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Abstract’

The influence of mathematical model parameters
on the dynamics of pressure and temperature fields
at non-isothermal gas filtration is investigated in a
numerical experiment. A nonlinear system of partial
differential equations obtained from the energy and
mass conservation laws and the Darcy law are used
to describe the process, and physical and caloric
equations of state are used as closing relations. The
boundary conditions correspond to a given pressure
drop at the bottom hole. It is shown that the
influence of the temperature field on such integral
characteristics as cumulative gas production is most
pronounced at moderate pressure drops. The size of
the zone of possible hydrate formation in a gas
reservoir is determined in two particular examples.

Nomenclature
¢, — specific heat of the gas;

¢, — volume heat of the reservoir filled with the gas;
H - reservoir thickness;

h — grid step in space, @y, = {r;- = py +ih, i=z};}
k — permeability of the reservoir;

! — characteristic size;

M —mass production of the gas;

m — porosity;

P — pressure;

R - gas constant;

r —radial coordinate;

§ — iteration step;

T _ temperature;
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! _ time;
Z~ coefficient of gas imperfection;
K, —piezoconductivity of the reservoir saturated with the

£as;
B dynamic viscosity of the gas;

. L = e -s j = r }
'c~gr1dstep1ntc1me,mt {J' % UJO}.

1. Introduction

Natural gas extraction (especially in regions of Siberia
and extreme north) can involve conditions favoring the
formation and deposition of hydrates in wells and bottom
holes. At the moment, these processes are considered
separately, ie., the dynamics of hydrate formation in
various production modes is modeled within the
framework of non-isothermal multiphase filtration, while
the dynamics of hydrate formation in wells is studied
within the framework of tube hydraulics [1-3]. In the
latter case, the temperature and pressure near the bottom
hole are specified and are normally assumed to be equal
to their reservoir values [1, 2]. An attempt to combine
these two problems was made in a recent publication [4].
The authors [4]. however, confined themselves to
determining the temperature and pressure fields in the
reservoir, while the dynamics of growth of the hydrate
layer in the well was determined within the framework of
the model proposed in [1], ie., the problem of
determining the possibility of hydrate formation in the
bottom hole zone was not even posed. Moreover, the
condition of a zero heat flux was imposed on the interface
between the reservoir and the well in [4], whereas the
heat flux on this interface differs from zero in reality and
is physically determined by convective transport and
cooling of the gas during its throttling. The first attempt
of partial combining these two approaches is done in the
present work: the pressure and temperature fields in the
reservoir are determined by solving the problem of non-
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isothermal filtration of an imperfect gas and are compared
with equilibrium conditions of hydrate formation. T his
solution can be further used to determine the temperature
and pressure in the bottom hole region.

2. Formulation of the problem

For the mathematical description of gas production from
a single well located at the center of a circular gas
reservoir, we use a system of equations that describe non-
isothermal filtration of an imperfect gas in a porous
medium where the energy transfer due to heat conduction
is assumed to be negligible as compared to convective
transfer [3]:

9 ;;)_éi_(,—.i_fp_} Ry <F<F, 130, (1)
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In what follows, the bar above the dimensionless
variables is omitted for convenience.

The pressure on the well face is assumed to be constant:
D= DPws ¥ =Fae (3)

Conditions modeling the absence of the filtered gas and
heat fluxes are imposed on the external boundary, i.e., the
water-driven regime of gas production is modeled:
ap orT
—=0, —=0, r=n. 4
o or s
At the initial time, the pressure and temperature are
assumed te be constant:

plr0)=1, Tlr,0)=Ty, 7, Srin. (5)

The equation of state is the Latonov — Gurevich equation

2l

Po

z= [0.173761nL% T] " 0.73) .

e i

+0.122 5. (6)
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where T, and p. are the critical values of temperature

and pressure of the natural gas, which is a mixture of
gases, mainly of the paraffin series, beginning from
methane.

Thus, the solution of the initial-boundary problem (1)-(6)
depends on the parameter ¢, /R included into (2), on the

boundary condition (3) determined by the dimensionless
pressure p,,, and on two dimensionless complexes

mpo /. T, and po/p. involved into (6). It should be
noted that the gas temperature at the bottom hole (at
r=ry) in the problem formulation used is a sought

quantity determined in the course of solving the problem,
and (2) is a quasi-linear hyperbolic equation of the first
order. The characteristics of this equation start from the
right boundary; therefore, the boundary condition of the
absence of the heat flux (4) is sufficient for determining
the unique solution of this equation. In addition to
calculating the temperature and pressure fields, we
determined the total amount of the extracted gas

f
= _[A(,t)dt ,  where A= La—p is  the
0 ZT orl
dimensionless mass flow rate expressed via the
. ; i \RM
dimensional quantities as 4 = B .
2rkH poc,

3. Numerical implementation of the model
and its algorithm

For solving the initial-boundary problem

(1)-(6),
replacing p(ri,tj)= pij and T (r,-, t.f): T}"’i by numerical
analogs in grid nodes, (1) is approximated by a purely
implicit, absolutely stable difference scheme similar to the
scheme that was derived for a plane-parallel problem in

[5]:

e+ ) PRV AL
D P j}_zim Pin=Pi |_
sj'H sj+1 ool 5 | @ }12
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’16.

/

The difference approximation of the boundary condition
(3) has the form

s5+1 i+l
Pg =Pws J=0,jp-1 (8)

The difference analog of the first boundary condition (4)
is written with the second order of approximation. To
obtain the difference scheme for the external boundary
(i=n), we integrate (1) in the elementary cell
lr,, =#/2, r,] and find
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As the function T(r, t) is sufficiently smooth, then it is

reasonable to put (2) into correspondence to an
unconditionally stable implicit difference scheme of the
“corner” type [6]:

f+l +1 ]
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i=0,n—1,j=0, jo-L

Taking into account condition (4) for the external
boundary (i =n ), we obtain the scheme

.(:'Jrlj'l'l s/ 41 S+1j+1 sj\
T =i s s+l s
n n - 1+(ln T n p n pu N
T 5 T (11)
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This approximation is justified because, as it follows from
the second term in the right side of (2), the slope of the
characteristics does not change its sign since the sign of
the derivative of pressure with respect to the spatial
coordinate is unchanged (the remaining terms are always
positive). Therefore, the quantities involved into the
difference (10) and (11), in particular, those included into

)
the coefficients;, do not change their sign either. The
initial conditions are approximated in the form

0 0

S5 s —

p; =l, Ti=Ty, i=0,n (12)

The following notation is used in (7)—(11):
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For numerical implementation of the difference problem
(7)~(12), we use the method of simple iterations at each
time layer. The iterative process is organized as follows:

oJH
a) set s=0, p,

.o gl

=p/, Ti =T/, i=0,n;

b} using the sweep method, solve a linearized system of
three-point algebraic equations with respect to
unknown values of pressure at the nodes of the spatial

.s-f—lj_"1 S——
grid p;, ,i=0,n:

s+1/+1
Po =Pw
s+l s+l ci1JH
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s+1/+! s+1/+
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¢) with the pressure values found, determine the
temperature distribution by the recurrent formulas
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d) check whether the conditions of convergence of
iterations are satisfied:
g F
-p;

s+t
max| p ;
i=0,n

s+1/11
<g, max|T;
i=0,n]

N

—~T7 |[<Epa

If these conditions are not satisfied, increase s by unity
and return to item (b); if they are satisfied, go to the next
time layer.

4. Results and discussion

In our computational experiment, we studied the
influence of the pressure at the well bottom hole p,, on

the dynamics of temperature and pressure variations in
the reservoir. In addition, we estimated the effect of the
frequently used assumption on isothermality of the
filtration process on the pressure field and on the total gas
production. The calculations were performed for two
typical gas fields of Northern Russia: the Sredne-
Vilyuiskoe in the Sakha Republic (Yakutiya) and the well
known Messoyakha gas field which differs from the first
one by more shallow gas reservoir depth and, therefore,
much lower pressure and temperature. For the first gas
field the parameters of calculations were as follows:
Pw =14 MPa and p, =22 MPa; the parameters

¢y /[R=5.118 and ¢ /mpy=1.234, the

temperature of the reservoir 7y =323 K, and the initial
pressure py = 24 MPa had constant values. The critical
parameters 7, =205.022 K and p, =4.6596 MPa were

determined by the method described in [7]. The
equilibrium temperature of hydrate formation was
calculated by the formula Isn(p)=aln p+b, where the

initial

constants a=7.01 K and »=17828 K were found by
means of approximating the thermodynamic equilibrium
curve determined by Sloan’s method [8] for a known
composition of the gas (vol. %): CH,-90.34,

C2H6—4-98= C3H8“1-74, iC4H10—0.22,
HC4HIO —0.41, C5H12+—155 s C02 —0.28,
N, —0.48.

The calculations show that the changes in the temperature
field are significant only in the case of an intense
depression on the gas-bearing reservoir, when
Pw =14 MPa. Even in this case, however, they are

localized in a narrow zone near the well, which is clearly
seen in fig. I. At small values of the dimensionless time
¢, this zone does not exceed 4 m (curve 1), while the
temperature in the remaining part of the reservoir is equal
to its initial value. At the end of the computational
process, there is a drastic decrease in temperature at a
distance of 8 m from the bottom hole; the temperature at
greater distances is almost constant and lower than the
initial value (curve 2).
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Fig. 1. Temperature distribution at p,, =14 MPa;
t =200 (curve 1) and 7 =1600000 (curve 2)
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Fig. 2. Dynamics of temperature variation at }3W =14

MPa; r=0.1m (curve 1), »=0.3 m (curve 2), and
r=10.1 m (curve 3)

A more detailed analysis shows that the temperature at
the bottom hole drastically decreases at first (in the
example considered, this decrease reached 8 K), and then
starts to recover (curve 1 in fig, 2). The same trend is also
observed at a small distance from the bottom hole, but the
decrease in the temperature was 5 K (curve 2 in fig. 2).
Already at a distance of 10 m, however, there is only a

minor decrease in temperature with time (curve 3 in fig,
2).

Let us now estimate the influence of the input parameters
and the temperature field on the dynamics of variation of

Simulation of gas production in the northern regions: the role of thermodynamics

156



the pressure field. It is obvious from physical
considerations that the pressure value at the point of gas
extraction should be an important parameter determining
the spatial variations of pressure in time.

oaps ;"rmsw;d

Fig. 3. Dynamics of the pressure field; p,, =14 MPa
(surface 1) and p,, =22 MPa (surface 2)

This is clearly seen in fig. 3, which shows a comparison
of two variants of the bottom hole pressure behavior,
other conditions being identical: in the first variant, the
pressure changes significantly at all points of the
reservoir; in the second variant, these changes occur only
in a narrow zone near the well even at large values of the
dimensionless time . For a detailed analysis of the role
of the temperature field in the dynamics of the pressure
distribution, we analyze the curves in figs. 4 and 5. It is
seen that the effect of the temperature field is small; in the
case of intense gas extraction, i.e., at p,, =14 MPa, the

pressure decrease is underestimated by 0.1 MPa only (cf.
curves 1, 2 and 3, 4 in fig. 4 and curves 1, 2 in fig. 5a). A
similar situation is observed in the case of gas extraction
with much lower intensity, but here the pressure decrease
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Fig. 5. Pressure at the end of the calculated time; curves

is overestimated (cf. curves 1, 2 in fig. 5a
curves in fig. 5b).
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Fig. 4. Pressure distributions at p,, =14 MPa; the

solid and dotted curves refer to non-isothermal and
isothermal regimes, respectively; 7 =200 (curves 1
and 2) and ¢ = 20000 (curves 3 and 4)

It is important to note that the above-indicated features of
non-isothermality manifestation are also observed at the

intermediate stage of the process (f :160000): the
difference is not great in the case of high intensity of gas
extraction (curves I, 2 in fig. 6a), but the underestimation
of the pressure decrease in the case with low intensity of
gas extraction reaches almost 0.2 MPa, which is clearly
seen in fig. 6b. It should also be noted that the pressure
rapidly reaches a steady regime in the case with low
intensity of gas extraction, and this state in the isothermal
model is reached earlier than in the non-isothermal model
(cf. curves 1 and 2 in fig. 6b).
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1 and 2 refer to non-isothermal and isothermal regimes,

respectively; p,, =14 MPa (a) and p,, =22 MPa
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Fig. 7. Mass production of the gas (a) and accumulated gas production (b); the solid and dotted curves refer to
non-isothermal and isothermal regimes, respectively;
Py =14 MPa (curves 1 and 2) and p,, =22 MPa (curves 3 and 4)

The non-isothermality insignificantly effects predicting of
the total gas production (fig. 7). Let us also note that all
curves in fig. 7b have two typical. almost rectilinear
segments, with the inflection corresponding to the
transition io the deposit depletion regime.

Let us estimate the possibility of hydrate formation at the
bottom hole of the well. For this purpose, we compare the
temperature field in this zone with the equilibrium
conditions of hydrate formation. The results of this
comparison are shown in fig. 8. It is seen that even in the
case of intense gas extraction the gas temperature is
always above the equilibrium temperature of hydrate
formation. This result is completely proven by the
multiyear history of gas production frem the field.
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Fig. 8. Temperature at the bottom hole at p, =14

MPa; gas temperature (surface 1) and equilibrium
temperature of hydrate formation (surface 2)

Simulation of gas production in the northern regions: the role of thermodynamics

158



Consider now the results of analogous calculations for the
Messoyakha gas field. The initial data: ¢ 5 / R=5278,

¢/mpg =34151/K, Tj=28291K, py=6.8MPa,

I, =191202K, p.=4.6893MPa, a=10.036K,
h=126023 K, p,=53MPa and p, =6.3MPa;
composition of the gas (vol. %) CH,;—-99.169,
CyHg —0.003, C3Hg -0.009, 1CyHy—0.002,
nCyHy-6.002, CsH,,—0.018, CO,-0.611,
Ny —0.186.
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Fig. 9. Temperature distribution at p,, =5.3 MPa;
t =5000 (curve 1) and 7 =1600000 (curve 2)

Fig. 11. Dynamics of the pressure field; Pw
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Fig. 10. Dynamics of temperature variation at
Dw =53 MPa; r=0.1 m (curve 1), »=0.3 m (curve

2), and » =10.1 m (curve 3)

The basic results of the computational experiment are
very close to the previous example: the changes of the
temperature are localized in a narrow zone near the well
(fig. 9 and 10); in the case of intense gas extraction the
pressure changes significantly through the entire
reservoir; in the case with low intensity of gas extraction
these changes occur only in a narrow zone near the well
(fig. 11).

The influence of the temperature field on the pressure
redistribution in the reservoir (figs. 12-14) is also
insignificant. In spite of this fact it may lead to substantial
underestimation of total gas extraction: about 20% for
high-intensity (curves I and 2) and 34% for low-intensity
gas production (curves 3 and 4). It means that isothermal
filtration mode! will leads to underestimation of gas field
potential

6.3

MPa (surface 1) and v =%~ MPa (surface 2)
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Pw =35.3 MPa (curves 1 and 2) and p,, = 6.3 MPa (curves 3 and 4)
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hydrate formation (surface 2); p, =53 MPa (a) and p,, = 6.3 MPa (b)

Finally, we will estimate the possibility of hydrate
formation at the bottom hole of the well. The results are
shown in fig. 16. It is seen that in the case of intense gas
production its temperature is above the equilibrium
temperature of hydrate formation everywhere except a
narrow zone neat the well but only at the initial period of
production (fig. 16a). But if the depression is smaller, gas
temperature will always be lower than hydrate
equilibrium temperature (fig. 16b). Such unexpected
result has a clear explanation. At the conditions given the
decrease of hydrate equilibrium temperature due to
pressure decrease is more significant than common gas
cooling due to Joule — Thomson effect and heat exchange
with surrounding rocks. Certainly, these results are valid
only for the initial data indicated above. Nevertheless, it
allows two important conclusions to be drawn: 1) such a
zone can be identified with the use of some geophysical
method, for instance, acoustic logging; 2) such a narrow

zone can be easily affected by one of hydrate formation
inhibitors (methanol or calcium chloride solution).

These results again demonstrate the importance of taking
into account thermodynamic processes in mathematical
modeling of natural gas production.
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