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Abstract

In oil and gas reservoirs with significant hydrocarbon columns the dependency of the initial hydrocarbon composition
on depth — the compositional gradient — is an important factor in assessing the initial amounts of components in place,
the position of the gas-oil contact, and variations of fluid properties throughout the reservoir volume. Known models
of the compositional gradient are based on thermodynamic relations assuming a quasi-equilibrium state of a multi-
component hydrodynamically connected hydrocarbon system in the gravity field, taking into account the influence of
the natural geothermal gradient. The corresponding algorithms allow for calculation of changes in pressure and hydro-
carbon fluid composition with depth, including determination of the gas-oil contact (GOC) position. Above and
below the GOC, the fluid state is considered single-phase. Many oil-gas-condensate reservoirs typically have a small
initial fraction of the liquid hydrocarbon phase (LHC) — scattered oil — within the gas-saturated part of the reservoir.
To account for this phenomenon, a special modification of the thermodynamic model has been proposed, and an algo-
rithm for calculating the compositional gradient in a gas condensate reservoir with the presence of LHC has been im-
plemented. Simulation cases modelling the characteristic compositions and conditions of three real oil-gas-
condensate fields are considered. The results of the calculations using the proposed algorithm show peculiarities of
variations of the LHC content and its impact on the distribution of gas condensate mixture composition with depth.
The presence of LHC leads to an increase in the level and possible change in the type of the fluid contact. The charac-
ter of the LHC fraction dependency on depth can be different and is governed by the dissolution of light components
in the saturated liquid phase. The composition of the LHC in the gas condensate part of the reservoir changes with
depth differently than in the oil zone, where the liquid phase is undersaturated with light hydrocarbons. The results of
the study are significant for assessing initial amounts of hydrocarbon components and potential efficiency of their
recovery in gas condensate and oil-gas-condensate reservoirs with large hydrocarbon columns.
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Introduction.

Assessing the distribution of the initial component composition of reservoir fluid within the
productive formation is one of the key tasks in the comprehensive reservoir study, evaluation of
hydrocarbons in place, and development planning. Actual data for analyzing the spatial variation in
composition and properties of hydrocarbons are provided by studies of reservoir flui samples [1, 2],
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measurements of flow characteristics by formation testers [3, 4], well tests and gas condensate
studies [5, 6], and optical methods [7]. Geochemical studies [8, 9], biomarkers [10, 11], hydrocarbon
group and isotopic analysis [12, 13], combined with statistical analysis and clustering methods [14],
and thorough analysis of reservoir pressure dynamics for developed objects [15] allow identifying
various sources of hydrocarbon fluid influx into the reservoir, while well test studies, interference
testing, tracer tests, and analysis of fluid contacts reveal the presence of hydrodynamically discon-
nected zones within the formation [16-18].

In many reservoirs, a regular change in fluid composition with depth is observed. Most often it
manifests as an increase in density and a decrease in solution gas-oil ratio and saturation pressure
for oil, or an increase in condensate content and saturation (dew point) pressure for gas condensate
system [1, 2, 19]. This phenomenon is referred to as the compositional gradient. Theoretical models
of the compositional gradient, calibrated against actual data, are used to calculate the initial content
of hydrocarbons in the formation, refine the position of gas-oil contacts, obtain initial data for de-
signing the reservoir development and initializing mathematical models of the formation [1, 20, 21].
Information on variations in composition and phase state of the fluid helps to optimize well opera-
tion regimes and production equipment, assess alternative recovery methods and injection agents,
considering the dependency of fluid properties and miscibility conditions on depth. Ultimately,
these factors can significantly influence the field development strategy from the economic perspec-
tive [22, 23].

In the case of oil-gas-condensate reservoirs, existing models of the compositional gradient allow
calculating changes in composition and pressure within the gas-saturated and oil-saturated intervals,
as well as assessing the position of the gas-oil contact (GOC). However, they do not account for the
possible presence of what is known as scattered oil (liquid hydrocarbons — LHC) in the gas conden-
sate part of the reservoir from the beginning of development, confirmed for a number of large oil-gas-
condensate fields.

This article presents a modification of the method and algorithm for calculating the composi-
tional gradient, taking into account the presence of LHC in the gas condensate part of the reser-
voir. It studies the peculiarities of variations in the initial fluid composition and LHC fraction in
the gas-saturated interval based on three cases modeling the conditions of real oil-gas-condensate
reservoirs.

Methods.

Theoretical models of compositional gradient. Compositional gradient models can be catego-
rized into isothermal and those considering the natural temperature (geothermal) gradient.

The relation for calculating the change in fluid composition under the effect of gravity in an
isothermal system was first derived by Gibbs [24]. He demonstrated that for a multi-component iso-
thermal system in equilibrium conditions in the gravity field, a balance holds between the change in
chemical and gravitational potential with depth. The equilibrium condition is expressed as

dy; .

pm Mg, i=L1...,N, (¢D)
where ;i is the chemical potential of component i at depth h; M; is the molar mass of component i;
g is the gravity constant (acceleration of gravity); N is the number of components in the system.

By integrating (1) and expressing chemical potentials via fugacities using the equation of state,
the relationship can be transformed into a system of algebraic equations for sequential determina-
tion of pressure values and component concentrations at different depths with a step Ah [1]. Thus,
moving upwards and downwards from a reference point with given fluid composition and pressure
allows for calculation of the vertical distributions for pressure and component concentrations. The
described procedure is applicable to a single-phase state of the reservoir hydrocarbon system. Fea-
tures related to determining the position of the GOC are discussed below.
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Equation (1) assumes that the system as a whole is at a constant temperature (dT/dh = 0). The
isothermal model is applicable to real reservoirs with small depth ranges (hydrocarbon columns)
and temperature gradients. In other cases, it is recommended to consider the influence of the geo-
thermal gradient.

In the natural geothermal field, the vertical temperature gradient causes the thermodiffusion ef-
fect — an additional “thermal force” that influences the distribution of component concentrations
with depth. To quantitatively assess the influence of thermodiffusion, models that consider both
gravitational and thermal factors are used. The quasi-equilibrium distribution of composition with
depth formed by these factors obeys the following general balance equation [20]

1
W (dij :Eg_ﬁTl(d—Tj,i:L...,N,
7 azk — dh T dh

where z; is the component molar fraction; h is the depth; F¢ and F are the gravity segregation

force and the thermal force for component i, respectively.

The main factor controlling the change in composition with depth is usually the gravitational
force. Thermodiffusion typically acts against gravity and weakens its influence on the manifestation
of the compositional gradient. In most reservoirs, the impact of the thermal force is less than that of
the gravity force [20, 25].

One of the most theoretically justified and practically convenient models for the thermal force
was proposed by Haase [26, 27]. In this model, the thermal force can be obtained via the limiting
values of thermodiffusion coefficients at temperature gradient approaching zero and takes the form:

Rl = % H-H;,,
where Mi and H, are the molecular mass and partial molar enthalpy of component i; M and H are

the molecular mass and molar enthalpy of the mixture.
Based on the Haase model, Pedersen and Lindelof derived the following relationship for calcu-
lating the compositional gradient [19, 21, 28]:

=

=~
I

1 H H\T,-T,

Infi(p,7)|h2—Infi(p,7)|h1=R—_|_l{Mig(h2—hl)—Mi(M—VJTl}, i=1...N, (2

where p is the pressure; 7 is the vector of molar component concentrations in the mixture (molar
composition of the mixture); T: and T2, h1 and h> are the values of temperature and depth for the
first and second points considered, respectively; R is the universal gas constant; fi is the fugacity of
component i.

The dependence of fugacities on pressure and mixture composition is determined by solving
the cubic equation of state, for example, the Peng — Robinson equation. The system of equations (2)
is solved for pressure and fluid composition at point h at each step in depth, given the known val-
ues at point hs. Details of the enthalpy calculations are presented in [19, 29].

Practical implementation of the compositional gradient model. In this study, a conservative
finite difference scheme [30] is used to implement the compositional gradient model (the problem
of compositional grading). To solve the obtained system of nonlinear algebraic equations, New-
ton’s method is applied providing an efficient solution to the compositional grading problems
when using the solution from the previous step as the initial approximation [1, 2]. Sequential
search for the values of the basic unknowns is performed at each iteration by solving the system
of linear equations AY = b using the Gauss elimination method, the choice of which is determined
by the dense structure of the matrix and the typical dimensionality of several tens of equations:
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where superscript m corresponds to the current, and m — 1 — to the previous iteration; ; is the misfit
of equation (2) for component i at the previous iteration (with opposite sign); A is the change in the
basic unknown at the current iteration. As the initial approximation at the first iteration, the values
at depth hy are used.

Thus, if the composition and pressure are known at the reference depth, they can be sequential-
ly determined for any other specified depth using the system (2). The temperature values at each
depth are considered known according to the specified geothermal gradient. The input data of the
model are the parameters of the equation of state and specific enthalpies of the components. For
pure substances, these are reference data, while for pseudocomponents and fractions they are de-
termined by using correlations presented in the literature and solving identification problems with
actual measurements from the studies of formation fluid samples.

The described model is applicable for a single-phase state of the system. The classical calcula-
tion of the compositional gradient assumes that the mixture reaches the saturation point and transi-
tions to the two-phase state at the depth of GOC. To check the phase state of the mixture, a special
iterative procedure is used — the Michelsen stability test [31]. Stability obtained in this test indicates
the single-phase state of the mixture, while instability indicates the two-phase state corresponding to
crossing the GOC. Thus, to search for the GOC, the stability of the mixture is checked for the ob-
tained pressure and composition at each depth. If the mixture becomes unstable at the successive
step, a bisection algorithm is implemented within the corresponding depth interval to determine the
precise GOC position [32].

At the depth of the GOC, the pressure equals the saturation (dew point) pressure of the gas
phase (when approaching from above) and the saturation pressure of the liquid phase (when ap-
proaching from below). Therefore, an alternative method for finding the GOC involves calculating
the pressure of mixture transition to the two-phase state at each step in depth [33]. Once the GOC
position is found, a transition is necessary from the gas phase composition to the equilibrium liquid
phase composition, or vice versa. For this, the phase equilibrium problem is solved [1, 2].

These features are valid for the classical (saturated) GOC. In deep formations with high pres-
sures and temperatures, the transition from gas to liquid phase may be supercritical. In this case, a
two-phase state within the reservoir does not occur, but the single-phase fluid changes its type from
gaseous to liquid at the GOC. At the GOC, the mixture saturation pressure reaches its maximum,
which is lower than the pressure at the GOC.

It is important to note the differences between the thermodynamic calculations of the composi-
tional gradient and the principles used in the equilibrium initialization of the flow simulation models
for oil and gas reservoirs. In flow simulations, the effects of thermodiffusion are not considered,
whereas classical calculations of the compositional gradient do not account for the presence of the
gas — oil capillary transition zone. The coexistence of gaseous and liquid hydrocarbon phases is as-
sumed at the GOC only.

The gas — oil transition zone is usually limited to few, rarer first tens of meters, which is due to
greater difference in phase densities and lower values of surface tension than for the oil — water sys-
tem. Whereas the effect of the compositional gradient manifests itself over larger depth ranges,
measured by hundreds of meters. At the same time, the influence of capillary pressure on the gas — oil
phase equilibria is not significant even in tight reservoirs [1, 22], and has a noticeable effect only in
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shale reservoirs. Thus, it is assumed that neglecting the influence of capillary pressure and the
presence of the two-phase gas — oil transition zone does not significantly affect the calculation of
the initial hydrocarbon composition distribution with depth. In this study, the authors also follow
this approach and do not account for the presence of the gas — oil capillary transition zone. The pos-
sibility to overcome this limitation is discussed in the conclusions.

Compositional gradient in the presence of scattered liquid hydrocarbon phase. In gas conden-
sate reservoirs, the presence in the pores of a small volume of immobile LHC is often reported, re-
ferred to as scattered, relict, residual, or matrix oil [1, 34]. In this case, the described classical calcu-
lation of quasi-equilibrium initial fluid distribution is not applicable, as it assumes the coexistence
of two phases at the GOC only [22].

The presence of such fluid type in the gas condensate part of the reservoir was first identified
for the Orenburg oil-gas-condensate field (OGCF) both by core data and phase behavior character-
istics of the fluid [1, 35]. The presence of LHC in gas-saturated intervals has been confirmed for the
main reservoir of the Vuktyl OGCF [34] and is probably characteristic for other OGCFs [22]. Un-
like condensate, LHC is present in the gas-saturated zone of the formation from the beginning of
development and is distinguished by heavier composition, including resins and asphaltenes. The
presence of LHC is noted throughout the depth interval of the gas-saturated zone, not just in the rel-
atively small capillary transition zone near the GOC. The saturation for scattered LHC is usually
estimated at 5-15 %.

Studies [34, 35] offered the following explanation for this phenomenon. The terms “matrix oil”
and “LHC” in this context correspond to the paradigm of oil-gas source properties of hydrocarbon
bearing carbonate deposits that form gas condensate and oil-gas-condensate fields, in particular, the
Vuktyl and Orenburg fields. The presence of inherent (matrix) oil, transformed into liquid hydro-
carbons of the oil sequence (LHC), in the pore space of the carbonate rocks of the gas part of these
fields has been demonstrated as a result of previous studies. The established oil-gas source proper-
ties and early stages of oil generation in hydrocarbon bearing deposits allow for the assertion that
even before the start of development LHC are present in their gas part in thermodynamic equilibri-
um with gas, but at saturations below the critical values (flow threshold). These are the LHC con-
sidered in this study.

To account for LHC in the gas condensate part of the reservoir, a modified algorithm for the
compositional gradient was proposed in [36]. It assumes that the gas phase is continuously connected
through depth and its composition corresponds to the quasi-equilibrium conditions (2). The liquid
phase is immobile and not connected between depths, so the quasi-equilibrium conditions for the
liquid phase are not satisfied. However, at each depth, the liquid phase is in equilibrium with the
corresponding composition of the gas phase.

As in the classical calculation, the initial data for the modified algorithm include the fluid com-
position at the reference depth, pressure, temperature, and the geothermal gradient. Due to the pres-
ence of LHC, the overall composition of the fluid at the reference depth must correspond to a two-
phase state with a fraction of the liquid hydrocarbon phase estimated from well logging and core
analysis. For this purpose, the composition of the gas condensate fluid obtained from samples is
preliminarily saturated to the corresponding molar fraction of LHC Lo [22].

This saturation procedure is necessary for the following reason. Due to the presence of LHC in
the gas condensate part of the reservoir, any change in reservoir pressure near the well converts the
system into the two-phase state associated not only with condensate dropout but also with gas liber-
ation from the saturated oil (LHC). This leads to some distortion of the fluid composition during
standard procedures of gas condensate tests. As a result, the fluid sample may become undersatu-
rated, which prevents using its composition as that of the reservoir gas condensate mixture in the
presence of LHC. For example, in the case of the Vuktyl OGCF, the difference between the reser-
voir pressure and the saturation pressure by samples ranges from 20 to 40 bar and increases with
depth [34].
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Thus, unlike the classical compositional gradient, the input composition in the algorithm with
LHC at the reference depth is set to be unstable. This is controlled by the Michelsen stability
test [31]. The next step is to determine the corresponding equilibrium compositions of the gas (va-
por) and liquid phases, as well as the calculated fraction of LHC by solving the phase equilibrium
problem [2]. The calculated LHC fraction must match the value Lo. The obtained gas phase compo-

sition Y, is saturated and is further used as the input mixture composition Zz, for calculating the

compositional gradient upwards and downwards from the reference point.

When moving downwards, the composition of the gas condensate mixture becomes heavier
(richer). The gas phase, saturated at the previous step, becomes oversaturated at the new point,
i.e., transforms into a two-phase mixture z,. For this mixture, at the pressure and temperature of

the new depth, the equilibrium compositions of the gas phase Y, and liquid phase X, , and their
fractions Vh = 1 — Ln and Ln are determined. The resulting gas phase Y, again becomes saturated.

When moving upwards, the composition of the gas condensate mixture z, becomes lighter
(leaner), so the mixture becomes undersaturated. A pseudoequilibrium liquid phase composition X

can be calculated for the mixture using the Negative Flash procedure proposed by Whitson and
Michelsen [37].

The Negative Flash extends the standard phase equilibrium algorithm beyond the two-phase
region to enable calculations when the fluid is single-phase. The value of the gas phase molar
fraction 0 <V < 1, both in the standard phase equilibrium calculation and in the Negative Flash,

implies that Vi, moles of gas of the calculated composition Y, need to be added to 1 — Vi, moles of

liquid of the calculated composition X, to restore the original mixture composition Zz, . Similarly,

Vh > 1 (undersaturated gas) in the Negative Flash procedure is interpreted as the Vh— 1 moles of
liquid with composition X, need to be removed from Vn moles of gas of composition Y, to restore

one mole of the original mixture Z, .

Thus, in the both cases (steps upwards and downwards), the saturated gas phase composition Y,

obtained as a result of the Negative Flash procedure is taken as the final composition of the gas con-
densate mixture at the new depth, and the composition of the liquid phase X, is considered the equi-

librium LHC composition at that depth. The LHC fraction is adjusted compared to the value at the
previous depth, taking into account additional condensation from the gas condensate mixture upon
oversaturation (step downwards) or, conversely, evaporation upon undersaturation (step upwards):

L= Lo""(l_l-o)l-h’
where L1 is the final LHC fraction at the new depth; Ly is the LHC fraction obtained from the Nega-
tive Flash procedure.
During the movement downwards in the algorithm with LHC, reaching the GOC is controlled
with L; = 1 (transition to the single-phase liquid state). When moving upwards, the possible transi-
tion to the single-phase gas state (L1 = 0) is controlled. In both the cases, further steps are carried

out using the classical (single-phase) calculation of the compositional gradient.
The overall flowchart of the algorithm considering LHC is presented in Fig.1.

Discussion of results.

Evaluation of the impact of LHC on the composition distribution in gas condensate reservoirs.
The described algorithms for compositional grading were used for computational assessment of the
impact of LHC on the distribution of pressure and composition in gas condensate reservoirs. The
parameters of multi-component fluid models, reservoir conditions, and initial data at reference
depth were taken close to characteristics of three different gas condensate reservoirs: one of the
Achimov reservoirs of the Urengoy OGCF, the main reservoir of the Orenburg OGCF, and the main
reservoir of the Vuktyl OGCF.
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According to core data, the hydrocarbon bearing carbonate oil-gas source rocks of large OGCFs
(Vuktyl and Orenburg) before the start of the development are difobic [35], i.e., they express phobi-
city to water and to a lesser extent to liquid hydrocarbons, with the contact angle of 110-120°. Con-
sidering the significant hydrocarbon columns of the studied reservoirs, this becomes an additional
factor to consider the size of the transition zone and the influence of capillary forces to be insignifi-

cant for this study.
The calculations performed do not account for the entire s

pecificity of the chosen reservoirs

and investigate the features of the LHC influence only within the assumptions of the model. For in-
stance, direct studies for the Orenburg OGCF showed the presence of a significant fraction of heavy

bitumoids (heavy resins and asphaltenes) in the formation [35]

. In the problem formulation con-
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sidered, their presence and interaction with the modeled reservoir fluid is not accounted for, despite
their high adsorption capacity towards light hydrocarbon components. Furthermore, the increased
concentrations of heavy bitumoids due to the oil-source properties of the carbonate rocks of the
Orenburg OGCF are generally associated with low-permeability hydrophilic intervals with high
gas-water capillary pressures, which can have a peculiar “block™ effect for the gas phase. The as-
sessment of the influence of these and other additional factors extends beyond the scope of the cur-
rent stage of the research.

Composition 1 closely resembles the conditions of one of the Achimov reservoirs of the Uren-
goy OGCF with a unique condensate content of the reservoir gas. The reservoir fluid is modeled by
a mixture of 24 components (Table 1). The reference depth is h = 3754.6 m, pressure at the refe-
rence depth is p = 633 bar, temperature is T = 107.85 °C, and the geothermal gradient is dT =
=0.029 °C/m. The composition corresponds to a sample of gas condensate fluid at this depth. The
calculation was performed in the depth range of 3614 to 4050 m with the 1 m step.

Table 1
Input data for composition 1
- .

= S A — _e _ g8 o e Coefficients of cubic approximation

g Es ; E 8E¢ Se. E ; 5 % . for ideal gas heat capacity *“[38]

g | &~ £2 | 58+ | 58° 88 =

o o 2 2 g E. <( Y- E

© = = 5 A B C D
N2 0.247 28.013 -146.95 33.9439 0.04 8330.789 31.1488 | -0.0136 0.0 0.0
CO2 0.631 44.01 31.55 73.8659 0.225 19459.1011 19.7946 | 0.0734 | -0.0001 | 0.0
Ci1 75.2122 16.043 -82.55 46.0421 0.013 2.6425 19.2503 | 0.0521 0.0 0.0
C 7.2009 30.07 32.28 48.8387 0.0986 9761.1347 5.4092 0.1781 | -0.0001 | 0.0
Cs 4.394 44.097 96.65 42.4552 0.1524 19519.6224 | —4.2244 | 0.3063 | -0.0002 | 0.0
iCs4 0.953 58.124 134.95 36.477 0.1848 29278.1232 -1.39 0.3847 | -0.0002 0.0
nCs 1514 58.124 152.05 37.9665 0.201 29278.1212 9.487 0.3313 | -0.0001 0.0
iCs 0.537 72.151 187.25 33.8932 0.227 39036.6099 | -9.5247 | 0.5066 | —0.0003 | 0.0
nCs 0.565 72.151 196.45 33.7007 0.251 39036.6099 -3.6257 | 0.4873 | —0.0003 0.0
Cs 0.772 78.93 245.97 34.7 0.243 48795.1026 | -4.4128 | 0.5819 | —0.0003 | 0.0
Cz 1.16 91.8 265.95 325 0.292 52706.294 -5.7687 | 0.5393 | -0.0002 0.0
Cs 1.33 103.35 295.077 29.928 0.34 60741.5508 -4.0418 | 0.5889 | —0.0002 0.0
Co 0.801 119.17 322.415 27.987 0.388 71747.4235 | -3.2364 | 0.6745 | -0.0003 | 0.0
Ciwo 0.698 133.0 346.673 26.238 0.435 81368.8653 -0.7145 | 0.7468 | —0.0003 0.0
Cui+ 0.853 153.1083 377.537 24.1149 0.4991 63652.7132 27.5423 | 0.9068 | -0.0004 | 0.0
Cus+ 0.659 180.4253 415.592 21.9509 0.5828 75009.3798 32.4562 | 1.0686 | —-0.0004 | 0.0
Cis+ 0.542 206.7519 447.928 20.3132 0.6605 85954.3171 37.1921 | 1.2246 | -0.0005 0.0
Car+ 0.544 237.3727 479.571 18.6716 0.7466 98684.4935 42.7004 | 1.4059 | -0.0005 | 0.0
Coo+ 0.386 273.544 511.485 17.0456 0.8454 113722.2268 | 49.2071 | 1.6202 | -0.0006 0.0
Coo+ 0.278 308.9098 539.266 15.7848 0.9382 128425.0729 55.569 1.8296 | -0.0007 0.0
Cos+ 0.206 341.7057 561.92 14.7838 1.0222 142059.533 61.4685 | 2.0239 | -0.0008 | 0.0
Caor+ 0.152 373.5677 581.777 13.9428 1.1019 155305.7262 | 67.2001 | 2.2126 | -0.0009 0.0
Cso+ 0.137 408.5766 601.806 13.1577 1.1878 169860.2063 | 73.4978 2.42 -0.0009 | 0.0
Cae+ 0.228 650.0 630.02 12.2 15 270228.725 |116.9268| 3.8499 | -0.0015 | 0.0

*Partial molar enthalpy in the ideal gas state at 273.15 K, J.
" Coefficients A, B, C, and D are used in enthalpy calculations.

Figure 2 presents the results of the classical algorithm (not considering LHC). PCs. denotes the
potential content of the Cs+ component group in the reservoir gas condensate mixture characterizing
the amount of dissolved hydrocarbons that exist in liquid state (condensate) in normal conditions [1].

Figure 2 shows that pressure and PCs- increase with depth (Fig.2, a, b), while the concentration
decreases for light components (Fig.2, ¢) and increases for heavy ones (Fig.2, d, e).

The considered gas condensate reservoir is characterized by near-critical reservoir conditions.
Therefore, in Fig.2, a the pressure and saturation pressure at its peak point (GOC) do not match, and
a continuous supercritical transition from the gas phase to the liquid phase is seen on the PCs+ curve
(Fig.2, b).
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Fig.2. Results of the classical algorithm for composition 1
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Fig.3. Results of the modified algorithm for composition 1

Calculated dependencies on depth for: a — molar fraction of the liquid phase;
b — pressure p and saturation pressure psa, bar; ¢ — PCs+, g/m?

To demonstrate the impact of LHC on the component distribution, the mixture composition at
the reference point is modified. Pseudo-equilibrium liquid phase with the composition obtained
from the Negative Flash procedure is added to the original composition from Table 1, until achiev-
ing the LHC molar fraction of 3 % (Lo = 0.03). The results of the calculations using the modified
compositional grading algorithm (considering LHC) are shown in Fig.3.

From Fig.3, a it is evident that when moving upwards from the reference depth of 3754.6 m,
the LHC fraction expectedly decreases, while it increases when moving downwards. The change in
the LHC fraction from 0 to 1 occurs in the depth interval from 3736 to 3769 m. Within this interval,
the reservoir pressure and the saturation (dew point) pressure are equal (Fig.3, b), indicating the
two-phase state: the gas phase is saturated, and the liquid phase is present. Above and below this
interval, the plots in Fig.3, b do not match, indicating a transition to the single-phase region. Above
the 3736 m level, the gas condensate mixture becomes undersaturated, with no LHC present. At the
3769 m level, the GOC is observed, and the LHC fraction reaches 100 %. When comparing Fig.2
and 3, it is apparent that considering LHC leads to the replacement of the supercritical gas-oil con-
tact with the classical one and increase in PCs.: values (Fig.3, c), i.e., to higher condensate content
in the reservoir gas.
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Main parameters of the Composition 2 are close to the conditions of the main reservoir of the

Orenburg OGCF. The reservoir fluid is modeled with a mixture of 23 components, including 15 pseu-
do-fractions (Table 2). The reference depth is h = 1250 m, pressure at the reference depth is p =
= 195 bar, temperature is 7' = 29.34 °C, and the geothermal gradient is dT = 0.009 °C/m. At the
reference point, the composition is saturated to the LHC molar fraction of 8% (Lo = 0.08).

The results of the modified algorithm are shown in Fig.4.

Input data for composition 2

Table 2

~N - 5 8
£ 5 = = 5 5 5 - . o
@ 2 a3 — =2 Do o . I Coefficients of cubic approximation
3 § < g E £ % S ‘_'Q_S *E 22~ for ideal gas heat capacity [38]
| s 5% | 58 | B4 | % 2E
o S 2 = £ 8 S
= = # S < A B c D
N2 5.4704 28.013 -146.95 33.944 0.04 8330.789 31.1488 -0.0136 0.0 0.0
CO2 0.6595 44.01 31.55 73.866 0.225 19459.1011 19.7946 0.0734 | -0.0001 | 0.0
H2S 1.7432 34.076 100.45 89.369 0.1 12550.8657 31.9401 0.0014 0.0 0.0
C1 83.2209 16.043 -82.55 46.042 0.013 2.6425 19.2503 0.0521 0.0 0.0
C2 4.0362 30.07 32.28 48.839 0.0986 9761.1347 5.4092 0.1781 | -0.0001 | 0.0
Cs 1.7471 44,097 96.65 42.455 0.1524 19519.6224 —4.2244 0.3063 | -0.0002 | 0.0
I1C4 0.3152 58.124 134.95 36.477 0.1848 29278.1212 -1.39 0.3847 | -0.0002 | 0.0
Cs 0.6338 58.124 146.35 37.47 0.1956 29278.1212 9.487 0.3313 | -0.0001 | 0.0
F1 0.9559 84.0 226.5 30.7 0.2706 34921.866 15.1105 0.4975 | -0.0002 | 0.0
F2 0.436 94.0 264.5 30.92 0.324 39079.231 16.9094 0.5568 | —0.0002 | 0.0
Fs 0.2809 110.0 301.1 29.07 0.3566 45731.015 19.7876 0.6515 | -0.0003 | 0.0
Fa 0.1706 126.0 333.7 27.04 0.4078 52382.799 22.6658 0.7463 | -0.0003 | 0.0
Fs 0.1005 141.0 364.0 25.37 0.4764 58618.8465 25.3641 0.8351 | -0.0003 | 0.0
Fe 0.051 156.0 395.2 24.28 0.5427 64854.894 28.0624 0.924 -0.0004 | 0.0
Fz 0.0378 173.0 424.8 23.03 0.6141 71922.4145 31.1205 1.0247 | -0.0004 | 0.0
Fs 0.0383 203.0 456.2 20.93 0.6437 84394.5095 36.5171 1.2024 | -0.0005 | 0.0
Fo 0.0292 220.0 487.7 20.58 0.7118 91462.03 39.5752 1.303 —-0.0005 | 0.0
F1o 0.025 273.0 514.4 17.3 0.728 113496.0645 49.1093 1.617 -0.0006 | 0.0
Fi1 0.0115 296.0 539.1 16.46 0.8339 123058.004 53.2467 1.7532 | -0.0007 | 0.0
F12 0.0104 310.0 562.9 16.13 0.976 128878.315 55.7651 1.8361 | -0.0007 | 0.0
Fis 0.0074 356.0 588.9 14.64 1.0396 148002.194 64.0399 2.1086 | —0.0008 | 0.0
Fia 0.0019 372.0 605.0 14.29 1.1295 154653.978 66.9181 2.2033 | -0.0009 | 0.0
Fis 0.0173 565.0 668.8 10.58 1.1534 234891.1225 | 101.6364 3.3464 | -0.0013 | 0.0
a b c
1250 c
Reference depth \
1500 \
1750 \
2000
IS \
=3 \
‘;‘;) 2250 Dat \
a)
2500 \\
2750 .
3000+
/ p
s
3250
0.2 04 06 08 1 200 220 240 200 600 1000
Liquid phase fraction Pressure, bar PCs., g/m?
Fig.4. Results of the modified algorithm for composition 2
Calculated dependencies on depth for: a — molar fraction of the liquid phase;
b — pressure p and saturation pressure psa, bar; ¢ — PCs+, g/m?
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Up to the depth of 2728 m, the saturation (dew point) pressure and the reservoir pressure are
equal (Fig.4, b), indicating the presence of the saturated gas condensate mixture and LHC. The
LHC fraction increases with depth, reaching 100 % at the 2728 m level, showing a classical GOC
(Fig.4, a). Below the GOC, the reservoir pressure and saturation pressure no longer match
(Fig.4, b), corresponding to the single-phase region with undersaturated oil — the oil rim. PCs. val-
ues increase with depth quite uniformly in the gas condensate region and more intensively below
the GOC (Fig.4, c), reflecting the specifics of increase in the content of heavy components.

Composition 3 models the conditions similar to the main reservoir of the Vuktyl OGCF. The
fluid is represented by a mixture of 19 components (Table 3). The reference depth is h = 3025 m,
pressure at the reference depth is p = 362.9 bar, temperature is 7' = 61.4 °C, and the geothermal gra-
dient is dT = 0.0175 °C/m. At the reference point, the composition is saturated to the LHC molar
fraction of 14% (Lo = 0.14).

The results of the modified algorithm are presented in Fig.5.

Table 3
Input data for composition 3

% S = = 8 s 5 . . N

S 3 Q _ =2 = 8 _T Coefficients of cubic approximation

§ EX g 2 g S S o o s = Z~ for ideal gas heat capacity [38]

£ s~ 59 58 G2 £ 2g

S 2 S = 8 8 =

= > e s < @ A B C D

N2 4.8184 28.013 -146.8889 | 33.9912 0.045 8330.789 31.1488 | -0.0136 0.0 0.0
CO2 0.0408 44.01 31.0556 73.8153 0.231 19459.1011 | 19.7946 | 0.0734 | -0.0001 | 0.0
C1 72.8929 16.043 -82.5722 46.0432 0.0115 2.6425 19.2503 | 0.0521 0.0 0.0
C2 8.7255 30.07 32.2722 48.8011 0.0908 9761.1347 5.4092 0.1781 | -0.0001 | 0.0
Cs 3.5793 44.097 96.6722 42.4924 0.1454 19519.6224 | -4.2244 | 0.3063 | -0.0002 | 0.0
I1C4 0.4663 58.124 134.9889 36.4802 0.1756 29278.1212 -1.39 0.3847 | -0.0002 | 0.0
Cs 0.8435 58.124 152.0278 37.9694 0.1928 29278.1212 9.487 0.3313 | -0.0001 | 0.0
ICs 0.1743 72.151 187.2778 33.8119 0.2273 39036.6099 | -9.5247 | 0.5066 | —0.0003 | 0.0
Cs 0.1409 72.151 196.5 33.6878 0.251 39036.6099 | -3.6257 | 0.4873 | -0.0003 | 0.0

CeP1 2.018 85.0188 250.9278 26.6887 0.1208 35345.4179 7.9027 0.5004 | -0.0002 | 0.0
CeP2 3.138 110.457 318.9667 24.7149 0.2351 45921.0074 6.0966 0.6562 | —-0.0002 | 0.0
CeP3 1.815 157.953 398.0444 20.7256 0.3625 65666.8306 | 11.8058 | 0.9287 | —-0.0004 | 0.0
CeP4 0.5837 231.218 488.5167 16.8437 0.5589 96125.7653 22.824 1.3619 | -0.0005 | 0.0
CePs 0.299 338.184 586.3389 13.5525 0.7602 140595.426 | 42.4439 | 1.9968 | —0.0008 | 0.0
CePs 0.1931 500.0 679.6444 10.5933 1.0268 207868.25 75.7996 | 2.9481 | -0.0011 | 0.0
CeP7 0.1216 598.0 674.6278 7.5153 13 248610.427 | 255721 3.407 -0.0014 | 0.0
CePs 0.0778 794.1 737.6278 5.9157 1.481 330136.3547 | 33.1361 | 4.5271 | -0.0018 | 0.0
CeP9 0.0475 1004.1 790.0722 4.8401 1.627 417441.0197 | 40.9978 | 5.7255 | -0.0023 | 0.0
CeéP10 | 0.0242 1284.2 845.0722 3.916 1.781 533888.7808 | 50.3553 | 7.3196 | -0.0029 | 0.0

a b c
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Fig.5. Results of the modified algorithm for composition 3
Calculated dependencies on depth for: a — molar fraction of the liquid phase;
b — pressure p and saturation pressure psat, bar; ¢ — PCs+, g/m?
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For Composition 3, the change in the LHC fraction occurs up to the depth of 3120 m, where
the LHC fraction reaches 100 %, and a classical GOC is observed (Fig.5, a). Below, the reservoir
pressure and saturation pressure no longer match (Fig.5, b), corresponding to the single-phase un-
dersaturated liquid state. The behavior of the PCs+ curve is similar to the Composition 2, but with
more intensive increase below the GOC (Fig.5, c).

It is interesting to compare the results for Compositions 2 and 3 (Fig.6). Here the depth axis is
relative, with the zero point set at the GOC level for each reservoir. The PCs+ plots for Composi-
tions 2 and 3 are similar across almost the entire depth interval of the gas condensate region, ex-
cluding the interval near the GOC. Here, for Composition 3, the increase in the PCs. is more gradu-
al than for Composition 2 (Fig.6, b). However, the dependencies of the LHC fraction on depth differ
significantly (Fig.6, a). For Composition 2, the LHC fraction smoothly increases throughout the
depth interval down to the GOC. For Composition 3, a significant change in the LHC fraction is
noted only when approaching the GOC level.

To analyze these differences, consider the depth variation of individual component fractions in
the liquid phase obtained by the Negative Flash calculation. Plots of the component fractions from
the top boundary of the calculation depths to the GOC are shown in Fig.7 for Compositions 2 and 3.
It is noteworthy that the component C1 — methane — contributes most to the change in the LHC frac-
tion (Fig.7, a, ). It can be observed that for Composition 2, the change in the methane fraction in
the liquid phase is quite uniform throughout the entire calculated depth interval, while for Composi-
tion 3 significant changes begin near the GOC. A similar behavior is observed in the plot for the
LHC fraction (Fig.7, e, j).

Thus, the character of the LHC fraction dependence on depth is determined by the swelling
effect due to the dissolution of light components, particularly methane, which has the highest
concentration in the liquid phase. It is important to note that the composition of the LHC in the
gas condensate region of the reservoir changes with depth differently than in the oil region. The
pressure and the fraction of intermediate components increase with depth in the gas phase, and
consequently — in the liquid phase equilibrated with it. With an increased concentration of C3-Ca
in the saturated liquid phase, the solubility of methane increases. This trend is opposite to the
heaving of the liquid phase, characteristic for the undersaturated state below the GOC. It is worth
noting that the noticeable sharp decrease in the content of intermediate and some heavy compo-
nents near the GOC, as seen in Fig.7, is associated with the increase in methane content and nor-
malization of concentrations.

a b ¢ d
—~1000
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—-800

—600
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| psat (composition 3)
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200 1 .
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Liquid phase fraction PCs., g/m® Pressure, bar Pressure, bar

Fig.6. Comparison of the modified algorithm results for compositions 2 and 3

Calculated dependencies on depth for: a — molar fraction of the liquid phase, compositions 2 and 3; b — PCs+, g/m?, compositions 2 and 3;
C — pressure p and saturation pressure psat, bar, composition 2; d — pressure p and saturation pressure psat, bar, composition 3
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Fig.7. Plots of the molar component concentrations in the liquid phase for compositions 2 and 3

Calculated dependencies on depth for: a — molar fraction of methane, %; b — molar fraction of propane, %;
¢ —molar fraction of group F1, %; d — molar fraction of group Fs, %; e — molar fraction of the liquid phase (composition 2);
f — molar fraction of methane, %; g — molar fraction of propane, %; h — molar fraction of group CeP1, %;
i — molar fraction of group CePs, %; j — molar fraction of the liquid phase (composition 3)

Conclusion.

The presence of a small fraction of scattered LHC in many gas condensate reservoirs necessi-
tates changes in approaches to calculating the initial composition distribution with depth. In this
case, classical methods of compositional grading are not applicable.

The modified algorithm for compositional grading discussed and implemented in this study
makes it possible not to completely abandon the concept of quasi-equilibrium initial state of the hy-
drocarbon system, but to supplement it with necessary assumptions and calculation procedures for
consistent consideration of the scattered LHC.

Calculation cases presented for different gas condensate mixtures, close by composition and
conditions to real oil-gas-condensate reservoirs with significant hydrocarbon columns, demonstrate
several characteristic features of the LHC impact on the compositional gradient: elevation and possi-
ble change of type for the fluid contact, as well as for the PCs. dependency on depth. In regions with
the LHC, the reservoir gas condensate fluid is saturated, and the saturation (dew point) pressure
matches the reservoir pressure.

It is shown that the character of the LHC fraction change with depth can be different. Light
components, particularly methane, contribute most, which is explained by the swelling effect of the
saturated liquid phase. The change in the LHC composition with depth in the gas condensate part of
the reservoir also shows significantly different trends than in the oil zone, where the liquid phase is
undersaturated with light hydrocarbons.
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The proposed approach to considering LHC, as well as the concept of quasi-equilibrium com-
positional gradient, allow calculating in a thermodynamically consistent way the initial state of oil-
gas-condensate reservoirs with the presence of scattered LHC, estimating the GOC position and dis-
tribution of volumes in place for gas, liquid hydrocarbons, and individual components. The results
of compositional grading considering LHC define the initial conditions when modeling field devel-
opment and justifying technological solutions for efficient hydrocarbon recovery.

The presented method relies on assumptions of pseudo-equilibrium distribution of the gas
phase with depth and local thermodynamic equilibrium between the gas condensate fluid and the
scattered LHC. Their applicability to the conditions of specific oil-gas-condensate reservoirs re-
quires further examination considering the formation specifics and accumulated actual data.

When analyzing the accuracy of the compositional gradient calculations, it is recommended to
include a check of calculated concentrations of the Cs+ group components at control points in depth.
Typically, they are expected to satisfy the two-parameter gamma distribution [2]. For some reser-
voirs, it has been noted that the actual change in the concentrations of Cs+ components with depth is
predominantly linear [34].

Future refinements of the presented method could include accounting for capillary pressure and
the gas-oil transition zone, for example, analogously to the work [39]. The current version of the
method also predicts formation of a transition zone with the LHC saturation increasing to 100 % at
the GOC (see Fig.3, a, 4, a, 5, a), but based on thermodynamics rather than on capillary effects.
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