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MULTI-FRONT PHASE TRANSITIONS DURING NONISOTHERMAL
FILTRATION OF LIVE PARAFFIN-BASE CRUDE

R. F. Sharafutdinov UDC 532.546

By numerical modeling of nonisothermal filtration of multicomponent oil with allowance for
the Joule—Thomson effect, adiabatic effect, and heat of phase transitions that occur during oil
degassing and paraffin crystallization, the formation of profiles of phase-saturation, concentra-
tions of oil components, and temperature in oil beds is studied. It is shown that consideration of
many components results in occurrence of phase-transition fronts during degassing of oil com-
ponents and paraffin crystallization. In turn, paraffin crystallization gives rise to temperature
oscillations. Depending on the initial paraffin concentration and on the ratio of phase-transition
heats for oil degassing and paraffin crystallization in an oil bed, either decaying or steady-state
temperature oscillations are observed.

As is well known, oil is a mixture of various hydrocarbons, which, under actual bedded conditions,
occur in gaseous, liquid or solid states. Conventionally, oil may be considered as a three-component system
composed of a light (C;—Cjs), a medium (C4—Cg), and a heavy (more complex than Cg) components. The
solid components of oil include paraffin [1].

The temperature distribution in an oil bed during nonisothermal filtration is caused by the Joule—
Thomson and adiabatic effects, and, additionally (for pressures above the saturation pressure), by the heat
of liquid degassing [2]. On attaining a pressure in the bed below the pressure of oil saturation with gas, oil
degassing occurs, and the temperature decreases [2]. Simultaneously, the temperature in the oil bed may
be lower than the paraffin-crystallization point, which results in paraffin precipitation accompanied by heat
release [1]. Thus, oil degassing and paraffin crystallization result in a temperature decrease and increase,
respectively. The thermal probing of oil wells and beds is based on regularities of temperature variations [3].

Available mathematical models of the temperature field with allowance for the Joule-Thomson effect,
adiabatic effect, and oil-degassing heat were developed for filtration of live crude and water without allowance
for the multitude of oil components and paraffin crystallization [2].

In the present paper, the temperature field in an oil bed, formed during filtration of a three-component
oil, is numerically studied with allowance for oil degassing and paraffin crystallization. The diffusional trans-
port of oil components, transport of liquid and gaseous phases caused by the capillary pressure jump in the
phases, and longitudinal heat transfer due to heat conduction are ignored.

Heat losses being neglected, we formulate a mathematical model for calculating temperature distribu-
tions caused by the Joule-Thomson effect, adiabatic effect, and phase-transition heat during degassing of the
light and medium components of oil with due allowance made for paraffin crystallization during filtration of
live crude in an oil bed. In the first approximation, we may distinguish four phases [porous “sponge” (0), gas
phase (1), oil (2), and paraffin (3)] and three components that take part in heat- and mass-transfer processes
[light component (1), medium component (2), and heavy component (paraffin) (3)].
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The equations of mass conservation of the phases and components, the equation of motion in the form
of the Darcy law, and the equation of heat inflow for a plane radial case have the following form:
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Here the subscripts i, j, and k refer to different phases and components of the mixture, S; and V; are the

saturation and velocity of the ith phase, C;i is the concentration of the kth component in the ¢th phase, p; is

the density of the ith phase, K is the absolute permeability, k; is the phase permeability, u; is the viscosity of

the ith phase, m is the porosity, P is the pressure, T is the temperature, c; is the heat capacity, ¢; is the Joule—

Thomson coefficient, 7); is the adiabatic coefficient, L;; is the heat of degassing of the first (light) component,

L5 is the heat of degassing of the second (medium) component, and Lj is the paraffin-crystallization heat.
The initial and boundary conditions are

t=0, r>0: S; = Sio, Cik :Cok, P=PF, T="1T,

t>0, r=Ry: P=PRt), P)<Pt) <k, (7)
t>0, r=R: P:P(), SZ:SZO, T:TO

Here Ry and R are the radius of the oil well and that of the external boundary of the reservoir.

The closing relations for Eqs. (1)—(7) depend on the phase state of the three-component system. For
P > Pis, P> Pog, and T > T¢r, the system is in a single-phase state (P and Psyg are the saturations pressure
of oil with the first and second components, respectively, and T¢r is the paraffin crystallization temperature). In
the case of interest, we have S; = 0, S3 = 0, I121 = I122 = Is3 = 0, Ca1 = C8, (T, Py, and Cagy = C%(To, P).
For P < P15, P > Pog, and T > Ty, the system is in a two-phase state (S7 # 0, Sa # 0, and S35 = 0), and
the concentration of the first component is temperature- and pressure-dependent, i.e., Co; = Ca1 (T, P). For
P < Pig, P < Pyg, and T > Ter, the system is also in a two-phase state (S # 0, Se # 0, and S3 = 0); in this
case, we have Cy; = Cy1(T, P,C11) and Cas = Caa(T, P,C13). In a three-phase state (P < Pig and T < Ter),
the concentrations of the gas (first component) and paraffin contained in oil (without allowance for degassing
of the second component) are related by relations Co; = Co1 (T, P) and Ca3 = Ca3(T, P).

The solubility of pure gases was assumed to obey the Henry law. The mass concentrations were
calculated by the formula Cj; = (1 + aP/(p13))~! using the values of the Henry coefficients « for the bed-
mean temperature and the volume expansion coefficient of oil 8 reported in [4]. For the gas mixture, the Raoult
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law was used. The relative phase permeabilities were used as reported in [5]. The oil and gas densities are

functions of pressure, temperature, and concentrations of components [4]. To calculate the gas-phase density,
2

the formula P = leTZ Cir /My, was used, where R is the universal gas constant and Mj, is the molecular
k=1

3

—1

weight of the kth component. The density of the oil phase is given by the formula p, = (ZC% / pg) ,
k=1

where ,02 is the density of the kth component for P = Py and T = Ty. The absolute permeability depends
on the saturation of the oil bed with paraffin and is given by the Kozeny formula [4] K = Kom/?/(1 — m’)?,

where K is the absolute permeability and m’ = m(1 — S3). The oil viscosity is a function of component
3

concentrations and is given by the formula [6] In py = Z Cok In pog, where uop is the viscosity of the kth
k=1
component for P = Py and T' = Ty. The thermophysical parameters of the phases ¢;, €;, 1;, L11, L12, and Lg

were assumed constant; their numerical values were taken from tables for the bed-mean pressure P = P, and
temperature T = Tj.

The equation for pressure may be obtained by substituting (4) into Eqs. (1)—(3) with subsequent
summation of resultant relations over components and phases:
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This equation may be also rewritten as
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The equations for the oil and paraffin saturation are found from Eq. (2) by summation over components;
they have the form
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System (8), (9) was solved numerically using a conservative finite-difference count-through scheme. The
saturation of the phases and the temperature were calculated using an explicit scheme, whereas the pressure

was calculated by an implicit scheme. A sweep equation for pressure emerges after some rearrangement of
Eq. (8):
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Here x in the step over the coordinate. First, the saturation of the phases and the pressure are to be found, and
then the temperature distribution can be calculated. The calculation scheme may be represented as follows:
@i — @) B (P, — Pi) -~ By, (P~ Pl_))
T T X>
Here ®J is the mass of a component or a phase or the specific heat content in the nth cell on the jth time
layer and 7 is the time step.
With the Courant conditions fulfilled for the most rapidly traveling front, the scheme described above
is monotonic and stable. The stability condition for multiphase, multicomponent filtration cannot be obtained
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Fig. 1. Distributions of the gas-phase saturation S1 (curves 1-3), concentration of the first component C11 (curve
4), and temperature T' (curve 5) along the oil bed after the beginning of filtration for t = 5 (1 and 4), 20 (2), and
60 min (3).

Fig. 2. Time dependences of the temperature (solid curves) and pressure (dashed curve) at the oil-bed outlet:
curves 1 is the predicted dependence and curve 2 refers to the data for oil well No. 2610 of the Talinsk oil pool.

analytically; therefore, the stability was checked experimentally in the course of calculations by varying the
time step. For problems of this kind, with the spatial step x = 0.1 m, the time step 7 should be smaller than
0.05 sec. For 7 > 0.05 sec, the calculations become unstable. The solution has the first order of accuracy with
respect to time and the second order with respect to the coordinate. The test on convergence shows that, as
the time step 7 decreases from 0.04 to 0.001 sec, the magnitude of the sought functions changes only in the
third decimal digit. The numerical error does not exceed 5% for the time step 7 = 0.04 sec, and for time steps
smaller than 7 = 0.001 sec, the magnitude of the functions of interest remains almost unchanged.

The numerical solution of the above-formulated problem was validated by comparing the predicted time
dependence of the temperature at the oil-bed outlet with the known analytical solution for the temperature
field caused by the barothermal effect (variation of the liquid temperature caused by the Joule-Thomson effect
and by the adiabatic effect in a nonstationary pressure field) during filtration of single-phase, single-component
oil [3], and also by comparing the numerical results with the data for oil well No. 2610 of the Talinsk oil pool
(Russia, Western Siberia).

Predicted temperature fields and saturation of the phases during oil filtration, which were obtained
with due allowance for degassing of the light and medium oil components, and also those obtained during
filtration of live crude with paraffin crystallization after oil-well start-up are presented below.

In calculating the temperature field, the numerical values of thermodynamic parameters of the phases,
in line with actual oil-bed data, varied within the following ranges [4]: ¢; = 20004000 J/(kg - K), ca = ¢3 =
1600-2400 J/(kg - K), €1 = (—2)—(—4) K/MPa, e = 0.16-0.56 K/MPa, initial mass concentration of paraffin
in oil C95 = 0.001-0.050, initial oil-bed pressure Py = 16-20 MPa, and minimum pressure at the oil-bed
boundary (r = Ro) Py = 9-14 MPa.

The calculation results are shown in Figs. 1-5 (AT = T — Tp). The following values of thermodynamic
parameters of the phases were used: ¢g = 800 J/(kg - K), ¢1 = 3000 J/(kg - K), c2 = ¢5 = 2000 J/(kg - K),
g1 = —4 K/MPa, g2 = 0.4 K/MPa, n; = 20 K/MPa, and 12 = 3 = 0.13 K/MPa. The phase-transition heat
during oil degassing was estimated using the data reported in [7, 8|; it varied within the following ranges:
L1, = 50-300 kJ/kg, L1o = 100400 kJ /kg, and paraffin crystallization heat was Ls = 200-500 kJ /kg [2]. The
viscosities of the gas phase and the oil-phase components were assumed to be identical: u; = 0.01 mPa - sec,
po1 = 0.1 mPa - sec, poo = 0.4 mPa - sec, and ps3 = 4 mPa - sec. The oil-bed pressure was Py = 20 MPa,
the pressure at the bed (well) boundary was Pg = 10 MPa, and the oil saturation pressure with gas was
Pjg = 18 MPa and Pyq = 16 MPa.
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Fig. 3. Distributions of the saturations for the gas (1) and paraffin (2), temperature (3), and pressure (4) along
the oil bed for ¢ = 60 min.

Fig. 4. Time dependence of the temperature at the oil-bed outlet for C93 = 0.05 and L3/L1 = 2-5.

Figure 1 shows the distributions of temperature, gas saturation and concentration of the first component
along the oil bed after the moment at which the pressure at the oil-bed outlet starts decreasing (after the
well start-up). This figure shows two phase-transition fronts that correspond to oil degassing at P < Pjg
and P < Pog. In the phase-transition fronts, there are jumps (abrupt changes) of phase saturation and
concentrations of the components. The first jump of saturation is formed in the phase-transition front of
the first component at P = Pjq, and the second at P = Pog. A slight increase in temperature in a remote
region where no oil degassing occurs (gas-phase saturation equals zero) and a temperature decrease in the
oil-degassing region are observed. Simultaneously, a change in the temperature gradient is observed in the
phase-transition fronts of the first and second components of oil.

Figure 2 shows the time dependences of temperature and pressure after the oil-well start-up with
allowance for degassing of multicomponent oil. The curves exhibit sections with differential degassing of oil
components, which are characterized by some change in the temperature gradient (degassing of the first and
second components occurs at P = 16 and 11 MPa, respectively).

The effect of oil degassing and paraffin crystallization on the temperature field is illustrated by Figs. 3-5.
Figure 3 shows the distributions of the gas and paraffin saturation, temperature and pressure along the oil
bed. One can see two phase-transition fronts caused by oil degassing at P < Pj4 and paraffin crystallization
at T < T¢r. In the phase-transition front that corresponds to the pressure isobar of oil saturation with gas,
there is a jump of the gas saturation (curve 1). Oil degassing results in a decrease in the fluid temperature in
the bed (curve 3). In the phase-transition front that corresponds to the flow temperature below the paraffin-
crystallization point, there is a jump of the paraffin saturation.

It follows from the calculation results that, for the chosen values of €; and 7;, and also for the chosen
bottom-hole and oil-bed pressures, the formation of the temperature field in the oil bed depends on the initial
concentration of paraffin in oil and also on the ratio of phase-transition heats during oil degassing and paraffin
crystallization.

Figure 4 shows the time dependence of the bed-outlet temperature for C8; = 0.05 and L3/L; = 2-5.
On attaining a pressure below the pressure of oil saturation with gas, oil degassing and gas accumulation
start, and the temperature decreases owing to the action of the degassing heat and adiabatic expansion and
throttling of the gas. On attaining a flow temperature below the paraffin-crystallization point, oil gives
off paraffin. During paraffin crystallization and heat release, the temperature-decrease rate diminishes and,
beginning from a certain moment, the temperature start increasing. For a temperature above the paraffin-
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Fig. 5. Saturations for the gas (1) and paraffin (2) and temperature (3) at the oil-bed outlet versus time
(C9% =0.01 and L3/L; = 1).

crystallization point, paraffin completely dissolves in oil, and filtration of live crude is observed in the flow.
An abrupt decrease in the temperature dependence corresponds to this moment. As the temperature further
decreases, the processes of formation of gas and paraffin saturation are reproduced again.

Thus, for the chosen ratios between the phase-transition heat and initial concentration of paraffin, the
effects caused by oil degassing and paraffin crystallization give rise to temperature oscillations in the oil bed.

Figure 5 illustrates the decay of temperature oscillations for C9; = 0.01 and L3/L; = 1. In this case,
after the temperature drop owing to oil degassing and the temperature rise caused by paraffin crystallization
and liquid-phase throttling, the temperature oscillation decay, and a monotonic increase in temperature is
observed. It is also seen from Fig. 5 that the periods of temperature increase and decrease correlate with
variations in gas and oil saturation. Finally, the oil heating due to throttling prevails over its cooling during
degassing.

The results obtained in this study supplement available data on the formation of temperature distri-
butions under actual oil-bed conditions as the pressure decreases to values below the pressure of oil saturation
with gas. These data can be used in interpreting the results of temperature probing of oil wells during oil
degassing.
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