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TECHNOGENIC VARIATION OF RESERVOIR PERMEABILITY
DURING NONISOTHERMAL OIL — GAS — PARAFFIN FILTERING
IN THE CASE OF PHASE TRANSITIONS
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Abstract: Changes in temperature and pressure conditions during the development of an oil reser-
voir with a high paraffin content in a limiting saturated state causes an in-situ phase transition
to a solid state, and the filtering of a mixture of oil with solid paraffin particles at a temperature
below the flocculation temperature causes clogging in the pore space of the reservoir in narrow places
and bottle necks of pores. Thus, laboratory studies are carried out to determine the critical points
and parameters of an oil — gas — paraffin mixture under various thermobaric conditions. A math-
ematical model is developed that describes wax deposition in the pore space of a low-temperature
oil reservoir and makes it possible to calculate its permeability during development. The model
parameters are adapted to their experimental values. Numerical calculations are used to determine
the values of the main parameters that affect the reservoir permeability.

Keywords: filtration, permeability, wax, oil reservoir, pore space, mathematical model, phase
transition.

DOI: 10.1134/S0021894421060080

INTRODUCTION

Large oil reserves in Eastern Siberia are concentrated in hydrophobic low-temperature (12-20°C) reservoirs
with an initial pressure of 15-16 MPa. Reservoir oil is characterized by a high content of paraffins (mass fraction
up to 5%) in an extremely saturated state. Technogenic impact on a reservoir (pressure drop) during its devel-
opment causes the release of an oil-dissolved gas into a separate filtering phase and cools the reservoir down due
to the Joule — Thomson effect. As temperature drops, the ability of oil to dissolve paraffin decreases, and, when
temperature becomes equal to a temperature of oil saturation with paraffin, the crystallization process begins [1].
At this temperature, there is solid-phase nucleation whose rate can be estimated by the Zeldovich — Frenkel equa-
tion [2]. A further decrease in the temperature leads to the formation of visible paraffin crystals (solid particles).
The thickness of a diffusion layer near the surface of the paraffin crystal with account for the Landau — Levich
assumption about the gradual decay of turbulent pulsations is estimated at a value of the order of 1 pm [3], which
is comparable to the characteristic pore size of the reservoir. Consequently, depending on the filtration channel
size, flow rate, kinematic viscosity, and diffusion coefficient, the wax crystal and the oil flow can interact both in
the entire volume of the pore and in one of its parts.

The phase transition of paraffin to a solid state is not a sufficient condition for the onset of its adsorption on
the pore surface and the reservoir filtration channels. The aggregate stability of oil (ability to maintain a particle size)
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and kinetic stability (ability to keep solid-phase particles in suspension) play an important role in this process [4].
In the case of paraffins, a buckling point is defined as a flocculation temperature. Filtration of the resulting mixture
of oil and solid paraffin particles at a temperature lower than the flocculation temperature clogs the pore space in
narrow areas and pore throats and consequently reduces the reservoir permeability and productivity.

The purpose of this work is to develop a mathematical model of the wax deposition process in the pore space
of a low-temperature oil reservoir during its development. This model being adapted to the experimental data can
help one determine the technogenic variation of the filtration characteristics of the reservoir.

1. RESULTS OF LABORATORY STUDIES OF THE OIL — GAS — PARAFFIN SYSTEM

Paraffin phase transition in the pore space can be simulated using laboratory studies of the oil — gas —
paraffin system under the conditions reproducing real conditions in the reservoir. The methods of the experimental
study of deposition of asphalt-resin-paraffin substances in free volumes and in the core are described in detail in [5].

In this work, the conditions and dynamics of the deposition of solid paraffin particles are determined in the
course of experimental studies of the behavior of the multiphase oil — gas — paraffin system in a free volume using
ultrasonic, gravimetric, and visual methods. The following values of the oil — gas — paraffin system parameters
are obtained depending on the pressure: initial reservoir pressure p;, = 15.5 MPa, initial reservoir temperature
T;n, = 17.1 °C, bubble-point pressure p, = 13.98 MPa, mass fraction of paraffin in oil y = 1.68-2.80%, paraffin satu-
ration point Ty a7 = 0.1062p+16.6129 at p > pp, Twar = 18.1 °C at p = pp, Twar = —0.4802p+24.8485 at p < py,
Tw ar = 18.26 °C at p = p;,, paraffin flocculation temperature at a cooling rate of 0.1 °C/min, Ty pr = 16.93 °C
at p = pin, Twrr = 0.1359p 4+ 14.8230 at p > py, Twpr = 16.72 °C at p = pp, Twrr = — 0.4389p + 22.8443
at p < pp, and the paraffin crystallization enthalpy is 1.598 J/g in a direct phase transition and 1.283 J/g in a
reverse phase transition.

Thus, in the initial thermobaric conditions of the reservoir, the oil — paraffin system is in the phase transition
zone. In the reservoir formation process, some of the paraffin falls out of the oil and becomes adsorbed on the rock
surface, making it hydrophobic. Minimal changes in the thermobaric conditions of the reservoir (pressure and
temperature drop) during the technogenic impact on the reservoir lead to the formation of solid paraffin particles in
the oil. The process of flocculation of solid paraffin particles begins as soon as the temperature in the filtration zone
is 0.08 °C lower than the initial reservoir temperature, which is comparable to the values of temperature anomalies
arising in the reservoir due to the Joule — Thomson effect [6].

A dependence between the residual paraffin content in the separated oil and temperature in free volumes in
the temperature range T;,~Tw pr is experimentally obtained. This paraffin filtration curve can be approximated
by the linear relationship

(1) = Xin = oL (L = T). (1)
in —LWFT

It is shown in [7] that the temperature of oil saturation with paraffin in the pore space of the reservoir in the
general case depends on its permeability and wettability. In this work, this effect is ignored because the reservoir
in the phase transition zone of the oil — paraffin system is assumed to be homogeneous.

2. SYSTEM OF BASIC EQUATIONS DESCRIBING THE MATHEMATICAL MODEL

The equations of the mass conservation law for the four-phase flow in the reservoir are written in differential
form [8]

%(m o(1—fs) p%ic) = div (( — fs) 57;0 kjo Vp); (2)
st 4 50557+ ) = (54 )0 B ) 5
%( ( (1 B fs) pgTC;R + Sgpg)) = div ((1 - fS) pgT(:R &:O Vp + Pg kllj;g Vp); (4)
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0 . Kk
e (MmSypw) = div (pw . Vp). (5)

Here m is the reservoir porosity; k is the reservoir permeability; k,; is the permeability of phase i, normalized to
the reservoir permeability; p is the reservoir pressure; S; is the reservoir saturation of phase i; u; is the viscosity
of phase i; B, is the oil volume factor; R, is the gas content in the oil; prC is the density of phase ¢ under
normal conditions; p,, = p5T is the density of the water assumed to be incompressible; f, is the volume fraction
of paraffin in oil; @ is the paraffin deposition rate in pores; subscripts o, w, g, s, and sk stand for oil, water, gas,
solid paraffin particles, and reservoir skeleton, respectively. The following assumptions are made: the velocity of
the solid particles is equal to the velocity of the oil phase flow in which they are suspended, and the paraffin phase
transition affects neither the oil viscosity nor the oil phase permeability.
The paraffin volume fraction in the oil phase is determined by the equations

L7 i pSTC 4 R, pch

pSTC (L —1s) +1sp° B, ’
where [ is the mass fraction of the paraffin particles in oil as a function of temperature. Its value is determined
by Eq. (1). However, the oil phase density p, and the gas phase density p, are calculated by the formulas

Po = fsPSSTC + (]— - fs)ﬁa Pg = P?TC/By

In order to determine the gas compressibility, the relationship By (p) = psrc/p is taken (pgrc is the pressure
under normal conditions) [8].
The gas content and the volume factor of oil are calculated using the following relationships [9]:

fs:

Ry(p) = Ryp(p/pp)"***, p<py,  Rgp=const, p>pp,

B,(p) = 0.972 + 0.000 147(5.615R /84 /8, + 2.25T}, — 575)*175,

Here ¢, is the gas density relative to air and J, is the oil density relative to water. The phase viscosity is assumed
to be constant and independent of temperature and pressure.

The equation of mass conservation of the reservoir skeleton with account for the deposition of solid paraffin
particles is written in differential form [10]

0

o (1= m)pos —a) = 0. (6)
The closing equation for the fluid saturation in the pore space of the reservoir can be represented as

So+ Suw+ Sy +Ss =1 (7)

The paraffin deposition rate in the pore space with account for the taken assumption about the equality
of the filtration rate of the suspended paraffin particles and the oil filtration rate is determined by the kinetic
equation [11]

Oa kk,o

A, Sss 8
ot = YSeps - IVPI (8)

(v is the deposition coefficient of the solid paraffin particles).

The open porosity of a natural reservoir is represented by flow-through and dead-end pores. According
o [12], the relative concentration of dead-end pores at different values of the reservoir permeability varies in
a range ¥ = 0.1-0.8. Despite the fact that no fluid is filtered through dead-end pores, a dead-end pore can
serve as an additional source of mass for the fluid entering the nearest flow-through pore at a certain pressure
difference between the two pores. Typically, reservoirs with a high paraffin volume fraction in oil are characterized
by hydrophobic or mixed wettability. Therefore, there is no capillary blockage in a water-bound dead-end pore
located in a narrow channel leading to a flow-through pore, and the mass flow between them is due to the diffusion
mechanism. As the diffusion rate is significantly lower than the filtration rate, the difference in temperature and
pressure conditions in dead-end and flow-through pores may be neglected at each considered time. Consequently,
when the temperature and pressure conditions change, the paraffin crystals formed in dead-end pores neither
penetrate into the flow-through pore system nor affect the reservoir permeability. Because of this, the porosity and
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the absolute permeability of the reservoir are related via the Kozeny — Carman equation [13] with a correction
introduced in this work for the relative concentration of dead-end pores W:

i = G -)" (i) 9)

(myy, and k;, are the initial porosity and permeability of the reservoir; ny and ny are empirical constants).
The absolute permeability tensor of the reservoir is presented in diagonal form

K(r) = ky(r)ese, + ky(r)eye, + k. (r)e.e..

The heterogeneity of the reservoir permeability is set by the step function [14]

k(ry | 1, r>mr,

kin | @ reo<r<r,

where « is the degree of reduction of the reservoir permeability in the near-wellbore zone, r1 > ry is the radius
of the near-wellbore zone, 7, is the radius of the phase transition zone of the oil — paraffin system. The phase
permeabilities of oil, water, and gas are set using the power-law dependences of these values on saturation with a
value equal to two [15].

The value and type of the variation in the temperature field in the reservoir is determined by the following
physical processes: the release (absorption) of heat during the phase transitions of reservoir fluids, the Joule —
Thomson effect during the joint filtration of oil, gas, and water, the adiabatic expansion of reservoir fluids, and the
convective and conductive heat transfer in the reservoir.

The heat equation is written in differential form [16]

T /\/ o - ~
czaa—t+qug+chT+05va—cn% =div (AVT), (10)
where

Cy = m(Sopoco + Sgpgcg + Swpwcw) + (1 - m)Psszk,

0 . kk,
9= "5 (mSgpg) + div (Pg ? VP)»

Hg

cv = m(SopoCo'Uo + SngCgUg + Swpwcwvw)a
eV = M(SoPoCoEoVo + SgPgCe€gVy + SwpPuwCuwEwVw),

N = m(SopoColo + SgpgCgNg + SwPuwCuwhw),

A= (1 —=m)As +m(SoAo + SgAg + SwAw),

the “~” sign denotes the effective characteristics of the flow, T is the reservoir temperature, ¢ is the mass heat
capacity of the substance, cx is the volumetric heat capacity of the saturated porous medium, g, is the phase
transition intensity in the oil — gas system, A is the thermal conductivity of the substance, v is the fluid velocity,
¢ is the Joule — Thomson coefficient, 1 is the adiabatic expansion (compression) coefficient of the fluid, L, is the
phase transition heat in the oil — gas system.

In the model under consideration, the following thermodynamic assumptions are made. Firstly, a change
in the reservoir temperature field in the range T;, ~ Ty pr has no effect on the fluid characteristics and reservoir
parameters. Secondly, the temperature of the reverse phase transition of paraffin to oil significantly exceeds tem-
perature T, which allows one to ignore this effect. Thirdly, the phase transition heat in the oil — paraffin system
is negligible compared to the heat in the oil — gas system and ignored in the calculations.

946



\ o

o _
on an

Fig. 1. Wellbore wall and the perforated channels

3. STATEMENT OF THE PROBLEM

A lateral isotropic reservoir (k, = ky, ky/k, = const) shaped as a cylinder (G = {r, <1 < 7e, 0 < ¢ < 2m,
0 < z < h}) is considered, and the conditions for the absence of mass and heat fluxes are set on its top ; and
bottom :
op
9z
(ry is the wellbore radius, r. is the radius of the outer contour of the reservoir, and h is the reservoir thickness).
The accepted assumption about the thermal insulation of the reservoir is due to the low thermal conductivity of the
clayey rock of its top and bottom (about 0.7 W/(m-K)) relative to the thermal conductivity of the oil-saturated
part (about 4 W/(m-K)) and to the fulfillment of the condition h > r.
On the outer lateral surface €2y, the conditions of constant pressure, saturation, and temperature are set:
p‘ﬂo = Din, S‘Qo =Sin, T|  =Tin.

0
The inner surface €; is split into a perforated surface €, (on this surface, a boundary condition for pres-

_or
Q.0 Oz

Q4,9

sure p’Q = pu 18 set, and saturation and temperature are linearly interpolated due to the specificity of the equations)

and an anerforated surface (), for which the boundary condition has the form

- oT —0
onla,, onla,,
The initial condition is written as
p‘ = Pin, S :Siru T‘ :Tm
t=0 t=0 t=0

Figure 1 shows the inner boundary of the reservoir, consisting of a wellbore wall and perforation channels
providing hydrodynamic connection between the well and the reservoir.

4. NUMERICAL SCHEME FOR THE PROBLEM PROBLEM

System (2)—(7) is solved using a totally implicit scheme of the finite volume method with two-point flow
approximation. This scheme can be written in general form

n+1
Hin-i-l — uz ZTn—i-lrn-i-l n+1 _ pg-i-l)’
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where u; is the term describing the fluid accumulation in a cell per time step, Tj¢ is the conductivity between cells i
and &, T'y is the factor dependent on the state (pressure and saturation) of adjacent cells, subscript 6 denotes the
counterflow approximation; 7 is the time step, and Vj; is the cell volume.

The energy balance equation (10) is solved via the totally implicit Crank — Nicolson scheme for the con-
ductive terms and the counterflow scheme for the convective terms:

e n—+1 _ Tn+1
n+l _ n+1 mn . (AS)Z{ Ti £ _ n+1
HI = (T = T7) + T; (az,ﬁ + v, Arig T
n+1 n n+l n+l
ntl _ =ntlPi —Pi n+1 p; P
. = cn.: -t ' _ g L _ b _
fz n; T 4q; ; 213 Ari,é

g+t = mSpe)i ™ = (mSpa)y | g~ P = e kikeSig(Arg + Ary) (Ho )
7 97

T c A’l’i’g kiATg + kEATi toBo

a; ¢ = max (0, sign (r; — r¢) cvy. ), b; ¢ = max (0, sign (r; — r¢) €0, ).

Here i = ijk; € = {i+1jk, ij £ 1k, ijk£1}; r; and Ar,; denote the cell coordinate and size and Ar; ¢ is the distance
between the cell centers along the corresponding axis. The problem is solved in a three-dimensional formulation in
a cylindrical coordinate system using a regular numerical grid with logarithmic condensation toward the well. The
perforation channels are specified using selected cells in the grid, located along the radial direction.

The schemes for the mass and heat balance equations are linearized using Newton’s method, and the solution
is obtained iteratively at each step. Within the framework of the model proposed, temperature has barely affects
the mass transfer, so the difference problem can be effectively split into hydrodynamic and thermodynamic parts
and solved sequentially at each iteration.

The verification of numerical calculations demonstrates a high degree of their convergence with analytical
dependences for a single-phase flow, which indicates the correctness of the numerical scheme used [17].

5. ADAPTATION OF THE MODEL PARAMETERS TO THEIR EXPERIMENTAL VALUES

The indefinite elements of the mathematical model are +, nj, and ng in Egs. (8) and (9), associated with
the dynamics of the paraffin particle deposition in the pore space and the corresponding technogenic variation
in the porosity and permeability of the real reservoir. Other parameters are determined by standard laboratory
experiments.

For the practical use of the constructed mathematical model, the adaptation of its parameters to the values
obtained in the course of specialized nonisothermal filtration experiments in the core under the thermobaric condi-
tions of the reservoir is carried out. At a constant pressure equal to the reservoir pressure, recombined oil whose
paraffin concentration corresponds to the conditions in the real reservoir is pumped through the sample. The ex-
periment is carried out for five temperature values of the sample, and the oil phase permeability is determined at
each stage. As a result, the experimental dependence of the oil phase permeability on temperature is obtained and
presented in normalized coordinates in Fig. 2.

The adaptation of the parameters of the mathematical model to their experimental values is carried out by
varying the deposition coefficient of paraffin particles . Figure 2 shows that it is not possible to reach complete
agreement between the calculated model and the experimental dependences k/k;,, = f(T/T;,) due to the variation
of only the deposition coefficient v because of the probable deviation of the actual dependence of permeability —
porosity on the dependence obtained according to the analytical Kozeny — Carman equation (9) (adopted in the
model) with an increase in the fraction of deposited paraffin in the pore space of the reservoir.

The computational curve obtained at v = 0.8 m~!, n; = 3, ny = 2, and ¥ = 0.35 most accurately describes
the real process of technogenic reduction of the reservoir permeability. Further, numerical calculations were carried
out using the model adapted.
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Fig. 2. Oil phase permeability versus temperature: (1) experiment, (2) calculation at v = 0.8.

6. COMPUTATIONAL RESULTS

Calculations of the pressure, temperature, and phase saturation field in the reservoir are carried out with the
following values of the input parameters of the mathematical model: p;, = 15.5 MPa, T;,, = 17.1 °C, p, = 15 MPa,
Mmin = 0.1, ki, = 0.450 pm?, h = 6.5 m, k,/k, = 10, Ry = 200 m®/m3, 7 = 8.64-10° s, 7, = 0.1 m,
re = 1000 m, o = 1, Syin = 0.02 (water fraction in the filtration flow), x = 1.68, p, = 8.36 mPa-s, p,, = 1 mPa-s,
pg = 0.03 mPa-s, e, = 1077 K/Pa, ¢, = 2-107" K/Pa, ¢, = —1.7- 1075 K/Pa, L, = —150 J/g, v = 0.8
m~1, ¢, = 1.2331 J/(g-°C), n, = 1077 K/Pa, n, = 21077 K/Pa, n, = 3.6 - 1075 K/Pa, ¢, = 3.4 J/(g-°C),
cw = 1,88 J/(g-°C), cor = 1.8 J/(g-°C), Ao = Ay = 0.16 W/(m-K), Ay = 0.03 W/(m-K), Ay =5 W/(m-K),
psT¢ = 855.6 kg/m?, piT¢ = 1.45 kg/m?, p,, = 1000 kg/m?, and pg, = 2000 kg/m?.

Figure 3 shows the estimated dependence of the change in the reservoir temperature A7 on the normalized
radial coordinate 7 = r/r,, at different times ¢ = ¢/7 (7 is the time it takes the filtration to reach the pseudo-steady-
state mode) after the beginning of the wellbore operation at a constant pressure p,, = 0.6p;,. Due to the fact
that p,,/py < 1, there is a sharp degassing of the oil and maximum cooling of the reservoir at the initial time ¢ = 0.04

AT, °C
0,2r

~0,2

—0,4

—0,6

-0,8

—-1.0 | | |
"1 10 10? 10°  InF

Fig. 3. Reservoir temperature variation around the wellbore versus the normalized radial coordinate
at different times: (1) t =0.04, (2) ¢ =3, (3) t = 15, (4) ¢ = 36.
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Fig. 4. Paraffin saturation in the pore space of the reservoir versus the normalized radial coordinate
at different times: (1) ¢ =0.04, (2) t =0.1, (3) t =3, (4) t = 36.

Fig. 5. Reservoir permeability around the well versus the normalized radial coordinate at times:
(1) t=10.04, (2)t=0.1, (3) t =3, (4) t = 36.

Table 1. Approximated dependences of 8 and rq/rw on 7, x and Ry, at t = 36

Parameter 8 rq/Tw
N 0.63972 — 1.6987 + 0.967 —1.981~2 + 11.407~ + 1.405
X 0.51472 — 1.411v + 0.949 —4.57972 + 12.5167 + 0.906
Ry —0.2091n (Rgp) +0.176 1.7481n (Rgp) — 3.048

due to the adiabatic expansion of the mixture, heat absorption during the oil — gas phase transition, and the
Joule — Thomson effect during the filtering of the most mobile gas phase. As a result, a cooling zone 7 € (1,50)
is formed around the well, in which the temperature decrease on the wellbore wall relative to the initial reservoir
temperature Ty, is equal to AT = 0.9 °C. As the three-phase flow (gas, oil, and water) stabilizes, the reservoir
temperature is partially restored due to throttling of the liquid phases. At ¢ = 36, two characteristic temperature
zones are formed in the reservoir: 7 € (1,10) is a zone cooled relative to T, and 7 € (10,500) is a zone heated
relatively to T;,.

Figure 4 shows the dependence of the paraffin saturation in the reservoir pore space on the normalized radial
coordinate Ss(7). Clearly, the paraffin loss occurs in the zone 7 € (1,100) zone and naturally decreases toward
the depth of the reservoir, where the temperature anomaly is minimal. The radial distribution of the reservoir
permeability k(7)/kin, caused by the clogging of the pore space with solid particles of the deposited paraffin is shown
in Fig. 5. The permeability decreases in the near-wellbore zone 7 € (1.50) and naturally increases with time, thereby
reducing the reservoir productivity. The main parameters of the technogenically changed zone near the borehole in
the reservoir are its radius r4 (defined as the distance at which the permeability is smaller than the initial one by
more than 10%) and the degree of permeability reduction near the wellbore wall 5 = k|7—=1/k;n. The dependence
between (3 and time for £ > 0.1 can be approximated by the exponential dependence § = 0.774 e~ 90267 with
a correlation coefficient of 0.98.

The results of the calculations carried out according to the proposed model show that x, Rg, and v make
the greatest contribution to the technogenic change in the permeability of the near-wellbore zone of the reservoir.
The table shows the approximate dependences of 5 and r4/7,, on X, Rgp, and -y, obtained via numerical calculations
at t = 36.
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CONCLUSIONS

The mathematical model of the paraffin deposition process in the pore space of the low-temperature oil

reservoir during its development is proposed on the basis of laboratory experiments. The created model makes it
possible to calculate the technogenic variation of the reservoir filtration properties with account for the dynamics of
the pressure and temperature fields due to the influence of the Joule — Thomson effects, adiabatic expansion, heat
release (absorption) during phase transitions in the oil-dissolved gas — paraffin system. The dependences of the

technogenic variation in the reservoir permeability on the main parameters are determined: paraffin concentration

in oil, gas content in oil, and the coefficient of paraffin deposition on the pore walls.
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