
a 200 m vertical column was analyzed by DFA and advanced
laboratory analytical chemistry methods. The oil samples were
taken from two wells with low and similar GOR of about 125
m3

3m
-3. This is highly undersaturated black oil whose critical

point and bubble point are far away from formation conditions.
The asphaltene content in STO was analyzed by a standard
n-heptane precipitation method. This case was also used to test
the methodology proposed in this work. Similar to the Tahiti
field,51 the compositional and property gradients are small ac-
cording to both the laboratory measurements and the EOS model.
The fluids are highly undersaturated and rather incompressible;
therefore, the hydrostatic head pressure in the reservoir does
little to impact a compositional variation. Instead of the absolute
pressure, it is the relative pressure difference in the 200 m vertical
column of oil that plays an important role in generating gradients.
It is impossible to conclude whether or not the oil column is
connected in terms of the traditional compositional gradient
method. Again, coupling the asphaltene gradient analysis with
the other advanced chemical analyses could give a conclusion.
The delumped compositions (dotted curve) are compared

with the laboratory measurements (open triangles) in Figure 6.

The fluid properties are matched by tuning the EOSmodel in the
way mentioned previously. It is also presumed that asphaltenes
are dispersed in the oil as asphaltene nanoaggregates. The three-
parameter Γ-distribution function mentioned above was used to
describe the molar mass distribution of asphaltene nanoaggre-
gates at the reference point. The average molar mass was treated
as an adjustable parameter by fitting the DFA-measured colora-
tion gradient coloration data. The adjusted average molar mass
values vary from (2886 to 3085) g 3mol-1 in the 200 m depth
interval from the top to bottom. Figure 11 shows coloration
variations with relative depth. The coloration analysis shows that
the sands in the oil column are connected and the black oils are in
equilibrium. The two sands were indicated to be in pressure
communication, a necessary but insufficient condition to estab-
lish flow communication on production time scales. The two
black oils have similar low GORs, which is consistent with their
being in equilibrium. Furthermore, the reservoir sand properties
are consistent with the contained fluids being in equilibrium. The
primary reservoir sand has a permeability of about 1 3 10

-12 m2,
which favors convective mixing (much faster than diffusive
mixing). These conditions are very similar to those in the Tahiti
reservoir,51 which also appeared to be in equilibrium. The other
advanced chemical analyses gave the same conclusion as de-
scribed by Betancourt et al.1

Case 3: Coexisting Asphaltene Nanoaggregates and Clus-
ters of Asphaltene Nanoaggregates in Black Oil with As-
phaltenes Destabilized. In stable black oil, asphaltenes are
dispersed as nanoaggregates, whereas in (movable) heavy oil,
asphaltenes are stably suspended as clusters of asphaltene nano-
aggregates.10-12 If asphaltenes are destabilized in black oil, some
nanoaggregates can form clusters, and thus nanoaggregates and
clusters coexist in unstable black oil. Furthermore, at certain

Figure 9. Comparison of the predicted and measured GOR and live
fluid density F variations with relative depth h for the Norway fluids in
Well A. The EOS predictions are in accord with the laboratory
measurements. O, GOR measured by laboratory; 0, live fluid density
measured by laboratory; ---, GOR calculated by EOS; ;, live fluid
density calculated by EOS.

Figure 10. Variations of OD (color) with relative depth h for the
Norway fluids forWells A, B, and C. The theoretical fit is consistent with
a molecular distribution of asphaltene-like resin molecules. The large
(four times) gradient of color in 40 m is due to the large GOR gradient;
the solubility term dominates the color variation, whereas the gravity
term contributes little. ), Well A measured by CFA (composition fluid
analyzer); 9, Well A measured by LFA (live fluid analyzer); 0, Well B
measured by CFA;b, Well B measured by LFA;O, Well C measured by
CFA; 4, Well C measured by LFA; ;, calculation by the asphaltene-
grading model with an average asphaltene molar mass of 680 g 3mol-1 at
the reference depth; 3 3 3 , calculation by the asphaltene-grading model
with an average asphaltene molar mass of 680 g 3mol-1 at the reference
depth and C1 and C6þ composition (weight percent) deviations by 0.5
and 3, respectively.
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points in the oil column, like the bottom, instability can be severe,
yielding flocculation formation and forming clusters that deposit
in the reservoir and may then form tar mats. When the system
reaches equilibrium, nanoaggregates and clusters coexist in the
black oil.
In particular, if asphaltene gradient with depth is very large in a

black oil column, the diameter of common asphaltene nano-
aggregates (≈ 2 nm) cannot be applicable tomodel the asphaltene
(color) gradient. This behavior implies that (1) there exists not
only the common asphaltene nanoaggregates with ≈ 2 nm in
diameter but also asphaltene clusters that are much bigger in dia-
meter than the common asphaltene nanoaggregates suspended
in the oil columns; (2) large density and viscosity gradients are
expected; (3) the oil may have a flow assurance problem (e.g.,
asphaltene onset pressure is equal to formation pressure, bitu-
mens are found in formation cores); and (4) there might be an
allochthonous tar mat (as opposed to autochthonous tar mats
from biodegradation).
In this case study, the black oil has a GOR of≈ 150 m3

3m
-3.

The delumped compositions (dashed curve) are compared with
the laboratory measurements (solid circles) in Figure 6 as well.
The oil column has some GOR gradient and density gradient
with depth. A fraction of asphaltenes is destabilized by the late
stage gas charging. A huge color gradient was found:≈ 10 times
in about 80 m depth. The continuous pressure gradient data
show that the oil zone is in pressure communication, which is a
necessary but insufficient condition to establish flow connectiv-
ity. Figure 12 depicts an asphaltene (color) gradient in the
destabilized black oil column.
The dotted curve is calculated by the Flory-Huggins model

with clusters of asphaltene nanoaggregates (about 4 nm in diameter).
The average molar masses change from (20 000 to 30 000)
g 3mol

-1 within about 80 m depth interval. The assumption of
only forming asphaltene clusters significantly overestimates the
asphaltene gradient. On the other hand, the dashed curve is com-
puted by the Flory-Huggins model with asphaltene nano-
aggregates only (about 2 nm in diameter), which is similar to that
in the black oil mentioned above. Obviously, the assumption of only

forming asphaltene nanoaggregates considerably underestimates
the asphaltene gradient. The field data are in good agreement
with an equilibrium distribution of 80 % asphaltene nanoaggre-
gates þ 20 % clusters. The equilibrium asphaltene distribution
indicates that the oil zone is connected, which is consistent with
the vertical interference testing and continuous pressure gradient
(in spite of a necessary condition). The clusters are formed from
a fraction of asphaltene nanoaggregates because the late stage gas
charging (which is corroborated by a geochemistry analysis of
volatile components) lowers the oil solvation power (solubility
parameters) in the oil column and thus causes asphaltene
destabilization. The analysis was confirmed by the field evidence:
(1) the asphaltene onset pressure was equal to the formation
pressure, and (2) bitumens were found in the core.
To compare variations of asphaltene molar mass distributions

in the oil columns from the top to bottom sands, the normalized
probability density functions are illustrated in Figure 13 for the
three cases. Figure 14 depicts variations of the average asphaltene
spherical diameters with depth. It can be seen that variations of
asphaltene molar mass distributions and average asphaltene sizes
with depth for asphaltene molecules and nanoaggregates are
small. However, the variations of the asphaltene molar mass
distributions and average asphaltene sizes with depth for asphal-
tene clusters are a bit large. More high molar mass components
are present at the bottom sand than at the top sand. This is
expected because unstable asphaltenes were deposited and bitu-
mens were found in the core at the bottom of the oil reservoir.
Sensitivity Analysis. The optical measurements of relative

asphaltene content (color) have exceedingly small uncertainties,
and the optical measurements are very accurate. These uncer-
tainties in the optical measurements of relative asphaltene
content are at least an order of magnitude better than standard
laboratory separation measurements.53,54 This is one of the most
robust measurements in DFA.

Figure 11. OD variations with relative depth h for case 2. The
equilibrium nanoaggregate asphaltene profiling indicates that the
reservoir is connected. The results are confirmed by the advanced chemical
analysis (2-D GC) as shown in ref 1. 0, measurements by LFA; ;,
calculation by the asphaltene-grading model with an average asphaltene
molar mass of 2900 g 3mol-1 at the reference depth; 3 3 3 , calculation by
the asphaltene-grading model with an average asphaltene molar mass of
2900 g 3mol

-1 at the reference depth and C1 and C6þ composition
(weight percent) deviations by 0.5 and 3, respectively.

Figure 12. A huge OD (asphaltene) gradient in a destabilized black oil
column. The asphaltene gradient is consistent with an equilibrium
distribution of 80 % nanoaggregates with ≈ 2 nm in diameter þ 20 %
clusters with ≈ 4 nm in diameter. The continuous distribution implies
formation connectivity, which is consistent with the corresponding
vertical interference testing. ), measurements by LFA;0, measurements
by IFA (in situ fluid analyzer); ---, calculation by the model with z1 = 1.0
and d1 ≈ 2 nm; 3 3 3 , calculation by the model with z1 = 0.0 and d2 ≈ 4
nm;;, calculation by themodel with z1 = 0.8, d1≈ 2 nm and d2≈ 4 nm.
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Two key parameters (compositions of methane and hexaneþ)
in DFA measurements are chosen to conduct sensitivity
analysis, which are the most important variables in fluid property
calculations. Thus, the input compositions of methane and
hexane þ in mass fraction are deviated by 0.5 % and 3 %, res-
pectively. The EOSmodel is tuned tomatch live fluid density and
then used to estimate compositional and property gradients with
depth. The asphaltene grading model is used to calculate the
asphaltene gradient along with the estimated fluid property
gradients such as molar volume and molar mass. The color
(asphaltene) gradient analysis results are also given in Figures 10
and 11 (dotted curves) for cases 1 and 2, respectively. The uncer-
tainties of DFA measurements may cause some changes in the
fluid compositional and property gradients for near critical and
high GOR fluids, whereas there are slight changes for highly
undersaturated black oil. However, the uncertainties of DFA
measurements have a slight impact on asphaltene gradient
analysis. Therefore, they do not influence any conclusions about
reservoir connectivity analysis.
It can be seen from the presented color analysis that advanced

asphaltene science provides a framework for understanding the
molecular and/or colloidal dispersion of heavy ends in crude oil.
Moreover, the DFA technology provides ameasurement of GOR
(compositions) and oil coloration in situ in oil wells, thereby

obtaining the relative heavy-end concentration. The combination of
the advanced asphaltene science, models, and DFA provides the
means to evaluate connectivity and other complexities in reservoirs.

’CONCLUSIONS

A new methodology was developed here to combine recent
advances in asphaltene science with the DFA technology to
address the biggest concerns today with reservoirs. In particular,
this powerful combination of advanced asphaltene science,
models, and DFA technology has been applied successfully to
indicate reservoir connectivity. This novel approach was proved
to work here and behooves future applications.

A new bimodal molar mass distribution function and a ther-
modynamic approach of EOS þ solubility models were devel-
oped to calculate variations of asphaltenes with depth in reservoir
fluid columns. The Peng-Robinson EOS with the Peneloux
volume translation was first used to calculate compositional
gradient of reservoir fluids for bulk reservoir fluids. Then the
properties of the bulk oils with depth were estimated by the EOS
for subsequent asphaltene (color) gradient analysis. The asphal-
tenes were then divided into three to five pseudocomponents
(subfractions) by the Gaussian quadrature method and the
proposed bimodal distribution function. The Flory-Huggins
regular solution model for multicomponents was applied to
compute asphaltenes profiling in reservoir columns. A few field
case studies were used to validate the developed approach. The
obtained results are consistent with advanced asphaltene science
and show that the colored asphaltene-like components (resins)
are molecularly dispersed in the oil columns (condensate
reservoir), the asphaltenes are dispersed as nanoaggregates in the
stable black oil reservoir, and the asphaltenes are dispersed/
suspended as nanoaggregates and clusters in the unstable black
oil reservoir. The asphaltene gradients that are consistent with an
equilibrium distribution imply reservoir connectivity.

’APPENDIX: BASIC TERMSUSED IN THEOIL ANDGAS
INDUSTRY

GOR and API Gravity. When oil at downhole conditions is
brought (flashed) to surface conditions, it is usual for some

Figure 13. Distribution functions of asphaltene molar mass M. (a)
Probability density vsM for cases 1 and 2 from the top to bottom sands.
;, case 1 (top); 3 3 3 , case 1 (bottom); ---, case 2 (top); - 3 -, case 2
(bottom). Asphaltene molar mass distributions vary slightly with depth.
(b) Probability density vsM for case 3 from the top to bottom sands.;,
case 3 (top); 3 3 3 , case 3 (bottom); Asphaltene molar mass distributions
vary slightly with depth for asphaltene nanoaggregates, while they
considerably change for clusters.

Figure 14. Variations of average asphaltene spherical diameters d with
relative depth h for three cases. Asphaltene sizes slightly increase with
depth for asphaltene molecules and nanoaggregates, while a more
obvious increase is seen for asphaltene clusters. ---, asphaltene molecules
with d≈ 1.3 nm in case 1; 3 3 3 3 , asphaltene nanoaggregates with d≈ 2
nm in case 2;;, asphaltene nanoaggregates with d≈ 2 nm in case 3; - 3 -,
clusters of asphaltene nanoaggregates with d ≈ 4 nm in case 3.
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dissolved gas to come out of solution. The gas/oil ratio (GOR) is
the ratio of the volume of gas that comes out of solution (flashed
gas), to the volume of oil (stock-tank oil or flashed oil) at
standard conditions (T = 288.7 K and p = 0.1 MPa). The specific
gravity (SG) of stock-tank oil (STO) is defined as STO density in
g 3 cm

-3 divided by water density (1 g 3 cm
-3) at standard

conditions, which can be converted to API gravity according to

API gravity ¼ 141:5
SG

- 131:5

Reservoir Fluids. Reservoir fluids are multicomponent mix-
tures, consisting primarily of hydrocarbons. They can be divided
into three main classes: (1) defined components like methane,
ethane, propane, and so forth; (2) single carbon number frac-
tions like C7, C8, and so forth, and each fraction is still a mixture;
and (3) plus fractions like C30þ (C30 and heavier components).19

The flashed gas at surface conditions consists primarily of light
ends of hydrocarbons, whereas the stock-tank oil can be sepa-
rated into saturates, aromatics, resins, and asphaltenes (SARA) in
laboratories.

Reservoir Fluid Classification. The classification of oil and
gas is given in Table 1.
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