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This paper aims to optimize the injection temperature and pressure of supercritical
steam. For this purpose, the author acquired the variations of the supercritical steam
parameters (i.e. density, viscosity, thermal conductivity, enthalpy and specific heat)
with temperatures and pressures, plotted the 3D diagrams of the variation patterns,
and performed surface fittings of the results. On this basis, the calculation formulas
were put forward for the physical parameters of steam under changing temperature
and pressure. According to the theories of heat transfer, thermodynamics and fluid
mechanics, a mathematical model of wellbore temperature and pressure was created
for supercritical cyclic steam simulation (CSS), and discretized the calculation
formulas by node analysis. Based on the model, a computation software was
compiled for supercritical CSS, and applied to calculate the variation in wellbore
temperature and pressure with well depths. The results show that the calculated
temperature of wellbore steam decreased linearly, while the calculated pressure of
the steam increased linearly, with the increase of well depth. Through comparison,
the calculated results were found to be consistent with the distribution curves of the
test results. The error between the two sets of results is extremely small. The research
findings shed new light on the design and optimization of supercritical CSS

parameters.

1. INTRODUCTION

Supercritical steam refers to the steam with temperature and
pressure higher than the critical values (374°C and 22.1MPa).
The supercritical steam exists in an intermediate state between
gas and liquid: it is denser than gas, and less viscous than
liquid. These features make the supercritical steam a good
medium for mass transfer and heat transfer.

In light of these, PetroChina Tuha Oilfield Company
invented the technology of supercritical cyclic steam
stimulation (CSS) for exploiting heavy oil reservoirs [1, 2].
Compared to conventional CSS, the supercritical CSS can
extract the heavy oil deeper than 2,000m [3, 4], realize a high
daily yield of single well, and ensure a long period of stable
production.

During the supercritical CSS, the varying temperature and
pressure directly bear on the parameters of the supercritical
steam in the wellbore, including density, viscosity, and
thermal conductivity [5], and, in turn, affect the CSS
performance. To optimize the injection temperature and
pressure of supercritical steam, this paper explores the
distribution law of temperature and pressure in the wellbore
during supercritical steam injection. The research findings
shed new light on the design and optimization of supercritical
CSS parameters.
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2. THERMAL PROPERTIES
STEAM

OF SUPERCRITICAL

The first step of supercritical CSS analysis is to understand
the wvariation of supercritical steam parameters with
temperatures and pressures. Hence, this section discusses the
trends of density, specific heat, enthalpy, viscosity coefficient
and thermal conductivity in near-critical and supercritical
conditions. All these parameters were extracted from the NIST
Reference Fluid Thermodynamic and Transport Properties
Database.

2.1 Change law of supercritical steam density

Figures 1 and 2 present the variation of supercritical steam
density with temperatures and pressures. Near the critical lines,
the supercritical steam density plunged deeply with the rise in
temperature and surged up with the increase of pressure. Thus,
temperature is the key determinant of supercritical steam
density. When the temperature fell between 375°C and 420°C,
the supercritical steam density changed drastically at any
slight change of temperature or pressure. When the
temperature was above 450°C, the density exhibited a slow
decline with the increase of temperature. Further increase in
temperature led to a minor growth in supercritical steam
density. It can be considered that the density remained
basically the same after the temperature surpassed 450°C.
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Figure 1. Supercritical steam density at different pressures

07
06
0.5
04

0.3
0.2
0.1

30

wa
(4]

ql:l 15 20 25

Prezsure (WPa)

Figure 2. Supercritical steam density at different
temperatures
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Figure 3. Correlations of supercritical steam density with
temperature and pressure

Figure 3 is a 3D diagram of the correlations of supercritical
steam density with temperature (375°C~390°C) and pressure
(32MPa~35MPa). It is clear that the density changed regularly
with the two parameters. For instance, the supercritical steam
density was 0.58776g/cm? at the temperature of 375°C and the
pressure of 35MPa, and the lowest density of 0.49841g/cm® at
the temperature of 390°C and the pressure of 32MPa. The
surface was fitted by the following formula:

27.9466

p= 2.28977—?—0.004171T e)

where p is the density of supercritical steam (g/cm®); T is the
temperature of supercritical steam (°C); P is the pressure of
supercritical steam (MPa). These parameters were also applied
to the subsequent analysis.
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2.2 Change law of supercritical steam viscosity

Figures 4 and 5 depict the variation of supercritical steam
viscosity with temperatures and pressures. Near the critical
lines, the supercritical steam viscosity underwent dramatic
changes similar to those of the density. With the increase of
temperature, the viscosity of supercritical steam firstly
plunged deeply and then slightly moved up. With the increase
of pressure, the viscosity exhibited a gradual increasing trend.
However, the viscosity changed little and tended to be stable
after the temperature exceeded 450°C.
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Figure 5. Supercritical steam viscosity at different pressures
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Figure 6. Correlations of supercritical steam viscosity with
temperature and pressure

Figure 6 is a 3D diagram of the correlations of supercritical
steam viscosity with temperature (375°C~390°C) and pressure
(32MPa~35MPa) [6]. It can be seen that the viscosity changed
regularly with the two parameters. For example, the
supercritical steam viscosity reached the maximum at the
temperature of 375°C and the pressure of 35MPa, and the



minimum at the temperature of 390°C and the pressure of
32MPa. The surface was fitted by the following formula:

0.02004 1.01477

1=-0.0000539348 - === + = @

where g is the viscosity of supercritical steam (pg-s).
2.3 Change law of thermal conductivity

Figures 7 and 8 display the variation of thermal conductivity
at different temperatures and pressures. In general, the thermal
conductivity decreased with the rise of temperature and
increased with the increase of pressure. After the temperature
reached 500°C, the thermal conductivity basically remained
unchanged. The local peak value of the thermal conductivity
appeared near the critical lines. With the growth of pressure,
the local peak showed a decreasing trend, and ceased to exist
once the pressure reached 31MPa.

Figure 9 is a 3D diagram of the correlations of thermal
conductivity with temperature (375°C~390°C) and pressure
(32MPa~35MPa) [7]. Overall, the thermal conductivity is
negatively correlated with the temperature, and positively with
the pressure. After the temperature reached 500°C, the thermal
conductivity remained essentially constant. The surface was
fitted by the following formula:
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Figure 7. Supercritical steam thermal conductivity at

different temperatures

Thermal conductivity

Pressure(MPa)

Figure 8. Supercritical steam thermal conductivity at

different pressures

0.03038P

3)
inP

A=0.535175-7x10"°T? +

247

where A is the thermal conductivity of supercritical steam
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Figure 9. Correlations of thermal conductivity with
temperature and pressure

2.4 Change law of supercritical steam enthalpy

Figures 10 and 11 illustrate the variation of the supercritical
steam enthalpy (h) at different temperatures and pressures.
Near the critical lines, the enthalpy underwent rapid changes:
it increased with the increase of temperature and decreased
with the increase of pressure. After the temperature surpassed
500°C, the enthalpy exhibited a linear positive correlation with
temperature and a linear negative correlation with pressure.
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Figure 10. Supercritical steam enthalpy at different
temperatures
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Figure 11. Supercritical steam enthalpy at different pressures

Figure 12 is a 3D diagram of the correlations of supercritical
steam enthalpy with temperature (375°C~390°C) and pressure
(32MPa~35MPa) [8]. Near the critical lines, the enthalpy
increased rapidly with the increase of temperature, and
decreased quickly with the rise of pressure. The surface was
fitted by the following formula:
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h =109.1574 —1.24915P + 0.01767P% — “4)

where h is the enthalpy of supercritical steam (kj/kg);
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Figure 12. Correlations of supercritical steam enthalpy with
temperature and pressure
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2.5 Change law of specific heat

Figures 13 and 14 show the variation of the specific heat
(Cp) of supercritical steam with temperatures and pressures.
As can be seen from the figures, the specific heat climbed up
rapidly towards the peak value with the rise of temperature,
and then gradually stabilized; with the increase in pressure, the
specific heat first moved fast towards the peak value, then
dropped quickly, and finally tended to stable.
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Figure 13. Specific heat at different temperatures
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Figure 14. Specific heat at different pressures

In the supercritical range, there is a local maximum of the
specific heat at each pressure in the supercritical range. The
temperature corresponding to the maximum value is called the
quasi-critical temperature. Figure 15 shows the relationship
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between the maximum specific heat and the pressure. It can be
seen that, near the critical point, the maximum specific heat
dropped sharply with the increase of pressure; the maximum
value at the quasi-critical temperature is more than 1,000 times
the specific heat at room temperature; the peak value ceased to
exist when the pressure reached 23MPa. The relationship
between the maximum specific heat and the pressure can be
expressed as:

Cp = P_lf'l% -1.2703
0.02635P° —12.832

)

where C, is the maximum specific heat (kj/kg°C); P is the
pressure corresponding to the maximum specific heat (MPa).
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Figure 15. Maximum specific heat at different pressures

3. MODEL CONSTRUCTION AND SOLUTION
3.1 Model construction

Based on the target well, a coordinate system was set up for
the well structure (Figure 16). In the system, the wellhead was
taken as the origin and the vertical downward direction as the
positive direction. Then, a microelement dy was obtained in
the vertical direction. Let dQ, and dQ,., be the heat loss of fluid
and the heat transferred from the steam per unit of time,
respectively [10]. These parameters can be obtained by the law
of conservation of energy [11]:

Wellbore

Adiabatic
laver

Figure 16. Well structure
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where W is the mass flow (kg/s); C, is the specific heat
(kjlkg°C); T is the wellbore temperature (°C); 7 is the
formation temperature (°C); r; is the outer diameter of steam
injection well (m); U is the total heat transfer coefficient
(Wim?°C).

For simplicity, the thermal dissipation of the formation was
described by the dimensionless thermal conduction function
f(t) [12]:

(y) — 2ﬂﬂtﬁ,(-l-h _Te) d

o %

dQ,, y

where A. is the thermal conductivity of the formation (W/m °C);

T, is the temperature of the formation in y (°C); r;, is the outer

diameter of the cement annulus (m); t is the time (h).
According to the heat equilibrium dQ=dQ,. [13], we have:

1 _WUT IR+ AT,

i ®)
A, + LUT (1)
Substituting formula (8) into formula (7), we have:
we, aT, _ 27U [ﬂ] )
dy A, + RUf (t)

The energy formula of supercritical steam flow in the
wellbore is:

-7
Ap:Wq f
Azp_

(10)

.Ay

where p is the density of steam (g/cm?); g is the gravitational
acceleration; g, is the volume flow (m%/s); A is the cutting area
of the wellbore (m?); 1 is the friction loss ( MP,/m).

3.2 Model solution

The iterative method was adopted to solve the model,
considering the variations of the density, viscosity, and
thermal conductivity of supercritical steam with temperatures
and pressures [14]. Solving formula (9), we have:

22U 4,

= ——y)+T,
WC, [4, +KUf ()]

T.(y) =c-exp(- 1)

G
22t 0 2,
WC,[4, +Uf (1)]

The wellbore was divided into several microsecond sections,
and solved by nodal analysis. The initial conditions were set

as: Y=1VY,,, I, =T, and T, =T [15]. Substituting these

|
conditions into formula (11), we have:
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Tin _Tein + 2721’2Ule
~ WC,[4, +rUf ()] (12)
¢= 271,07,
exp(— vvc—) Yin
o[ 4 + U (1)]

Then, the temperature of each small outlet node can be
expressed as:

G

Tou = Te + (Tin _Tein + —) :

! 2rrU A4,

WC, [4, + Ut ()] (13)
271U 2,

expl-———= -V

Pl WC, [/, + Ut (t)](yom Yl

G
22r0 4,
WC, [, + LU (O]

4. CASE STUDY

To verify the proposed model, a case study was performed
on the supercritical steam injection well L31513 in Lukeqin
Oilfield.

4.1 Initial parameters

(1) Formation parameters

The reservoir temperature is 25°C, the reservoir depth is
220.5m, the surface temperature is 19.5°C, the formation
thermal conductivity is 2.28 W/W/m?°C, and the surface
temperature gradient is 0.025°C/m;

(2) Gas injection parameters

Under the pressure of 33MPa and the temperature of 390°C,
the gas was injected at the rate of 5.5t/h for 7.6d. The steam
was 100% dry.

(3) Parameters of tube casing and cement annulus

The same tube was used for steam injection and oil recovery.
For the tube, the inner diameter is 0.062m, the outer diameter
is 0.073m, and the thermal conductivity is 37 W/m?°C. For the
casing, the inner diameter is 0.1598m, the outer diameter is
0.1778m, and the thermal conductivity is 40 W/m?°C. For the
cement annulus, the inner diameter is 0.18m, the outer
diameter is 0.24m, and the thermal conductivity is
0.3kcal/(m?-h°C). The annular medium is air with a thermal
conductivity of 0.06 W/m’-"C.

4.2 Software interface

Based on the previous discussions, the author compiled a
software for the calculation of temperature and pressure during
the supercritical CSS.

(1) Steam dryness and heat loss

The calculation interface of the dryness and heat loss of the
supercritical steam is presented in Figure 17.

(2) Temperature distribution of casing and cement annulus

The calculation interface of the temperature distribution in
the casing and cement annulus is illustrated in Figure 13.

(3) Temperature and pressure of supercritical steam

The calculation interface of the temperature and pressure of
the supercritical steam injected into the wellbore is given in
Figure 19.
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Figure 17. The calculation interface of the dryness and heat
loss of the supercritical steam
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Figure 18. The calculation interface of the temperature
distribution in the casing and cement annulus
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Figure 19. The calculation interface of the temperature and
pressure of the supercritical steam

4.3 Results analysis

The temperature and pressure distributions of L13315 well,
Lukeqin Oilfield were calculated with our model, and
compared with the measured data. As shown in Figures 20 and
21, the calculated temperature of wellbore steam decreased
linearly, while the calculated pressure of the steam increased
linearly, with the increase of well depth. The calculation
results are consistent with the distribution curves of the test
results. The error between the two sets of results is extremely
small (<1,500m), indicating that the proposed model can guide
the design of the supercritical CSS parameters in the oilfield.
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Figure 21. Comparison of calculated and measured pressures

5. CONCLUSIONS

This paper acquires the variations of the supercritical steam
parameters (i.e. density, viscosity, thermal conductivity,
enthalpy and specific heat) with temperatures and pressures,
plots the 3D diagrams of the variation patterns, and performs
surface fittings of the results. On this basis, the calculation
formulas were put forward for the physical parameters of
steam under changing temperature and pressure.

According to the theories of heat transfer, thermodynamics
and fluid mechanics, the author created the mathematical
model of wellbore temperature and pressure in supercritical
CSS, and discretized the calculation formulas by node analysis.

Based on the model, a computation software was compiled
for supercritical CSS, and applied to calculate the variation in
wellbore temperature and pressure with well depths. The
results show that the calculated temperature of wellbore steam
decreased linearly, while the calculated pressure of the steam
increased linearly, with the increase of well depth.

Through comparison, the calculated results were found to
be consistent with the distribution curves of the test results.
The error between the two sets of results is extremely small
(<1,500m), indicating that the proposed model can guide the
design of the supercritical CSS parameters in the oilfield.
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