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At the present time, the main method of developing highly viscous and bituminous
oil reservoirs is the injection of hot water or steam into such reservoirs. When injecting
heat-transfer agent into a porous reservoir, its characteristics at the wellhead are known.
It is important to know the parameters of a heat-transfer agent (pressure, temperature,
mass content of steam in a two-phase mixture “water-steam”, etc.) directly at the reservoir
entrance. In order to calculate various parameters of a heat-transfer agent along the injection
well depth (including the bottomhole), we propose a mathematical model of the downward
flow of a hot “water-steam” mixture in a vertical channel. The model takes into account phase
transitions occurring in a two-phase “water-steam” mixture, and external heat exchange of
the well product with surrounding rocks (including permafrost). Based on the proposed
mathematical model, we develop an algorithm to solve a quasistationary problem. In this
case, we use the Runge—Kutta method in order to solve the system of differential equations
describing the stationary flow of a heat-transfer agent in a well. Also, in order to solve
the non-stationary problem of temperature distribution in the rocks that surround the well
(including permafrost), we use the author enthalpy method with implicit scheme. For each
time moment, the developed software allows to find the distributions along the well depth
of various parameters of the downward two-phase flow, taking into account external heat
exchange, as well as the temperature distribution in the rocks that surround the well and
the permafrost thawing radius.

Keywords: two-phase flow; heat-transfer agent; injection well; permafrost; thawed zone.

Introduction

The last decades are characterized by an increase in the consumption of hydrocarbons,
especially in developing countries [1]. At the same time, the actual problem of oil
production is the depletion of light oil reserves not only in Russia, but all over the world.
Therefore, reservoirs with high-viscosity oil are increasingly involved in the development.
Existing methods for developing such reservoirs allow to achieve a final oil recovery ratio,
which is no higher than 0,25 — 0,29. The most common methods of developing high-
viscosity oil reservoirs are thermal [2-4|. Many researchers consider the steam injection
into a reservoir as the most promising thermal method of developing high-viscosity oil
reservoirs [3-6]. Due to the latent heat of vaporization, steam has higher heat content than
hot water at the same temperature [4]. In addition, water steam has higher oil-displacing
properties than hot water. Therefore, water steam is considered to be a technologically
more efficient heat-transfer agent, although hot water can be more preferable for practical
use in some specific cases. In production practice, in order to implement thermal effects
on the reservoir saturated with high-viscosity oil, a saturated water steam (i.e., a mixture
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of steam and water) is used. Indeed, the preparation of a saturated water steam requires
less thorough chemical preparation than the preparation of a dry steam [6-8].

During implementation of technologies of thermal effects on the reservoir saturated
with high-viscosity oil, we know the characteristic of a “water-steam” mixture at the outlet
of the device for producing steam, which is located at the wellhead. The most important
parameters are the temperature and steam content of a heat-transfer agent directly at the
well bottom. In order to calculate these and other parameters, it is necessary to obtain a
mathematical description of hydrodynamic and thermophysical processes occurring in the
injection well. In addition, a number of oil reservoirs of the Russian Federation are located
in permafrost regions. Depending on the geographic zone, the depth of the permafrost layer
can exceed 600 m. The permafrost zone is characterized by abnormally low temperature
and low geothermal gradients. Therefore, for proper modelling of the steam-water mixture
flow in a well in such conditions, it is necessary to take into account both the change
in thermodynamic parameters when the fluid moves in the wellbore to the well bottom,
and the heat exchange of the fluid with frozen rocks, taking into account the frozen rocks
thawing.

This paper presents the results of mathematical modelling of the processes occurring
in an injection well and surrounding rocks (including frozen rocks), when the heat-transfer
agent is pumped into an oil-saturated reservoir.

1. Main Equations

Consider the following problem statement. Suppose that a heat-transfer agent (a
steam-water mixture) moves in a vertical well with inner radius r,, from the wellhead
to the well bottom. The parameters of the heat-transfer agent are known at the wellhead
(at the outlet of heater or steam generator); the heat-transfer agent mass flow rate m is
constant. The well passes through permafrost. Since the transient processes in wells are
rather short-lived, we consider the well operation mode to be stationary, and the two-phase
flow in the well to be steady. We direct axis z vertically downwards, r is the radial axis.
The origin of coordinates coincides with the wellhead (Fig. 1).
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Fig. 1. Scheme of an injection well with heat transfer agent
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In order to construct a mathematical model, we assume the following. First, for each
well section, the temperature is the same for both components of two-phase mixture (steam
and water). Second, processes of steam condensation or water evaporation occur in the
equilibrium mode. Third, in the axial direction of the well, the thermal conductivity is
negligible compared with convective heat transfer [9]. Also, we neglect the influence of the
seasonal change in the surface temperature. In addition, the rocks surrounding the well
are homogeneous and isotropic. Finally, there is no mass transfer of thawed water, when
the front of phase transitions moves in frozen rocks [10].

Taking into account the assumptions above, we can write the equations describing a
downward two-phase flow in a vertical channel as follows [11-15]:

m; + m, = m = const, (1)
dp
= Rt (pl-a)+pa) g, (2)
dl'  mydp dm,,
5V = T 7. v 7 T Ww, 3
" Y dz Y dz @ )
ko= "0 pl =const, p=ZR,T
m

m=pl(L—) SW, m,=p)0SW, S=nxr),

A 1— )2 2 158 1/5
F, = (p?ﬂjtp(”i) W2, Ay = 0,067 |:—+£} ,
[0
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0 —1
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=1+ ) , WZ—(—+—),
( P my, S\

me = myc + myCy, Qu = 2T Ty Q.

Here the subscript [ or v corresponds to the parameter related to liquid or vapour,
respectively; m; (i = [, v) is the mass flow rate of the i-th phase through the tubing section
with coordinate z; pY and ¢; (i = [,v) are the true density and specific heat capacity at
constant pressure of the ¢-th phase, respectively; k, is the mass fraction of vapour in
the water-vapour mixture (dryness of steam); A, is the coefficient of friction between the
steam-water mixture flow and the inner tubing surface; Re is the Reynolds number; ¢ is
the size of roughness; ¢ is the volumetric flow vapour content; R, is the gas constant for
water steam; L;, is the specific heat of vaporization; ¢, is the intensity of heat removal
per the well unit area. In order to write equation (2) for calculating pressure, we neglect
the terms that are associated with inertial effects.

In order to calculate the volumetric vapour content value o, we use the following
relation [14]:

0,833 ¢, © <0,9;
—1
O,833¢+0,167<1+M) ] o, 0> 0,9.

x

The supercompressibility coefficient for the vapour Z,, is found on the basis of the Latonov—
Gurevich equation [16]:

Z, =1[0,17376 - In (T/T,) + 0, 73"/"* + 0,1 - p/py,

where T}, and p, are the empirical critical parameters for vapour.
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The conditions on the wellhead (subscript or) can be set as follows:
z=0: D= Dor, T = Tor7 ky = kop. (4)

In order to deliver a heat-transfer agent into a reservoir, it is necessary that the
bottomhole pressure exceeds the reservoir pressure.

In order to close the system of equations (1) — (3), we set the intensity of heat removal
()., into surrounding rocks. The process of the heat distribution from a well to surrounding
rocks can be considered sequentially: heat transfer from the two-phase flow to the well
inner wall; heat transfer through the pipes system of the well; distribution of heat in the
surrounding rocks, taking into account the possible thawing of frozen rocks.

For the rate ¢, of heat transfer from the flow to the well inner wall, we can write the
following relation [6, 17]:

G = Bu(T — Toy),

where T, is the temperature of the well inner wall; [, is the heat transfer coefficient
depending on the structure of the two-phase flow, as well as on the characteristics of the
flow in the near-surface layer of the channel wall.

In order to calculate the heat transfer through the well pipes system, we take into
account the scheme of a well given in Fig. 1. In this case, for the coefficient of heat
transfer through the well pipes system, we can write the following expression [18|:

= {TC (1n(7“1/7“w) N In(ri/r1) N In(ry/7ss) . In(rs/75) N ln(rc/rg)) }_1’

)‘met )‘is /\as Amet /\b

where r,, and 71 are the inner and outer radius of a flow column, respectively; r;s = r1+Ar;
Ar is the thickness of an insulating layer (if available); ro and r3 are the inner and outer
radius of a production column, respectively; r. is the outer well radius; A,,et, Ais, Aas and
Ay are the coefficients of thermal conductivity of the tubes metal, insulating layer, the
matter in the well annular space and cement, respectively.

If the matter in the well annular space is in the state of thermogravitational convection,
then this process can be taken into account in the calculations by the following multiplier

for the coefficient \,; |3]:
[ ] £=0,049 (Gr . Pr)1/3 Pr0,0747

where Gr and Pr are the Grashof and Prandtl numbers.
Since the conditions of the equality of heat flows must be satisfied, the following
expression can be written for the temperature on the well inner wall:

rowlBwT + 18T
TwBuw + 1ef
where T, is the temperature on outside well surface.
The non-stationary problem of heat distribution in the surrounding rocks located below
the frozen zone is described by the following system of equations [10]:

8Temt 1 a ajﬁeact‘
t>0, ro<r< : = Yewt— — , 6
 Tes TS0 ot Xt?“c?r(r 87“) (6)
t=0, re<r<oo: Tep=Tyeo, (7)
ajﬁeact‘
t>0, r=r.: _Ama— =06(Ty, — T.), (8)
T
t>0, r—o00: T =Tyeo, 9)
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where T4, Azt and Y. are the temperature, thermal conductivity and thermal diffusivity
of surrounding rocks, respectively; T}, is the geothermal temperature.

Taking into account the possible permafrost thawing, for the problem of heat transfer
in frozen rocks we can write the following:

oy, 190 ( 0L
t < 0 : = - 1
>0, re<r<r.+ pr Xeh o (7“ 5 ) (10)
T}, 10 ([ 0Ty,
t>0, r.+86 : = Xfr—— , 11
>0, TetB<r<o0 ot Xfr@r(rar) (11)
oT,
t>0, r=r.: —M\p ath =6(T, — T.), (12)
r
0T, oT, do
Afr ! - Ath h - pr’L_u (1?))
or r=re4640 or r=re+6—0 dt
t=0, re<r<oo: Tp =Tgeo, (14)
t>0, r—=o00: Tp =Theo, (15)

where T, and Ay, are the temperature and coefficient of thermal conductivity of frozen
rocks; Ty, and Ay, are the temperature and coefficient of thermal conductivity of thawed
rocks; w is the ice content; p is the rock density; L; is the specific heat of ice melting; 6 is
the length of thawed zone.

2. Numerical Implementation

Let us describe the steps of the proposed computational algorithm for calculating the
parameters of the downward two-phase flow in an injection well, taking into account the
thermal interaction of the well product with surrounding rocks (including frozen rocks).

1. Set the parameters of a well, fluids and surrounding rocks. At the wellhead, set the
following values: dryness of steam, pressure, temperature, and the mass flow rate of a
heat-transfer agent. These parameters remain constant for all time of calculation. At the
initial time moment (¢ = 0), the temperature on the outer surface of the well 7,.(z) is equal
to geothermal temperature.

2. For the current time point ¢, solve the Cauchy problem on the basis of the system
of equations (1) — (3), taking into account known values at the wellhead (4). In this paper,
the system of ordinary differential equations (1) — (3) is solved by the fourth-order Runge—
Kutta method. The intensity of heat removal to the surrounding rocks @, is calculated
taking into account the known temperature on the outer surface of the well for each value
of z. Therefore, in the interval from the wellhead to the well bottom, the steam-water
mixture flow parameters are determined, including the temperature distribution 7'(z).

3. Taking into account the obtained values of T'(z) for all values of z, calculate the
temperature distribution in the rocks surrounding the well for the next time step. This
distribution is determined on the basis of the solution to the system of equations (10) —
(15) (for frozen rocks) or the system of equations (6) — (9) (for rocks located below the
frozen zone). In this paper, this system of equations is solved using an implicit scheme and
the author’s enthalpy method [19]. Therefore, for each value z, we obtain the temperature
distribution in the rocks surrounding the well, including the temperature on the outer
surface of the well T,(z). Also, for the rocks located in the frozen zone, we determine the
thawed zone radius 6(z).
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4. Taking into account the values T.(z), which was found in Step 3 for the next time
step, go to Step 2. Calculations are carried out until the end of calculation time.

Therefore, according to the proposed algorithm, determining the parameters of the
heat-transfer agent in an injection well, taking into account thermal interaction with
surrounding rock, is quasistationary and splits into two problems. The first problem deals
with the steady downward two-phase flow in the well, taking into account heat losses to
the surrounding rocks. In the second problem, the unsteady distribution of heat in the
surrounding rocks is investigated, taking into account possible thawing of permafrost.

According to the proposed algorithm, computer code was developed. For each time
point, this code allows to find the distribution over the well depth of various parameters
of a downward two-phase flow, taking into account heat losses to the surrounding rocks.

3. Results of Trial Calculations

Fig. 2 shows the change in the temperature, pressure and mass concentration of vapour
in the vapour-water mixture depending on the depth. Fig. 3 shows temperature fields in the
well and surrounding rocks. During the calculations, the following values of the parameters
were taken [3, 12, 20]: m = 0,5 kg/s; T, = 307°C; p,r = 9,6 MPa; k,. = 0,9; r, = 0,031
m; r; = 0,036 m; ro = 0,076 m; r3 = 0,084 m; r. = 0,125 m; pr = 21,8 MPa; T} = 647
K; N = 0,50 W/ (mK); Aper = 45 W/ (m-K); Ay = 1,1 W/ (m-K); ¢, = 4200 J/(kg-K);
R, = 461 J/(kg'K); iy = 1,2 -107° kg/(ms); € = 0,00001 m; g = 9,8 m/s?; the initial
temperature of the rock at the wellhead is —2°C; the frozen rocks depth is 200 m; the
well depth is 1000 m. There is no thermal insulation on the outer surface of the well flow
column; there is water in the well annular space. The values of ¢,, A\, i, were determined
by interpolating the tabular data for water steam [3].

305 310 315 320 T,°C 9 10 11 P, MPa
O 1 1 1 1 O 1 1 1 1 0
a

200 200 - 200
400 400 - 400
600 600 - 600
800 800 H 800
Z,m z,m - Z,m -

Fig. 2. Distributions of the temperature (a), pressure (b), and mass concentration of
vapour (c) in the two-phase flow along the well height. Solid lines correspond to the
initial time moment, while dashed lines correspond to the time moment equal to 3 days
after the start of the heat-transfer agent injection

Fig. 2 shows that as the steam-water mixture moves in the well, there is a drop in
the mass concentration of steam due to its condensation. For the parameters taken in
the calculations at the initial time moment, all the steam condensed without reaching the
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well bottom. Three days after the start of the steam-water mixture injection, due to the
heating of the rocks surrounding the well (Fig. 3), there is gradually increase in the two-
phase mixture temperature at the well bottom. Fig. 2 shows that the steam is delivered
to the well bottom in 3 days. At the same time, the density of the two-phase mixture
decreases, and, therefore, there is the corresponding decrease in the pressure gradient.
Also, note a smaller warming up of the frozen rocks (Fig. 3) due to the additional heat
consumption for the ice melting.

t=0 t=3 days

0,25 2,25 4285 625 826 10,25 0.25 2285 4,25 6,25 825 10,28

300 700 600 500 4 300 200 100

900

300 °C

Il .

1000

o 50 100 150 200 250 300 i 200 250 300

Fig. 3. Temperature distribution in the rocks surrounding the well at the beginning of
the heat-transfer agent injection (left figure) and after 3 days (right figure)

Conclusion

In this work, we propose a mathematical model of the processes occurring during a
heat-transfer agent movement in an injection well. This model is based on the equations of
the multiphase media mechanics. The model takes into account phase transitions occurring
in the two-phase “water-steam” mixture, as well as the external heat exchange of the well
product with the surrounding rocks (including permafrost). We construct an algorithm
that allows to calculate the parameters of the heat-transfer agent over the injection well
depth, as well as to calculate the temperature distribution in the surrounding rocks and the
melting radius of permafrost for different times of the well operation. Also, we implement
the algorithm in a program.
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MATEMATNYECKA4A MOJAEJIb JIBYX®ASHOT'O HUCXOIAIITET'O
TEUYEHU Y TEIIJIOHOCUTEJISI B HATHETATEJIbHON CKBAXKITHE

H.I. Mycaxaes'?, C.JI. Bopodun?, C.II. Poduoroe*>

! Tromenckuit unycrpuaabunii unctuTyT, . Tiomens, Poceniickas ®@enepanusa

2 Tromenckuit puman MHETUTYTa TEOPETHUECKOH U IIPUKJIAHON MeXaHIKN

uMm. C.A. Xpucruanosuaa CO PAH, r. Tromens, Poccniickas @eneparust

3 Poccuiickuii ynusepcuTer JpyzKObl HapoJos, I. Mocksa, Poccuiickaa Deepanust

B nacrosiiee BpeMsi OCHOBHBIM METOJIOM Pa3pabOTKKU MECTOPOXKIEHUY BBICOKOBIZKUX
u OUTYMHBIX HedTell SBJISeTCS 3aKadKa ropsdeil BOJbI WJIN Mapa B He(TEHACHIIEHHBIH
mwiacT. IIpyu 3akadke TEIJIOHOCUTE ST B IIOPUCTHIN KOJIJIEKTOP M3BECTHBI €0 XapaKTEePUCTHU-
KU Ha yCThe CKBaXKUHBI. [IpM 9TOM BarKHO 3HATH IIAPAMETPbLI TEILJIOHOCUTE s (JIABJICHUE,
TEeMIIEPATypa, MacCOBOE COJEPKaHue Mapa B AByXda3HOil cMecu <BoJa-laps u T.J.) HEIo-
CPEJICTBEHHO Ha BXOJIe B IiacT. [ljisi pacdera pasjndHbIX MapaMeTpPOB TEIJIOHOCUTEJIs 110
riiyOrHe HArHETATeJNbHOM CKBAXKUHBL (B TOM 4HCJIe U Ha 3a00€) MpeJjIozKeHa MaTeMaTuIe-
CKasl MOJIeJIb HUCXOJSINEro TeYeHns TOpsTUeil IIapOBOJIsHON CMecH B BEPTUKAJILHOM KaHAJIe.
B mozesnn yurenbl (pa3oBbie IEPeXO/Ibl, IPOUCXOAAIINE B IBYX(a3HOU CMECH <BOJA-TIAP>,
U BHEIITHWI TEII00OMEH CKBAYKUHBI ¢ OKPY2KAIOIIUMU TOPHBIME IOPOJaMu (B TOM YHCJIE U
MHOTroJIeTHEMEP3JIbIME ). Ha OCHOBE IpeijIozKeHHO# MaTeMaTudecKoil Mojesn pa3paboral
ajiropuT™, 6a3UPysICh HA KOTOPOM, PEIIaeTcs KBasucTalMoHapHas 3ajada. [Ipu srom Mme-
tomoM Pynre — KyTTobl 4-ro mopsifika TOYHOCTH PeIIaeTcs cucreMa auddepeHnua bHbIxX
yPpaBHEHUIl, ONUCHIBAIOIIAS CTAIIMOHAPDHOE TeUYEHNe TEIIOHOCUTE s B CKBaXKUHE, U aBTOP-
CKUM METOJIOM SHTAJIBIINN C UCIIOJb30BAHUEM HESIBHOIM CXEMBI PEIIaeTCsl HECTAIMOHAPHAS
3aJ]aua pacupeiieieHusl TEMIIEPATYPbl B OKPYZKAIOMIUX CKBAXKHUHY IIOPOJaX (B TOM HHUCJIE
Mep3uiblx ). PaspaboTaHHblil IPOrpaMMHBIN IPOLYKT HO3BOJIET HAWTH JIJIs KazKJ0I0 MOMEH-
Ta BPEMEHU PaCIpeiesieHne 1Mo TIyOnHe CKBaXKUHBI PA3JIMIHBIX TAPAMETPOB HUCXOJIAIIETO
JIBYX(A3HOTO [TOTOKA C yIETOM BHEIITHErO TEIJIOOOMEHA, & TAKXKe JJIsl pa3/IMIHBIX MOMEHTOB
BPEMEHH IKCILIyaTalli CKBaXKUHBI PacCIIpe/ie/IeHAe TEMIIEPATYPhI B OKPY2KAOMINX TOPHBIX
[IOPOJAX M PAJUYC MPOTAMBAHKS MHOI'OJIETHEMEP3JIBIX IIOPO/I.

Karouesvie crosa: deyrdadnovili nomork; mensoHOCUmend; HazHEeMaMesbHas CKEANCUNA,
MHO2OAETNHEMEDPIABLE NOPOBL; 30HA NPOMAUBIHUS.
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