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For the traditional problem of gas flow to a well in the center of circular reservoir, the influence of initial reser-
voir conditions on dynamics of gas moisture content distribution has been determined. Investigations have been per-
formed in the framework of mathematical model of non-isothermal real gas flow through porous media where heat
conductivity was considered to be negligible in comparison with convective heat transfer. It is closed by empirical
correlation of compressibility coefficient with pressure and temperature, checked in previous publications. Functional
dependence of moisture content in gas on pressure and temperature is based on empirical modification of Bukacek re-
lation. Numerical experiment was performed in the following way. At first step, axisymmetric problem of non-
isothermal flow of real gas in porous media was solved for a given value of pressure at the borehole bottom, which
gives the values of pressure and temperature as functions of time and radial coordinate. Conditions at the outer
boundary of the reservoir correspond to water drive regime of gas production. At the second step, the calculated func-
tions of time and coordinate were used to find the analogous function for moisture content. The results of experiment
show that if reservoir temperature essentially exceeds gas — hydrate equilibrium temperature than moisture content
in gas distribution is practically reflects the one of gas temperature. In the opposite case, gas will contain water
vapor only near bottom hole and at the rest of reservoir it will be almost zero. In both cases, pressure manifests its
role through the rate of gas production, which in turn influences convective heat transfer and gas cooling due to
throttle effect.
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Introduction. A recent publication by the authors [1] describes the peculiarities of natural gas
production in the Arctic zone of Russia, which must be taken into account whereas mathematical
modeling of relevant technological processes is considered. The paper also gave numerous examples
of calculating the formation of gas hydrates in wells and gas pipelines. This publication is
supplemented the article [1] by analyzing the dynamics of temperature and pressure in the bottom
hole of gas wells and gives an assessment of these technological parameters' effect on the moisture
content of the produced gas. The relevance of solving such a problem is determined by reservoir wa-
ter influence on hydrate formation in the bottom hole zone, as well as by the need to dry gas before
its delivery to gas pipeline. In addition, with the current practice of pumping methanol or other inhibi-
tors into wells, in order to prevent hydrate formation directly in the gas-bearing formation, it is neces-
sary to calculate the flow rate of this reagent.

Equilibrium moisture content of natural gas. In gas and gas-condensate fields gas contacts
with residual reservoir water with boundary and underlying waters and, therefore, contains water
vapor. Under conditions of thermodynamic equilibrium, their maximum amount depends on pres-
sure, temperature and gas composition [3-5, 7, 9]. It is called the moisture content w and in thermo-
dynamics is defined as the ratio of the mass of water vapor m,  to the mass of dry gas m, . In en-

gineering calculations in Russia, due to imitation of US translated reference books, moisture content
refers to the ratio of the water vapor mass to the standard volume of dry gas W in kilograms per
1000 m’.

The analytical dependences of the moisture content of natural gases W on pressure p in pascals
and temperature 7" are modifications of the Bukacek formula [13]:

AT)
p

W= +B(T), (1)
where A is a coefficient equals to moisture capacity (moisture content under saturation conditions)
of an ideal gas at normal atmospheric pressure; B — correction for imperfection of natural gas, depend-
ing on the gas composition [4, 7].
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We will opt for the ratios proposed in monographs [3, 4] as the most commonly used:

WG(p,T)= 10-3[0'45 ! exp(o.0735 (T -273.15)-0.00027 (T - 273.15)’ )J+
+0.0418 exp(0.054 ('~ 273.15)-0.0002 (T - 273.15)°); 2)
17133
WB(p,T)=0.016-10" [M47482+ 10 7 694], (3)
p

where ps(T")=0.0061038 exp(0.0735(T' - 273.15)— 0.00027(T —273.15)? ) — water vapor pressure above

pure water.

Relations (2), (3) are recommended to be used for natural gases with a relative air density
of 0.6. Their identity is demonstrated in Figure 1. In further calculations, formula (3) was used,
since it is easily modified when it is necessary to calculate the pressure of water vapor in the gas
equilibrious with hydrate. In this case, instead of the function above, corresponding empirical rela-
tion should be used, for which the formula proposed in [4] is chosen

Pio(p.T)= exp(29.396_w

~0.1593 1n(p)j : 4)

Dynamics of moisture content in the bottom hole of gas wells. The moisture content, accord-
ing to relation (3), is a function of pressure and temperature. Consequently, in order to determine its
distribution in the bottom hole zone, it is necessary to solve the problem of non-isothermal filtration
of real gas with appropriate boundary and initial conditions.

For a mathematical description of gas production from a single well located in the center of a
circular reservoir, the system of equations describing non-isothermal flow of real gas in a porous
medium is used, in which energy transfer due to heat conduction is considered negligible compared
to convective transfer [2, 11, 12]. Dimensionless form of corresponding equations can be reduced to
two equations for gas pressure and gas temperature:

ofrpy_1e fi_@j,;?b<7<7k,f>0; &)

ot\ZT ror\ ZT or

_ _ - _ —\2

O—T: 1+ZO_§ @+c—”i_a—fij—£a—§ 6—1_7 , B <F<nK,t>0; (6)

ot ZoT)ot R ZT or or Z 0T\ or

where 7 =x,t/1*; p=p/py; T=cT/mpy; bR
: W, kg/1000 m*

N 0.00266

r=rll; 1, =r/1l; i =1/l c, — specific heat N I 3 j

of gas at constant pressure; ¢, — volumetric

. - 0.00213
heat capacity of the gas-saturated porous

medium; k& — permeability coefficient; / —
characteristic size; m — porosity; p — pres-
sure; R — gas constant; » — radial coord- |
nate; », — outer well radius; r, — formation 16*1%\;

—0.00160

— 0.00106

—5.3457-107*
< 4.154-10°°

contour radius; 7 — temperature; ¢ — time;

Z — gas imperfection coefficient; »-MPa
. .. . T, K
K, =kp,/mm — piezoconductivity coefficient
of gas-saturated porous medium: n - dy- Fig.1. Dependence of the moisture content of natural gas
L . o on temperature and pressure. Surface 1 is constructed according
namic viscosity of gas; subscript «0» corre- to formula (3), surface 2 — to formula (2)
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sponds to the initial state of the gas-bearing formation. In the rest of paper bar above the dimen-
sionless variables is omitted for convenience.

In paper [10] it was shown that the production at constant bottom hole pressure is most favor-
able, since it provides a more even pressure distribution than at constant mass flow rate. Thus, a
constant gas pressure is set at the bottom hole

P=Dys T=Hh. (7

Conditions, which simulate the absence of gas and heat flows, are set on the reservoir bound-
ary, which corresponds to the water drive regime:
0 oT

o > 0, r=r. (8)

At the initial moment pressure and temperature are considered constant:
p(r,O):l; T(r,O):TO; h<r<n. 9

It should be noted that in this formulation, the gas temperature at the bottom hole (»=#) 1s
considered determined during the solution of the problem, and equation (6) is a first-order quasilinear
hyperbolic equation. The characteristics of this equation go beyond the right boundary, therefore the
boundary condition for the absence of heat flux (8) is sufficient to determine its only solution.

As the equation of state, the Latonov — Gurevich equation is taken [8]

Po

s
7= [0.17376 ln[%TJ+O.73J +0.120 . (10)
C pc

r’c

where the subscript «c» corresponds to the critical state of natural gas, which is a mixture of gases,
mainly of the paraftin series, starting with methane.

The critical pressure and temperature of the gas mixture are determined according to Kay's
rule [14]:

pc = Ziyipci; Tc = ;yiTCi >

where y,, p.;, T,

ci

— volume part, critical pressure and temperature of the i component of natural gas.
The gas constant of the gas mixture is determined by the formula

R=8314/u,,

where u, =Y y.u, —molar mass of natural gas; |, — molecular weight of i component of natural gas.
Mé = yl uél g gi g p g

The calculations were performed at the following values of the parameters corresponding to
two fields of the Sakha Republic (Yakutia). 1. Srednevilyuyskoe: R = 449.4 J/(kg-K); po = 24 MPa;
Ty =323 K; pp,=14 MPa; p.=4.6596 MPa; T.=205.022K; c,/R=15.118; c:/mpo=1.234 1/K;
a="7.009 K u b=178.28 K — constants for calculating the equilibrium temperature of hydrate for-
mation, found by approximation of the thermodynamic equilibrium curve determined by the Sloan
method [15] or by the Istomin method [6] with a known gas composition (volume content), %:
CH, 90.34; C,H, 4.98; C,H, 1.74; iC,H,, 0.22; nC,H,, 0.41; CsH,,, 1.55; CO, 0.28; N, 0.48; gas
density related to air — 0.634.

2. Otradninskoe: R =438.3 J/(kg'K); po=18.835MPa; T,=286.35K; p,=16.87 MPa;
pe=4.471 MPa; T, = 195.376 K; c,/R = 5.248; c;/mpo = 3.539 1/K; a = 6.635 K; b = 182.951 K; gas
composition (volume content), %: CH, 83.15; C,H, 4.16; C,H,1.48; iC,H,,0.17; nC,H,, 0.50;
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Fig.2. Dynamics of pressure (a) and temperature (b) distribution in the reservoir for the Srednevilyuiskoye field

iCsH, 0.12; nCsH,, 0.17; C¢H,, 0.17; C,H,4, 0.28; CO, 0.07; N, 9.50; H, 0.02; He0.21; gas den-
sity related to air — 0.685.

It can be seen that at approximately equal depth of the productive formation, the composition
of natural gas, as well as the reservoir conditions of these fields, are significantly different. The hy-
drate formation temperature calculated by the formula for given bottom hole pressures is 293.6 K
and 293.4 K for the Srednevilyuyskoe and Otradninskoe fields, respectively. Thus, in the second
case, gas production will lead to formation of hydrates in the bottom hole zone, since the initial
temperature of the reservoir is below the equilibrium temperature of hydrate formation. It is also
worth noting that for the indicated values of the relative density of gases, the correction coefficient
to formulas (2) and (3) is equal to 0.99, i.e. it can be ignored in subsequent calculations.

Analysis of the calculations' results starts with Srednevilyuyskoe field. It should be noted that
for the given values of the input data, the duration of transient processes of pressure and tempera-
ture changes is several hours, so here the results of calculations corresponding to this period are
presented. Figure 2 presents the dependences of the gas temperature and pressure on time and the
radial coordinate.

These data were used to calculate a similar dependence of the gas moisture content using the
formula

_"(p.1)
0= )

where p — gas density.
The results of the calculations are
presented in Fig.3. It can be seen that the

content of water vapor in the gas is very v Py
small, and the shape of the surface w(r,¢) y [ 1280

is almost identical to the surface T(r,f). +——— - 1.228:10°
Therefore, in the case of gas contact with | | —— - 1.168:10°°
water, its moisture content is mainly de- ] L 1.108-10°°
termined by the nature of the tempera- T | 048-10°6
ture change. However, one should not | _- '

forget that these changes depend on the 1.85;7 |- 089107

intensity of gas production, i.e. on pres- i 7740 0 o 40
sure changes, which in turn, determine |
the intensity of convective heat transfer

and the degree of gas cooling due to Fig.3. The dynamics of the gas moisture content distribution
throttling. in the reservoir for Srednevilyuyskoe field
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The corresponding analysis for the

W Otradninskoe field gave the following results.
889107 Here, the initial gas temperature is below the
-8.66:107  equilibrium temperature of hydrate forma-
L g43-107 tion. Therefore, in formula (3) the expres-

| sion for the pressure of water vapor over
pure water should be replaced by formula
(4), which determines the pressure of water
}- 774107 yapor above hydrate. In this case, despite the
0 qualitative similarity between the depend-
ences of pressure and temperature on the co-
ordinate and time with the previous example
(Fig.4), the surface shape w(r,t)is signifi-

~8.2:107

- 7.97-1077

Fig.5. The dynamics of the gas moisture content distribution
in the reservoir for Otradninskoe field

cantly different, and the weight share of

moisture in the gas is close in magnitude to
the previous result only in the immediate vicinity of the bottom hole and then decreases sharply to
almost zero (Fig.5).

Conclusion. In this computational experiment, it was shown that if the reservoir temperature
significantly exceeds the equilibrium hydrate formation temperature, the distribution of moisture
content in the bottom hole zone will be almost identical to the temperature distribution. Otherwise,
the gas will contain water vapor only near the wellbore bottom, and then the moisture content will
be almost zero. The role of pressure in both cases is manifested through the intensity of gas produc-
tion which, in turn, determines the intensity of convective heat transfer and the degree of gas cool-
ing due to throttling.
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