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Abstract: Numerical models widely used for hydrocarbon phase behavior and compositional flow
simulations are based on assumption of thermodynamic equilibrium. However, it is not
uncommon for oil and gas-condensate reservoirs to exhibit essentially non-equilibrium phase
behavior, e.g., in the processes of secondary recovery after pressure depletion below saturation
pressure, or during gas injection, or for condensate evaporation at low pressures. In many cases
the ability to match field data with equilibrium model depends on simulation scale. The only
method to account for non-equilibrium phase behavior adopted by the majority of flow simulators
is the option of limited rate of gas dissolution (condensate evaporation) in black oil models. For
compositional simulations no practical yet thermodynamically consistent method has been
presented so far except for some upscaling techniques in gas injection problems. Previously
reported academic non-equilibrium formulations have a common drawback of doubling the
number of flow equations and unknowns compared to the equilibrium formulation. In the paper a
unified thermodynamically-consistent formulation for compositional flow simulations with non-
equilibrium phase behavior model is presented. Same formulation and a special scale-up
technique can be used for upscaling of an equilibrium or non-equilibrium model to a coarse-scale
non-equilibrium model. A number of test cases for real oil and gas-condensate mixtures are given.
Model implementation specifics in a flow simulator are discussed and illustrated with test
simulations. A non-equilibrium constant volume depletion algorithm is presented to simulate
condensate recovery at low pressures in gas-condensate reservoirs. Results of satisfactory model
matching to field data are reported and discussed.

Keywords: non-equilibrium phase behavior; compositional flow simulations; phase transitions;
upscaling; hydrocarbon mixtures; non-equilibrium constant volume depletion

1. Introduction

Compositional equation-of-state (EOS) flow simulations are essential for oil and gas-
condensate reservoirs with intensive interphase mass transfer. In practical implementations of the
compositional model, equilibrium phase behavior of the hydrocarbon system is assumed [3, 10].
Thermodynamic equilibrium is also the fundamental concept of phase behavior studies [7, 12, 14,
30, 35].

However, significant deviation from equilibrium phase behavior is observed during
secondary/tertiary oil or gas-condensate recovery for reservoirs primarily developed under
depletion with the release of the second hydrocarbon phase [1, 6]. The well-known problem of non-
equilibrium gas dissolution is one of the main reasons for hysteresis of inflow performance
relationships (IPRs) for oil wells [34]. Non-equilibrium effects are also evident in gas injection
projects [5], as well as in experimental studies both in bulk and porous media [8, 21]. Data of late-
stage gas-condensate field depletion clearly indicate non-equilibrium condensate re-vaporization at
low pressures [13, 22].
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Only limited number of studies introduce non-equilibrium phase transitions in compositional
flow simulation models [26, 32]. Those models are not straightforward to implement as an
extension over existing numerical codes for the equilibrium case. They also significantly increase
computational costs and require input data which are too difficult to be identified practically, such
as each component's diffusion coefficient, porous medium influence factors and distance to local
vapor-liquid contact.

Several industry-adopted approaches were proposed to simulate the effects of incomplete
mixing and oil bypassing in gas-injection projects, with most focus on miscible and near-miscible
displacements [4, 5, 9, 11, 25, 27, 29]. All of them are based on some tuning parameters used to
correct input mixture composition or output equilibrium constants for flash calculations in a grid
cell, or component flows in mass conservation equations, with no control over thermodynamic
consistency of the model formulation. Tuning parameters are adjusted during history matching or
obtained by upscaling of an equilibrium small-scale model.

Non-equilibrium phase behavior may result from interaction of fluids with porous media. The
possible causes are adsorption, capillary condensation, wettability-controlled phase transitions,
layered crystallization, critical adsorption, etc. [8]. The most significant factor not necessarily
associated with the influence of porous media is the limited area of interphase contact which
hinders components' mass transfer between phases. In this case, scale factor is of great importance
in phase behavior and compositional flow simulations. The processes which can be successfully
simulated with an equilibrium model on small scale require the use of a non-equilibrium model on
larger scale. In numerical simulations, this effect is associated with model grid cell sizes. In addition
to upscaling methods based on tuning parameters, such as the well-known method of alpha-factors
[4, 5, 29], two thermodynamically-consistent procedures were independently presented in [19, 33].
Further progress was reported in [16, 17]. Both procedures are thermodynamically-consistent and
based on similar modifications to the flash problem formulation as far as upscaling is considered.
Here we demonstrate that the method of [16, 19] provides clear physical interpretation of both sides
of the flash equations and can be readily incorporated in a unified thermodynamically-consistent
framework for non-equilibrium simulations at different scales.

In the paper, we present formulation for the non-equilibrium phase behavior model suitable
both for compositional flow simulations, upscaling and stand-alone phase behavior simulations.
Some aspects of the model for specific applications were reported in our previous, mostly local,
papers [16, 19, 20, 22, 37]. Here we introduce for the first time a unified approach and provide
physical interpretation of the method in terms of normalized interphase mass transfer rates, Gibbs
energy plot and relaxation. The unified formulation is first derived in terms of the non-equilibrium
phase behavior model for compositional simulations suitable to be incorporated in existing general-
purpose EOS-based implementations without principal modifications to flow simulation
algorithms. Then we focus on relaxation of chemical potentials to introduce a model for
components' mass transfer rates between hydrocarbon phases which govern the intensity of non-
equilibrium behavior. We illustrate the method with stand-alone phase behavior simulation cases
for non-equilibrium transitions in real oil and gas-condensate mixtures. Specifics of implementation
of the method in a compositional flow simulator are also discussed in a unified framework
including stability-based criterion for non-equilibrium phase transitions and illustrated with test
simulations. What follows is an analysis of the impact of scale factor on the significance of non-
equilibrium effects, and we discuss the upscaling method of [16, 19] within the unified framework
to non-equilibrium simulations. Finally, we show how the unified non-equilibrium formulation can
be used for simulation of condensate revaporization at low pressures using a non-equilibrium
constant volume depletion (NCVD) algorithm verified with a real gas-condensate field case.

2. The non-equilibrium phase behavior model

Standard formulation for equilibrium isothermal compositional model is based on mass
balance equations and Darcy's law [2, 3, 10]. For a hydrocarbon mixture containing N components,
the resulting set of flow equations may be given in the following form
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div(myi (VPV _ﬁngh) +kLk—pin (VpL - ﬁLth)J Z%(msl/pl/yi +mS, p,x, ) +q,i=LN, (1)
Vv L

A table of symbols is given at the end of the text.

To close the system, mass balance equation for water, which is usually considered an inert
phase, is required, as well as normalizing conditions for saturations and compositions, and
introduction of capillary pressures between phases.

To calculate equilibrium phase state, phase fractions and compositions for given pressure,
temperature and total mixture composition, stability test is performed [23] and, in case of mixture
instability, an additional 'flash’ system of 2N+2 equations is solved [7, 24, 35]:

Inf,—Inf,=0, i=l,N
xL+yV—z=0, i=l,N
N

>y, —1=0

i=1

L+V=1

2

N
where >z, =1.
i=1

The system (2), based on a cubic equation of state, e.g., Peng-Robinson equation of state [18,
31], corresponds to the condition of minimum Gibbs energy of an equilibrium hydrocarbon
mixture, which is equivalent to the equality of component fugacities (chemical potentials) in
coexisting phases.

A thermodynamically-consistent non-equilibrium formulation of compositional flow equations
is common for a majority of previous studies. It is based on separate mass balance equations for
each component in each hydrocarbon phase, with additional terms corresponding to interphase
mass transfer [26, 32]:

_div[klzpl/xi (Vpy _ﬁngh)J + st(mSVpin )+qy,=@,,, i=LN 3

v

_div(kkLpin (Vp, _ﬁLth)J + st(mSLpin )+ 4, ==@,,, i=LN (4)
L

In the non-equilibrium system (3)-(4), the number of equations is doubled compared to system
(1), thus increasing simulation time and memory requirements. Also significant changes to the
typical numerical code of compositional simulators are required.

A more practical model formulation for non-equilibrium compositional simulations was
presented in [16, 19]. Here we show it to produce a unified framework to treat non-equilibrium
phase transitions, both for compositional flow simulations and stand-alone phase behavior
simulations. To justify the model formulation, we present here a complete derivation starting from
Onsager's hypothesis with illustration of physical backgrounds in terms of Gibbs energy surface
and 'embedded processes' concept.

Experimental studies indicate that in the majority of practical situations non-equilibrium phase
behavior may be considered as a locally-equilibrium process [21]. Hence, Onsager’s hypothesis
holds assuming linear relation between generalized flows W and forces F [28]:

k -
wW,=>L,F, i=LN, (5)
j=1

/A

where Lj are the elements of a phenomenological coefficient matrix. Thus, as a particular case of (5)
with small cross-terms omitted, one can introduce component mass transfer rates @,

proportional to the difference of component chemical potentials in the phases:

@,y =Cl, — M), i=LN, (6)
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where 1, =RTInf,, + 4, 1, =RTIn f,, + 1 are the chemical potentials of the component i in

the vapor and liquid phases respectively, and the factor C is a function of reservoir properties (e.g.,
porosity and permeability) and dynamic flow parameters (e.g., water saturation).

Now let mass balance equations in the non-equilibrium compositional flow model remain in
the form of equations (1). Introducing the normalized component mass transfer rate
@, , =, , /CRT, one obtains the following set of non-equilibrium flash equations to replace the

1

equilibrium flash system (2) for calculation of phase fractions and compositions:
1nfi,L —In ff,V :(T)i,L—V > i:L_N

xL+yV-z=0, i=1,N

N

2 y,—1=0

i=1

L+V =],

Note that the first equation of (7) just reflects the fact that normalized component mass transfer
rate equals to the difference in chemical potentials between phases. However, if current value of

)

@, ,_, is known (together with pressure and total composition), one can solve (7) for phase fractions

and compositions. Let's first discuss the numerical and physical aspects of (7) and then turn back to
a_)i,L—V °

For the equilibrium case, several well-developed algorithms for solution of flash (phase-split)
equations (2) are widely used in compositional flow simulations and stand-alone phase behavior
simulations [7, 24, 35]. Among most popular are the Successive Substitution method and the
Newton-Raphson method or their combinations. As the non-equilibrium flash system (7) differs

from (2) only by @, , in the right-hand side, and since the values of @,, , are given and fixed

within the flash problem, both the algorithms are modified straightforward in the non-equilibrium

case.
In the Successive Substitution method, equilibrium update of K-values is given by
KW =K" D finl fiy, i=LN, ®)
and stopping criterion is
(fin!fi)-1>€, i=LN. 9
For the non-equilibrium flash system (7) the update is
KM =g ﬁ—’L-e_ Bv | =1N, (10)
iy

and the stopping criterion is
. .
(f;',L /ﬁ’V)_e e > £, lzl,N. (11)

In the Newton-Raphson method, @, , , are included in the right hand side of linear equations

at each iteration, while calculation of the Jacobian matrix is the same as in the equilibrium case.

Our testing of both the methods for quite a number of test examples with different mixtures
and p-T conditions indicated comparable performance to the equilibrium calculations. However,
especially when @, ,_, is large enough, to ensure comparable convergence rate it is not advised to

use equilibrium first guesses for K-values such as those from Wilson correlation or stability test
[35]. Instead, it is better to use non-equilibrium K-values obtained from calculations at previous
time (or pressure) step for the initial guess at current step. With the latter approach we didn't notice
any problems with convergence, uniqueness or physical nature of solution specific for non-
equilibrium calculations. This seems reasonable if we note that mathematically equations (7) are

equivalent to equations (2) except for a constant shiftby @, , , .

Physical backgrounds of the method can be described as follows. Classical thermodynamic
concepts assume equal logarithms of component's fugacities in coexisting phases (2) at equilibrium,
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which corresponds to the minimum of Gibbs energy at fixed pressure, temperature and mixture
composition. For illustration, let us plot reduced (dimensionless) Gibbs energy [35] vs. one of the
free parameters, e.g., mole fraction of one of the components in a certain phase (Figure 1).
Equilibrium assumption postulates that as soon as the system somehow gets into a certain state
with reduced Gibbs energy ¢" at a pressure value ps, it immediately jumps to the state with the
minimum Gibbs energy g"min. Thus ¢"min is the only state to be considered for p1 at given temperature
and total composition.

Now if the pressure changes from p1 to p2, the mixture is characterized by another Gibbs
energy surface having the minimum g~“win instead of g'win. In this case the concept of equilibrium
assumes that the system would jump from the g'win state to the g~min state instantaneously
(compared to characteristic time of pressure transition). Mixture phase behavior can then be
described in terms of the two embedded processes: inner (thermodynamic) and outer
(hydrodynamic). Equilibrium flash calculations are naturally based on fixation of the outer process
parameters (pressure, total composition, temperature) while solving the flash problem (2) for the
'inner' system.

For non-equilibrium case, let us adopt the same embedded processes concept. Within the inner
(thermodynamic) process, at certain pressure, temperature and total composition the mixture
behaves as a closed locally-equilibrium system and tends to minimize its Gibbs energy. Therefore
the dynamics of mixture parameters are subject to relaxation equations. For Figure 1 this means that
at fixed pressure value p: transition of the system from the state with reduced Gibbs energy g to the
state with the minimum one g'i» is not instantaneous, and the inner relaxation process is to be
considered.

The outer process consists in pressure and total composition changes (and temperature, for
non-isothermal case). In the context of the inner process, the outer one may be considered as the
change of Gibbs energy surface over time in the space of thermodynamic parameters.

Let's get back to the Figure 1. As the pressure has changed from p1 to p2, the mixture first gets
into a corresponding point on the Gibbs energy surface for p2, not the minimum g~"wn, and starts
relaxing to g~'min. Time for relaxation to the new equilibrium state depends on how far the new
energy value is from the minimum g~min. And it does not depend on whether the mixture has been
in equilibrium (g"wn) or non-equilibrium (g") state at pressure p1 before it has changed to p-.

Normalized components' interphase flows @, , at the right hand side of (7) are equal to the

normalized difference in chemical potentials and express the intensity of interphase diffusion mass
transfer during relaxation which tends to zero as the system approaches equilibrium. Thus the
value of @, , for a certain moment in time determines the deviation of the current point on the

Gibbs energy plot at given pressure, temperature and total composition from the point with
minimum Gibbs energy. If the outer system parameters are fixed, @,, , goes to zero as the system

relax to equilibrium.
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Reduced Gibbs energy, g*

*
& min

v

Free parameter

Figure 1. Reduced Gibbs energy surfaces at pressures p1 (solid line) and p2 (dashed line)

Note that @, ,_, in the system (6) can also be interpreted as the virtual external potential which

forces the inner system to be currently in the state not corresponding to the equilibrium state with
minimum Gibbs energy.
Now we recall the problem of @,, , calculation. The fully-coupled implementation of the

presented non-equilibrium formulation assumes strong interaction between flow (1) and flash (7)
equations. This means that @, , are to be calculated from the solution of flow equations (1) at

current Newtonian iteration (using (3) and (4)) and then substituted in (7). In this case, a proper
model for C is to be introduced to control the non-equilibrium dynamics of the system. However,
for practical reasons an alternative parametrical model for @, , may be presented based on

relaxation equations with possibility of matching to dynamic field data.

3. Calculation of the interphase mass transfer rates

Several research groups reported the results of calorimeter cell experiments to study non-
equilibrium phase behavior of hydrocarbon mixtures [8, 15]. Though these results were obtained for
isochoric processes, physical interpretation of the experiments highlight the following general
principles of non-equilibrium phase behavior of multicomponent hydrocarbon mixtures which
should hold for processes of different type including isothermal. (To our knowledge, similar
experimental data of isothermal relaxation dynamics in multicomponent hydrocarbon mixtures
have not been reported.)

1. Processes associated with appearance of the second phase and increase of its fraction in the
originally single-phase system exhibit equilibrium behavior. This is attributed to the fact that phase
transition develops in the entire volume of the existing phase providing intensive interphase
diffusion. In this case, characteristic relaxation times are small enough, so that phase behavior can
be considered equilibrium.

2. The reverse process is running under different conditions due to phase separation and
segregation while the system is in the dual-phase state. This results in limited interphase contact
area, which slows down diffusion of components during the reverse transition of the system to the
single-phase state. In that case, non-equilibrium model is required.

3. Phase compositions and fractions at given pressure, temperature and overall mixture
composition relax to their equilibrium values. Typical relaxation dynamics is exponential.
Characteristic relaxation time depends on external conditions, e.g., porous medium properties, and
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simulation scale. Also, the more significant is the system deviation from equilibrium state, the
higher are the interphase mass transfer rates during relaxation.

4. Under dynamic conditions, the process of composition relaxation is overlapped by pressure
and total composition (as well as temperature in the general case) variation in time with
appropriate change of equilibrium system parameters (see Figure 1). In the limiting case of
infinitely fast pressure change, phase compositions and fractions aren't able to relax and remain
constant.

Principles 1 and 2 are essential for choosing between equilibrium (equations (2)) and non-
equilibrium (equations (7)) calculations each time phase transition dynamics are simulated.
Principles 3 and 4 provide a basis for relaxation model to compute @, .

As dictated by the 'embedded processes' concept, let's consider a pressure change from p(¢) to
p(t+At) followed by relaxation of phase fractions and compositions during At . That is, we would
split the processes of pressure change and relaxation.

As the result of pressure change at fixed phase compositions and fractions, the normalized
difference of chemical potentials (of normalized interphase mass transfer rate) for a certain
component i changes from

In f;, (1), p(0) =1 £, (3(1), p(D)), (12)
to
In f;, (X(2), p(t+ At))=1In 1, (5(2), p(t + AY)), (13)
which corresponds to the 'outer’ process illustrated in Figure 1 by vertical arrows starting from g* or
g'min (for g'min (12) equals to zero).

Now we consider relaxation of the 'inner' system at fixed pressure p(¢#+At). Solving a
classical relaxation equation for the normalized difference in chemical potentials from ¢ to ¢+ Af,
we arrive at the following final expression for @, ;_ :

@, ,(t+A)=Inf, (X(t+ A1), p(t+Ar))=In f;, (§(t + At), p(t + Ar)) =

[In f,, ((0), p(t+A0) =1 £, (3(t), p(t + Ab))Jexp(=AAr)

where A is the inverse of characteristic relaxation time which is adjustable to the experimental data
or field production data through the history matching process.

Thus, the first factor in the right hand side of (14) is the value of normalized difference of
component i chemical potentials in the two phases resulting from the change in pressure (principle
4). The second factor stands for exponential relaxation during A¢ (principle 3).

Substitution of (14) to the non-equilibrium flash equations (7) makes it possible to compute

(14)

phase fractions and compositions at ¢+ At . Note that physically non-equilibrium solution at ¢+ At
is not determined by current state only. It depends on system state at time ¢, rate of pressure
change, and relaxation rate (diffusion intensity). These factors are correspondingly incorporated in
(14) via X(¢t) and y(¢), At and p(t+At), and A. Hence the resulting non-equilibrium solution of

(7) at t+ At depends just on physical attributes of the system. Initial guess for phase fractions and
compositions at 7+ A7 may only affect convergence of the flash iterations, which has yet been
discussed.

The two limiting cases for the system behavior are as follows. If A is very small, that is,
relaxation is very slow compared to the rate of pressure change, expression (14) corresponds to
constant phase fractions and compositions in time. On the contrary, if A4 is large, so that relaxation
is very fast, the resulting normalized difference of component i chemical potentials in the two
phases at ¢+ A¢ tends to zero, that is, the mixture gets to equilibrium.

It is of practical importance that the model (14) provides control over system relaxation rate by
the only parameter A which ensures more controllable and robust history matching. However,
different absolute relaxation rates for individual components are dictated by the first factor in the
right hand side of (14). The value of A in a particular implementation can be defined as a constant,
or a function of coordinates, or current reservoir characteristics, e.g. porosity or water saturation, or


http://dx.doi.org/10.20944/preprints201704.0108.v1
https://doi.org/10.1007/s10596-017-9648-x

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2017 d0i:10.20944/preprints201704.0108.v1

8 of 22

local grid cell sizes. Note also that different values of A for individual components can be
incorporated in (14) if required.

4. Phase behavior simulations

The non-equilibrium flash problem (7) and the model for components interphase mass transfer
rates (14) were applied to a number of phase behavior simulation cases with oil and gas-condensate
mixtures [20]. Here we present a few examples for illustration purposes.

Total mole composition of an oil mixture is (%): N2 — 0.77; COz — 2.60; H2S — 16.20; CHa — 42.23;
C2Hs — 8.47; CsHs — 5.21; i-CsHio — 1.00; n-CaHio — 2.34; Cs+ — 21.18. Cs+ group density is 0.80 g/cm3,
molar mass — 158 g/mol. Reservoir temperature is 380.15 K. Simulated saturation pressure is 19.9
MPa. Dependence of vapor phase mole fraction V on pressure for various values of A is shown in
Figure 2.

The simulated process is as follows. We start at pressure above the saturation pressure, and the
mixture is initially in the single-phase liquid state. First we simulate the depletion process, i.e. the
pressure is decreased. Below the saturation pressure, the second (vapor) phase develops, and its
fraction V increases with the decrease in pressure. This process is equilibrium and is simulated with
the standard flash system (2). Curve 1 shows the results.

Then we assume that at a certain value (10.3 MPa or 16.3 MPa) pressure starts to increase,
which is the non-equilibrium process. In oilfield development that corresponds to, e.g., intensive
water injection after primary pressure depletion with gas liberation. The rate of pressure increase is
1/30 MPa/hr. Curves 2-7 show the results of non-equilibrium simulations with the model (7), (14)
for different values of A. At each of the curves, the apparent non-equilibrium saturation pressure
(at which the mixture gets back to the single-phase state) corresponds to the zero value of V. The
value of A affects the deviation of the curve from the equilibrium one and, respectively, the value
of non-equilibrium saturation pressure for the given pressure changing rate. In the limiting case of
zero A value the phase state observed at the beginning of the non-equilibrium process remains
unchanged (not shown here). For high enough A values, the dynamics of the vapor phase fraction
closely reproduces the equilibrium one.

The two minimum pressure depletion levels (10.3 MPa or 16.3 MPa) of the oil mixture
correspond to different values of maximum second (vapor) phase fraction. The more pronounced
dual-phase state is at the start of pressure increase (i.e., the larger is the second phase fraction), the
more significant is the deviation from equilibrium phase behavior and the larger is the non-
equilibrium saturation pressure at the same value of 4 .

0.8

—1 2 ---3 4
——5 6 ——71

0.7

0.6
0.5
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Mole fraction of vapor phase

0.1

0
0 5 10 15 20 25 30 35 40

Pressure, MPa

Figure 2. Fraction of vapor phase V vs pressure for oil mixture for various values of A (1/hr)
and minimum level of pressure depletion pmin (MPa) (rate of pressure change 1/30 MPa/hr):

1 — A = o (equilibrium); 2 - pmin = 10,3, A = 0,0005; 3 - pmin=10,3, A = 0,002; 4 - pmin=10,3, A =
0,005; 5 - pmin = 16,3, A = 0,0005; 6 - pmin = 16,3, A =0,002; 7 - pmin = 16,3, A = 0,005.
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Similar simulations have been performed for real gas-condensate mixtures in the ranges of
pressure corresponding to retrograde condensation processes (from initial pressure to the
maximum condensation pressure) and direct re-vaporization processes (below the maximum
condensation pressure). Total mixture mole composition for a gas-condensate case is (%): N2 — 1.38;
CO2 - 6.46; H2S — 3.65; CH4 — 73.7; C2Hes — 6.73; CsHs — 2.89; i-CsHio0 — 0.68; n-CsHio — 1.34; Cs+ — 3.17.
Cs+ group density is 0.85 g/cm?, molar mass — 160 g/mol. Reservoir temperature is 357 K. Simulated
dewpoint pressure is 29.9 MPa, maximum condensation pressure — 20 MPa.

For the pressure range corresponding to retrograde phase transitions, non-equilibrium
behavior is observed with increasing pressure (corresponding to condensate vaporization).
Simulation results qualitatively follow those shown in Figure 2 with the change of vapor mole
fraction to liquid mole fraction and are not shown here.

Conversely, in the region of direct phase transitions (below the maximum condensation
pressure), non-equilibrium phase behavior develops during pressure decrease (again, due to
condensate vaporization). This feature is automatically reproduced by the model (7), (14).
Simulation results are shown in Figure 3. Curve 1 demonstrates liquid phase mole fraction L vs
pressure for the equilibrium simulation. The non-equilibrium curves 2-7 for various values of A are
plotted for the rate of pressure decrease 1/30 MPa/hr. The higher the value of A, the closer the
dynamics of L to the equilibrium one.

0.07
) e
2 0.06
<=
&
=
5 005
=
]
§ o004
3 3
= 6
2 0.03
o
=

0.02

0 2 4 6 8 10 12 14 16 18 20

Pressure, MPa

Figure 3. Fraction of liquid phase L vs pressure for various values of A (1/ hr) (rate of pressure
decrease 1/30 MPa/hr): 1 — A = e (equilibrium); 2 — A = 0,0005; 3 - A =0,002; 4 - A =0,005;5-A =
0,01;6-A=0,1.

Figure 4 shows isothermal relaxation dynamics of the oil system from non-equilibrium to
equilibrium state at fixed pressure (relaxing parameters of state are phases' molar
densities/volumes, as well as fractions and compositions). The simulated procedure is as follows.
An initial equilibrium dual-phase state of the mixture is considered. Then an instant jump of
pressure to a new value is assumed, after which relaxation of phase fractions and compositions to
the new equilibrium state takes place. For the new pressure, the initial phase fractions and
compositions are non-equilibrium, i.e. there is a deviation from their equilibrium values. The larger
the pressure jump, the higher the initial deviation. During relaxation the deviation exponentially
decays towards zero. In Figure 4 vapor phase fraction dynamics for different initial pressures
(pressure jumps) and values of A are presented for identical initial compositions. The ordinate axis
represents the value of AV corresponding to deviation of current value of V from the equilibrium
one. For same initial phase compositions, initial value of AV increases with pressure. Relaxation rate
also increases in terms of absolute values of V due to more intensive interphase mass transfer (see
curves 1-3 for A =0,002 and 2-4 for A=0,005). Similar trends are observed for the gas-condensate
mixture.
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The examples presented indicate that phase behavior dynamics for oil and gas-condensate
mixtures simulated with the proposed model (7), (14) qualitatively reproduce all the key features of
non-equilibrium processes reported in experimental studies [20, 21], though direct quantitative
comparison is not possible due to different types of the processes considered (isothermal /
isochoric).

0.06

0.05

0.04
~ 0.03
N

0.02

0.01

0 100 200 300 400 500 600 700 800 900 1000

Time, h
Figure 4. Relaxation dynamics of vapor phase fraction V for various values of initial pressure
(MPa) and A (1/ hr): 1 -p=10,3, A =0,002; 2 - p =10,3, A =0,005; 3 -p=17,3, A =0,002; 4 - p =
17,3, A =0,005.

5. Implementation in a compositional flow simulator

The proposed phase behavior model (7), (14) can be incorporated in existing compositional
simulators without principal modifications to flow simulation algorithms. Commercially available
compositional simulators (as well as general purpose academic simulators) are based on
simultaneous (iterative) solution of the flow simulation equations and flash equations at each time
step. With the proposed model, no changes to flow simulation algorithms are required. Calculation
of interphase mass transfer terms @, , and non-equilibrium phase compositions requires only

corrections to the flash algorithm according to equations (7) and (14). Little extra memory is
required to store component K-values from previous time step to calculate X'~ -X(¢) and

7' =3(¢) to be used in (14). But in the majority of current implementations of the equilibrium

flash algorithm these values are also stored as initial estimates to solution at the new time step.
Thus, the non-equilibrium algorithm does not require significant extra memory or execution time.
However, to implement the presented model (7), (14) in a compositional flow simulator one
has to account for changing total mixture composition in a grid block during the flow process. To
do that, we recall the 'embedded processes' concept. As the change in total composition is a part of

the outer process, the Rachford-Rice equation [35] is solved with the 'old' K-values K/™' and new'

total composition Z’ to obtain initial vapor phase fraction ¥,/ at the new time step satisfying mass

m

balance for Z’. Thus, relaxation at the new time step with pressure p’ and total composition Z/ is
assumed to take place from the old phase compositions ¥’ and 7'~ and modified phase fractions

V) and L, =1-V,. Then equations (7), (14) are used to compute components interphase mass

transfer rates @, , and the new phase compositions ¥ =X(t+At) and j/ = j(t +At), as well as
the new phase fractions ¥’/ and L’. Note that p’ (and Z’ for fully implicit scheme) are updated at

each Newtonian iteration within the solution of flow equations, which means that ¥/, L/ and

@,,_, are also updated and used in (7) to update ¥/, y’, ¥’ and L.
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Another specific problem of the model implementation is the choice between equilibrium and
non-equilibrium phase behavior calculations at current time step in a grid block. As yet discussed,
transition of a multicomponent system from single-phase to dual-phase state is a volumetric
process and can be described by an equilibrium model due to short characteristic relaxation times.
On the contrary, the reverse process is controlled by diffusion of components through limited
interface area with much larger relaxation times and should be modelled as non-equilibrium.

For an isothermal system with fixed phase behavior type (oil or gas-condensate), parameters
(e.g., maximum condensation pressure) and total composition, direction of phase transition can be
predicted by the direction of pressure change. Thus decision is straightforward whether the non-
equilibrium model should be used — as in the earlier presented stand-alone phase behavior cases.

In compositional flow simulations total mixture composition in a grid block changes in time
which results in changing mixture parameters and even phase behavior type. We propose a
universal criterion to control phase transition type based on stability analysis of individual phases.
To identify whether phase transition develops volumetrically or through gas-liquid interface, we
propose to examine stability of individual phases. Phase transition is equilibrium if for current
direction of pressure change individual phases are unstable, i.e. components get evaporized or
condensated in the volume of the phases. If the phase is stable, component transfer between phases
happens only through the gas-liquid interface, i.e. in a non-equilibrium manner. Stability of phases
is checked by the standard stability test [23].

More accurate treatment of the criterion is performed at individual components' level. The
component transition between phases is equilibrium if the phase which the component tends to
leave is unstable for given direction of pressure change. That is, one should check stability of phases
and signs of 57)1 .y for individual components.

Also we should note the problem of non-equilibrium stability analysis. Stability analysis is
used for two purposes: to omit unnecessary phase split calculations and to obtain good initial
guesses for K-values to ensure flash convergence to physical solution.

Discussing the first purpose we should note that although a non-equilibrium equivalent of the
stability test can, in principle, be developed, it is not crucial for compositional simulations for the
following reason. If currently hydrocarbon mixture in a grid block is in the single-phase state, then
its phase behavior for the next time step would be equilibrium even if transition to the dual-phase
state happens. Thus standard equilibrium stability test [23] is suitable to control the necessity of
phase split calculations. And if the hydrocarbon mixture is yet in the dual-phase state, then it is
likely that phase split calculations would be necessary for the next time step also. In this case the
criterion of non-equilibrium phase transition is checked and equilibrium or non-equilibrium phase
split flash system is solved to obtain the new phase state and compositions for the grid block.

As for the second purpose of stability analysis, the physical nature of relaxation process
expressed in (14) prescribes that in most cases K-values taken from previous time step should serve
as reasonable initial guesses for phase split calculations, especially in cases with large deviation
from equilibrium (low A values or high characteristic relaxation times). However, additional study
is required for situations with large total composition changes within timestep, which are also
untrivial to handle in equilibrium compositional simulations.

The non-equilibrium model (7), (14) with the criterion for non-equilibrium phase transition has
been incorporated in an existing commercial EOS-based flow simulator. For illustration, some results of
flow simulations with non-equilibrium phase transitions are presented here for the following test case.

The synthetic case model (Figure 5) represents a quarter of a five-spot pattern. The model is
assumed homogeneous. The model parameters are: distance between wells (injector WU1_2 and
producer WU1_1) — 550 m, reservoir thickness — 1 m, cell sizes along X and Y axes — from 5 to 15 m,
grid dimensions — 35x35x1, effective permeability — 100 mD, effective porosity — 0.3, initial oil
saturation (in fractions of effective pore volume) — 100%. Reservoir fluid properties and
compositions, as well as relative permeability curves, are similar to those of the Sherkalinskaya
formation Tala zone of the Krasnoleninskoye oil field. Initial reservoir pressure is 250 bar,
saturation pressure — 220 bar.
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For the first 150 days, oil is produced under depletion, i.e. only the producer operates at
bottom-hole pressure of 50 bar. Thus pressure in grid cells falls below the saturation pressure, and
free gas appears in the model. At the day 151 water injection starts via the injector with constant
bottom-hole pressure of 400 bar, while the producer continues to operate at the previously set
conditions. Injection continues for as long as necessary for free gas to be dissolved in oil.

SGAS,
Dimensionless
Quantity

0.163503

o 0.136252

0.109002

0.0817513

0.0545009 S
S
s

0.0272504

-0

Figure 5. General 3D view of the test model grid

For the test model described, simulations were performed for a number of A4 values: A =00
(equilibrium), 4=0, 0.001, 0.005, 0.01, 0.05 1/day. The simulation results for production gas-oil
ratio are shown in Figure 6. Strong effect on dynamics of non-equilibrium transition of the
hydrocarbon mixture from two-phase to single-phase state is clearly seen. Thus, the test case
demonstrates potential application of the non-equilibrium model to history matching and forecast
simulations of oil production processes influenced by non-equilibrium gas dissolution.

More details on model implementation and test simulations are presented in [37].
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Figure 6. Dynamics of production gas-oil ratio for different values of A: A =-co (equilibrium),
A=0, 0.001, 0.005, 0.01, 0.05 1/day
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6. Upscaling of phase behavior model

As yet noted, one of the main causes for non-equilibrium reverse transition of hydrocarbon
mixture to single-phase state (both in bulk and in porous media) is the limited liquid-vapor
interface area. Though local phase behavior at each point of the whole volume may be considered
equilibrium, compositions in elementary volumes are different and diffusive mass transfer between
them is hindered. Therefore when considering the total volume of the mixture non-equilibrium
phase behavior is observed.

We would illustrate the influence of scale effect on appearance of non-equilibrium effects by
isothermal phase behavior simulations performed with oil mixture on coarse and fine scales [19].
The coarse scale model consists of a single grid block. The fine scale model has the same geometry
but consists of a stack of 10 equal grid blocks. If the total system is in the dual-phase state, gravity
segregation of components is taken into account on the fine grid via well-known algorithm for
compositional gradient simulation [7, 35]. Pressure, phase state and composition are calculated for
each fine grid block within the volume. For the grid block involving gas-oil contact (GOC), position
of the interphase surface is determined from the calculated phase fractions.

The same mixture phase state may be considered on the coarse scale — for the whole volume at
once. In this case, calculation is performed for integrated mixture composition obtained by
weighting of the compositions in the fine grid blocks. Obviously in this case one fails to introduce
compositional changes with depth, as well as the presence of GOC. However, for equilibrium
processes (transition from single-phase to dual-phase state), results of the phase behavior
simulations for the whole volume are equivalent on the fine (after averaging) and coarse scales.

Phase transition for the reverse process of pressure increase above the saturation pressure
depends on the intensity of diffusive mass transfer across the GOC. In this case equilibrium
simulation for the whole volume at once corresponds to the assumption of intensive mixing of
phases, and mixture gets back to the single-phase liquid state (Figure 7b).

For the actual lab or field conditions the assumption of intensive mixing is not natural. In the
locally equilibrium fine scale model mixture composition varies with depth. If mass transfer
between grid blocks is limited it takes long for the system to get back to the single-phase state even
for pressures well above the saturation pressure.

GOC
a) V=0,28 b)V=0 c) V=028
(two-phase (single-phase liquid (two-phase
state) state) state)

Figure 7. Phase state simulations for isothermal pressure increase: (a) equilibrium simulation
on the fine grid with no interblock mass transfer, (b) equilibrium simulation for the coarse
gridblock and (c) non-equilibrium simulation for the coarse gridblock

Figure 7a shows the results of the locally equilibrium phase behavior simulation in the limiting
case of no diffusive mass transfer between grid blocks. The fluid model corresponds to the oil
mixture of the previous section. Here, as observed in the experiments without mixing, the two
phases are still present in the volume although the pressure is greater than the equilibrium
saturation pressure. Thus the process of pressure increase in the experiments without mixing may
be considered as locally equilibrium with limited mass transfer between individual elementary
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volumes (Figure 7a). However, equilibrium simulation on the coarse scale is only able to reproduce
the process with intensive interphase mass transfer (Figure 7b).

As shown in Figure 7c simulations on the coarse-scale with the non-equilibrium flash
algorithm (7) can be used to accurately reproduce the integrated phase behavior of the system
obtained in the locally equilibrium simulation (Figure 7a) using thermodynamically-consistent
method that has been developed for upscaling of the flash problem [19].

The method is based on the following principle. To reproduce the system phase behavior
obtained in fine scale simulations the difference between logarithms of each component's fugacities
in vapour and liquid phases on the coarse scale has to be equal to the same value taken from the
fine scale simulation with logarithms of fugacities averaged over the fine grid blocks.

Considering the unified formulation of the non-equilibrium phase behavior model,

@, , in (7) are defined by

1

@y :<1nfi,L (;C’p)>_<lnfiy ()7,]9)>/ (15)
where angle brackets stand for mole-weighted averaging of logarithms of components' fugacities in
the phases over the fine scale grid blocks.

Physical interpretation of the method is as follows. On the coarse scale it is impossible to
introduce the effects of limited mass transfer within a grid block explicitly. Thus equivalent

normalized components' interphase mass transfer rates

counterbalancing components' flows (or — counterbalancing potentials) @,, , are introduced to

force the system get in the same integral phase state.
In practical implementation of the method the values of @, , obtained by averaging the fine-

scale simulation results may be parameterized as functions of pressure, certain phase fraction or
total mixture composition.

The proposed approach provides an alternative to standard techniques for upscaling of
compositional models like the well-known method of alpha factors and its variations [4, 5, 11]. The
new method is characterized by more accurate representation of the physics, simplicity of
implementation without intervention to flow simulation algorithms and applicability not only to oil
recovery processes by gas injection but to a wide variety of oil and gas flow problems with
intensive phase transitions.

It should be pointed out that almost identical method for upscaling was presented in [33].
However, in that study both the formulation of the left hand side of equations (7) and the
calculations of the right hand side in the upscaling process are based on differences between
components' fugacities, not their logarithms. This doesn't make difference for the resulting coarse-
scale solution in terms phase fractions and compositions. However, in the formulation of [33] one is
unable to give physical interpretation of both sides of the flash equations in terms of acting
potentials or interphase mass transfer intensity. Thus application of the method is limited only to
upscaling in case of equilibrium fine-scale simulations.

The upscaling method described herein is based on unified physical formulation (7) for non-
equilibrium flash equations on either scale. Physically the 'driving force' responsible for system
deviation from equilibrium and components' interphase mass transfer is the difference of chemical
potentials. By definition, normalized difference of chemical potentials is the difference of
logarithms of fugacities. Thus both sides of (7) have clear physical interpretation, and the upscaling
method follows the unified formulation of the non-equilibrium phase behavior model. Therefore it
can be used for upscaling both equilibrium and non-equilibrium fine-scale models, considering
non-equilibrium effects not necessarily associated with scale.

As experimentally shown in [8, 15], characteristic relaxation times for non-equilibrium phase
transitions due to segregation in hydrocarbon mixtures are estimated by tens of hours for
experimental cells few centimeters in height. Characteristic time for these processes is governed by
diffusion across the vapor-liquid interface and scales proportionally to characteristic vertical length
of the cell. Hence even fine-scale (geologic-scale) simulation models may require non-equilibrium
treatment of phase behavior. Other mechanisms, such as porous medium influence or incomplete
mixing of phases, may also require non-equilibrium fine-scale simulations. In either case, the
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unified flash formulation (7) with the relaxation model (18) may be used with fine-scale A4 values
matched to scaled experimental data or available field data.

Due to unified formulation of the non-equilibrium flash equations, two options are then
available for transition to coarse scale. The first one is to apply the upscaling method and compute
parametrized @, , values for coarse-scale simulations with non-equilibrium flash formulation (7).

The second option is to re-match A values in the relaxation model (18) for coarse-scale simulations.
Note that in the latter case we should expect coarse-scale A to be a function of reservoir properties
and local grid-block sizes, while upscaled @, , should also depend on dynamic variables like

pressure and liquid/vapor phase fractions.

Thus, dealing with non-equilibrium compositional simulation, upscaling and history matching
on the same basis of the modified flash system (7) provides principal basis for unified simulation
workflow with non-equilibrium phase behavior occurring on different scales. Careful
implementation of the multiscale workflow for different practical scenarios is the subject for future
studies.

7. Non-equilibrium condensate revaporization and the non-equilibrium constant volume
depletion (NCVD) algorithm

Non-equilibrium phase behavior simulations are required when actual dynamics of
hydrocarbon recovery cannot be reproduced by equilibrium models. One example of this kind is
the dynamics of condensate recovery at the late stage of gas-condensate field development.

The majority of gas condensate fields are developed by pressure depletion. At the late stage of
development reservoir pressure falls below the maximum condensation pressure, and the process
of retrograde condensation is replaced by direct revaporization. Thus the direction of phase
transitions changes from increasing to decreasing of the hydrocarbon liquid phase fraction resulting
in the non-equilibrium phase behavior.

Experimental data of constant volume depletion (CVD) [35] are used for matching pVT-model
of the reservoir hydrocarbon mixture. At each stage of the CVD experiment mixing of phases in the
bulk is carried out to assure equilibrium conditions. Same equilibrium concept holds in the
mathematical simulations of the CVD process. Matched pVT-model is involved in phase behavior
and compositional flow simulations, including forecast of condensate recovery dynamics.
Experimental and simulated CVD data are also directly used for reservoir engineering calculations,
as well as to control consistency between the pVT model and the integral field data on condensate
recovery dynamics during depletion [7, 35].

Figure 8, according to [13], shows the actual (by averaged well production data) and predicted
(by equilibrium experiments) curves of the condensate (group Cs+) content in reservoir gas of
Vuktylskoye field. The experimental Curve 1 corresponds to the average composition of the initial
gas-condensate system. The actual Curve 2 is shown in [13] to be influenced by the change in time
of the gas production interval depths. That explains the difference between the curves for pressures
above 5 MPa, and the difference almost vanishes at that value of pressure. Curve 2 is based on
production data of 'dry field' wells only, i.e. it is not influenced by inflow of condensate in liquid
phase and it reflects composition of the gas phase only.

Although condensate production dynamics of individual wells is thought to be influenced by
fluid redistribution and reservoir heterogeneity, we note that integral field data of Curve 2 in Figure
8 reasonably reproduces the behavior of experimental Curve 1 in the region of retrograde processes
(above 5 MPa). This fact is in accordance with long-term experience of data analysis for gas-
condensate fields during depletion [7, 35]. Thus we conclude that phase behavior controls the
integral dynamics of Cs+ recovery by 'dry field" wells and follow a common reservoir engineering
concept which treats CVD data as a basis for field-scale forecast of condensate production in the gas
phase.

However, if we look at the region of pressures less than 5 MPa, an increasing deviation of the
actual Curve 2 from the predicted Curve 1 is clearly seen. Note that this deviation starts exactly at
the pressure of minimal Cs+ content which corresponds to the change from Cs+ condensation to Cs-
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evaporation. Recalling the fact that condensation is an equilibrium process while evaporation is
non-equilibrium, we conclude that non-equilibrium phase behavior model is required for proper
description of actual condensate recovery dynamics in the gas phase below the maximum
condensation pressure.

To simulate the actual dynamics of condensate revaporization at low pressures an algorithm
was developed for non-equilibrium constant volume depletion simulations (NCVD). The difference
between the equilibrium and the non-equilibrium CVD algorithms lies in the calculation of phases’
fractions and compositions at each pressure step. In the NCVD algorithm the non-equilibrium
model (7), (14) is used instead of the equilibrium equations (2).
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Figure 8. Dynamics of the Cs+ content in reservoir gas for Vuktylskoye field: 1 - predicted,
2 - actual

The NCVD algorithm may be described as follows. First, we use actual data on reservoir
pressure dynamics to form a sequence of time steps At/ and pressure values p’. Following the

'embedded processes' concept, at each step we assume pressure change from p’™ to p’ followed

by system relaxation during the period At¢’. This means that we use 'old' phase compositions, new’
pressure p’ and Ar’ to compute normalized difference of chemical potentials @, ,_, at the end of
the period using (14). Then non-equilibrium flash system (7) is used to compute 'new' phase
fractions and compositions. (Note that depending on Af’ and the rate of pressure change,
calculated phase fractions and compositions may significantly differ from the equilibrium ones.)
Then the 'extra’ volume of gas phase (‘produced’ gas) at this stage is calculated, just as in the
equilibrium CVD algorithm [35], and molar fractions of the phases are adjusted accordingly. The
algorithm proceeds to the next pressure (and time) step.

The NCVD algorithm has been applied to the case of Vuktylskoe field. A pVT-model of the
gas-condensate system is based on the Peng-Robinson three-parameter equation of state [18, 31]
and well-known methods of phase behavior simulations for multicomponent hydrocarbon systems
[23, 24]. The pVT-model has been matched to results of lab experiments using the method described
in [36]. The results of the matching are shown in Figure 9. Initial composition of the reservoir fluid
is, % mol: N2 -5,01; CO2-0,04; C1 - 74,85; C2 - 8,56; Cs — 3,47; iCs — 0,45; nC4 — 0,80; iCs — 0,16; nCs —
0,14; Cs+ — 6,52 (split into 6 pseudocomponents: Ces+1) — 2,08; Co+2) — 2,67; Co+3) — 1,38; Ceray — 0,35; Cer5)
—0,04; Ce+) —0,003).

Since non-equilibrium phase behavior occurs during condensate revaporization, the NCVD
algorithm was used for pressures below 5 MPa. Average reservoir pressure vs. time was taken from
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the actual field data and is shown in Figure 10. Parameter A in equation (14) was used as a control
parameter to match the NCVD simulation results to the actual data of condensate recovery.

Simulated dynamics of Cs+ content in reservoir gas for different values of A are shown in Figure
11. Curve 1 is the equilibrium experimental curve of Figure 8. Curve 2 corresponds to the actual
curve of Figure 8. Curve 3 for A—eo, which is equivalent to equilibrium simulation, provides a close
approximation to Curve 1. Reasonable approximation to actual data of Curve 2 is achieved with
A=0,032 1/year (Curve 5).

400

350 —&— pVT-model

300 @ ® Experiment
250

3

Cs+in gas, g/m

200
150
100

50

0
0 5 10 15 20 25 30 35

Pressure, MPa

Figure 9. Results of the pVT model matching to the lab CVD data for the reservoir mixture of
Vuktylsloye field
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Figure 10. Average reservoir pressure vs. time for Vuktylskoye field
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Figure 11 Cs: content in reservoir gas vs pressure: 1 - experimental [13]; 2 - actual [13];
3-7 - simulated: 3 - A—eo (equilibrium); 4 - A=0,1 1/year; 5 - A=0,032 1/ year; 6 - A=0,01 1/ year; 7 -
A=0

For illustrative purposes another two simulated non-equilibrium dynamics are also shown in
Figure 11 by Curves 4 and 6. Curve 7 corresponds to the limiting case of infinitely slow condensate
revaporization (A=0). For clarity of comparison with the simulated data, Curves 1 and 2 in Figure 11
are normalized by the value of minimal Cs+ content in reservoir gas at 5 MPa.

Thus the actual dynamics of condensate recovery for Vuktylskoye field at low reservoir
pressures have been satisfactory matched by the proposed NCVD simulation algorithm and the
non-equilibrium model (7), (14).

The physical meaning of parameter A is the inverse of the characteristic relaxation time. Hence,
the characteristic relaxation time for condensate revaporization in the Vuktylskoye reservoir system
at low pressures is about 30 years. Considering scale effect this value is in good agreement with the
results of calorimeter-cell experimental studies of non-equilibrium phase behavior of hydrocarbon
mixtures both in bulk and porous media [8, 15] — see Figure 12. However this value is valid only for
the integral phase behavior of Vuktylskoe gas-condensate field. One should take into account that
relaxation times for the same processes on smaller scales (e.g., on the scale of grid blocks of a flow
model) would also be proportionally smaller.

Characteristic size

(z-direction) Relaxation time

Experiment
(Gorodetskii et al.; Centimeters Tens of hours / days
Buleyko)

Vuktylskoe field Hundreds of meters -

Non-equilibrium
simulation - 30 years
(Vuktylskoe field)

Figure 12. Characteristic relaxation times according to calorimeter cell experiments [15, 8] and
model matching of Vuktylskoe field data
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8. Conclusions

In the paper we have presented and discussed unified non-equilibrium phase behavior model
for stand-alone and compositional flow simulations.

Introduction of non-equilibrium phase transitions in compositional flow simulations is
essential for consistent history matching and increased accuracy of production forecast. The
presented model of non-equilibrium phase behavior requires no modifications to the form of
compositional flow equations but only corrections to the flash problem formulation. Hence it is
ready to be implemented in existing compositional simulators without principal modifications to
flow simulation algorithms.

A physical method for calculation of components' interphase mass transfer rates has been
developed which enables robust history matching of the non-equilibrium model to actual system
relaxation dynamics with account for variations of pressure and total composition. Simulation
results for test cases with real oil and gas-condensate mixtures demonstrate principal
correspondence with experimental data on the physics of non-equilibrium processes.

Specifics of the model implementation in a commercial compositional simulator have been
studied. A special criteria has been developed based on individual phases' stability for choosing
between equilibrium and non-equilibrium flash calculations at current time step in a grid block.

The influence of scale on the significance of non-equilibrium effects has been demonstrated
and an upscaling technique suitable for both equilibrium and non-equilibrium fine-scale
compositional models has been presented.

Simulation algorithm for non-equilibrium constant volume depletion (NCVD) has been
developed and successfully applied to history matching of the actual condensate recovery data at
low pressures for Vuktylskoye field. Considering the similarity principle, the estimated value of
characteristic relaxation time of the reservoir fluid system is in accordance with reported
experimental data.
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Nomenclature

V, L — molar fractions of vapor and liquid phases;

N — number of components in a hydrocarbon mixture;

k,, k, - relative permeabilities of vapor and liquid phases;

KL — viscosity;

p — molar density;

L —mass density;

p — pressure;

m — effective porosity;

k — effective permeability (permeability to oil at irreducible water saturation);
S — saturation normalized by the effective pore volume;

Y;, X; —molar fractions (concentrations) of component i in vapor and liquid phases;

K. = 21 _K-value for component i;
X,

q; —molar intensity of a source/sink for component i;
h — depth;
g — gravity acceleration;
fiv, fiL — fugacities of component i in vapor and liquid phases;
zi — total mole fraction of component i in hydrocarbon mixture;
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@, , , —normalized rate of component i interphase mass transfer;
X, y — compositions of vapor and liquid phases;

t — time;

At — time step size;

R — universal gas constant;

T — absolute temperature;

M — molar weight;

z — vertical coordinate;

£— flash convergence tolerance;

4 — chemical potential of component i in ideal gas condition at temperature T and unit pressure.

Subscripts

V — vapor phase;

L —liquid phase;

in — initial value for relaxation at current timestep;
i —index of a mixture component.

Superscripts

j, j—1 —timestep number,

(m) — flash iteration.
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