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A CFD study of steam injection tubing heat losses
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ABSTRACT

To increase heavy oil production, the petroleum industry uses thermal recovery methods, and the steam
injection is one of the most common techniques. Steam generated at the surface reaches the oil reservoir
through the injection tubing. Heat transfer between the steam and the injection well surroundings the tubing
is analyzed in this work, the challenge in this process to minimize it. It is presented the three-dimensional
simulation of the multiphase turbulent liquid-vapor flow along with a 100 m wellbore domain composed
by injection tubing, annular space, casing, and rock formation. With the software ANSYS CFX® 15.0,
the response of a low thermal conductivity tubing and formation temperature to steam injection at 80%
of quality, injected at two different flow rates, is evaluated. The insulated material tubing (IMT) has the
best performance compared to the conventional configuration, for both 1.2 kg/s and 3.3 kg/s flow rates.
Additionally, the higher flow rate shows higher steam quality results when using a conventional tubing
while maintaining 0.13% more quality at the tubing output.

Keywords: Heavy oil, steam injection, heat transfer, ANSYS CFX® 15.0, steam quality.

RESUMEN

Con el objetivo de viabilizar la produccion de petroleo pesado, los métodos de recuperacion térmica son
los mds utilizados y dentro de esta categoria la inyeccion de vapor es una de las técnicas mds difundidas.
El calor es transportado desde la superficie hasta el subsuelo donde se encuentra el yacimiento que
contiene el petroleo. Esta operacion es realizada por el vapor generado en superficie utilizando el tubo de
inyeccion como eslabon de conexion superficie-fondo. Se analiza la transferencia de calor entre el vapory
el entorno del pozo de inyeccion a lo largo del tubo, el desafio en este proceso es minimizarlo. Se presenta
la simulacion tridimensional del flujo liquido-vapor, turbulento y multifdasico a lo largo de un dominio de
pozo de 100 m compuesto por tubos de inyeccion, espacio anular, revestimiento y formacion rocosa. Con el
software ANSYS CFX® 15.0 se evaliia el desemperio de tuberias de baja y alta conductividad térmica, con
vapor al 80% de calidad, inyectada a dos flujos diferentes. El tubo con aislamiento (IMT) claramente tiene
el mejor rendimiento en comparacion con la configuracion convencional, para ambos flujos de 1,2 kg/s y
3,3 kg/s. Ademds, la mayor velocidad de inyeccion muestra mejores resultados, en términos de la calidad
del vapor; cuando se usa una tuberia convencional, la calidad en la salida de la tuberia es 0,13 % superior.

Palabras clave: Petroleo pesado, inyeccion de vapor; transferencia de calor;, ANSYS CFX® 15.0, calidad
de vapor.
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INTRODUCTION

Oil companies have increased the search for new
technologies in order to raise the recovery factor
of the oil contained in the reservoirs and reduce
the costs of production projects [1, 2, 3, 4]. For the
heavy oils production, i.e., extremely viscous oils
at the reservoir environment temperature, the main
technological approach is to reduce its viscosity
through the use of thermal methods [5, 6, 7, 8].
Heavy oil recovery is traditionally thought of as
thermal stimulation of low API gravity oil, which
may range from 4 to 20 °API (1,040 to 930 kg/m?)
[9]. The thermal methods enable production in fields
considered non-commercial by conventional recovery
methods. Since the heavy oils viscosity is highly
temperature-dependent, the heating increases their
mobility [10]. One of the most popular techniques
is steam injection. Economic considerations often
limit these projects since they require a big capital
for their development.

The most common vehicle used to inject heat in the
reservoir is saturated steam. Hot water and heated
gases have been tried, but none are as effective as
high-quality steam [11]. According to an “Oil & Gas
Journal” survey by Moritis (2000 apud [11]), steam
enhanced oil recovery (EOR) projects accounted for
417,675 barrels of oil per day (BOPD), or 56% of
the total for all enhanced recovery methods. That
production rate has been essentially flat for more than
15 years. Hydrocarbon gas injection and CO, gas
injection are the only other significant contributors
and amount to only 17 and 24%, respectively.

The injected steam is generated on the surface by
fixed or mobile steam generation facilities (SGF).
The system is made up, besides the SGF, by
distribution lines and the steam injection tubing.
These tubings can be made of steel (non-insulated
— conventional configuration) and insulated (for
example, vacuum insulated tubing). The configuration
for the continuous steam injection case is illustrated
in Figure 1. Steam at high temperatures is obtained
in the steam generators (1) which convert water
from the liquid state to the saturated steam state,
i.e., wet steam state. The generators have standard
capacities of 15, 25, 50, 100 and 250 MMBTU/h
and maximum operating pressures of 1,500 to 2,500
psi. The steam at the exit of the SGF has a certain
quality and is transported through the distribution

lines (2) to the top of injection wells. As it passes
through the injection tubing (3), the steam loses
thermal energy to the surrounding formation.
Concepts related to the thermally insulated pipeline
are presented in [12]. The heat transfer event is due
to the difference between the internal well fluid and
external geothermal temperatures [13]. The remnant
of the heat carried by the steam that reaches the well
bottom enters the oil reservoir (4) [14, 15]. As the
steam loses heat to the formation, it is condensed
into hot water. The oil viscosity, diminishes and it
can be produced in the production well (5) [16],
arrives at the top of the well (6) and is sent to the
separation facility [17]. In this work, the phenomena
that occurred in stage (3) are studied.

1
Steam generator

Injection well Production wedl

-
= 2
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 Steam injection tubing,

St Hat
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Figure 1. Continuous steam injection schematic
Adapted from [17].

Although water is treated, it is not possible to
completely remove the dissolved salts. Thus, in
the generator, a fraction of the water is in a liquid
state to maintain the salts in solution, minimizing
precipitation and formation of scales on the inner
walls of the SGF tubes. The scale decreases the
efficiency of the facility and can come off suddenly
causing clogging with disastrous consequences.

Steam injection involves heat losses to the external
medium (Figure 2), and its control is a challenge.
Losses at the surface and along the well can be
partially controlled and minimized using, for
example, mobile SGFs to be closer to the injection
wellheads, and use insulation in the distribution
lines and injection tubing [18]. Extensive lines cause
greater losses. In the reservoir, the heat losses are
not controllable. The steam heats the rock, the water,
the upper and lower rock layers, and finally the oil.

Heat transfer occurs through conduction, convection,

and radiation. In the well, the heat flow occurs
through thermal conduction in the injection tubing,
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Figure 2. Surface and subsurface heat losses

Adapted from [19].

in the thermal insulation, in the casing, in the cement,
and the rock formation. Meanwhile, in the annular
space, depending on the fluid contained in it, the
heat transfer can occur by radiation, conduction, and
convection [18]. A parameter that allows measuring
the importance of heat transfer through convection
and conduction is the Nusselt number Nu, given
by equation (1)

Nu= cic (1)

where A, is the coefficient of convective heat transfer
in the wall, d;. a characteristic length, in the case
of steam injection is the fixed inner diameter of the
injection tubing and 4,, the thermal conductivity of
the mixture [20].

Heat losses in the flow along the injection tubing
induce a progressive steam condensation, creating
a liquid film on its inner surface and therefore a
biphasic liquid-vapor mixture, with consequent
reduction of the steam quality and enthalpy.

In order to minimize the steam heat loss along the
well, the injection tubing utilized can be one made
of low thermal conductivity material or thermally
insulated, contributing to the maintenance of the
injected steam high quality. Thus, some of the
methods used for this purpose is the use of the
vacuum insulated tubing (VIT), shown in Figure 3,
or the use of an insulated material tubing (IMT).
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The VIT technology consists in the use of two
concentric tubes that are welded at their ends,
creating an annular space containing a vacuum,
which minimizes radial heat transfer [21, 22, 23,
24, 25, 26, 27, 28]. However, since the junction
(connector) between two tubings is not insulated,
heat transfer may be significant at this location [29].

T External pi_n.-
2 Coupling
3 Imternal pipe
4 Shickd insulation
5 Gretrer { gas absorber)
6 Vacuum valve
7 Coupling msert ( fuoroplastic)
8 Bowl protector
8 Viscuum created in the annular space

10 Comnection element

11 Stabilizing ring

Figure 3. Vacuum insulated tubing - VIT [41].

In addition to reducing heat loss from steam to
formation, VIT minimizes thermal stresses in the
casing and cement and optimizes the cycles of cyclic
steam stimulation to improve projects economically
[24]. However, as a disadvantage, the adoption of
VIT will increase costs compared to the use of
conventional tubing.

In this paper, the steam injection is analyzed along
with the tubing, one with conventional configuration
and another with the IMT one, shown in Figure 4.
The injection process was simulated in the ANSYS
CFX® 15.0 software [30]. Homogeneity of the
mixture is assumed, implying that there are no flow
regime effects and that both phases flow with the
same velocity, i.e., there is no slip between them.

Objective

The objectives of these steam injection simulations
are analyze the steam quality behavior, pressure and
temperature profiles along the tubing for distinct flow
rates and formation temperatures to maximize the
outlet steam quality and consequently the thermal
recovery method efficiency.

MATHEMATICAL FORMULATION

Transport equations
The mathematical behavior of the liquid-vapor
mixture, subscript m, is described by the equations
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Figure 4. Problem schematic representation, which
corresponds to the section 3 of Figure 1.
Adapted from [38].

of continuity, equation (2), conservation of linear
momentum, equation (3), and equation of energy,
equation (5), detailed below

o 45 -(p,,i1) =0, @)
ot

where p,, is, the mixture density, and u is the
velocity vector [30, 31]. The first term on the left
side represents the mass rate change in terms of
the chosen infinitesimal element, and the second
term represents the net mass flow rate out of the
control surface.

Assuming the non-slip condition between the two
phases, the conservation of the linear momentum
equation, equation (3), can also be described in terms
of a mixture, since the homogeneous multiphase
model imply that the phases share the same pressure
p and velocity u fields [31].

ol p,,u - = -
%+V-(pmuu)=—Vp+V~r+pmg. 3)
The first and second terms on the left side of the
previous equation represent the local and convective
acceleration, respectively, and the terms on the right
side represent the pressure forc_es, the viscous forces
and the gravitational force (g =98m/ szi) . The
stress tensor 7 is related to the velocity gradient
Vu through

= -~ -\T
T = lhyep [Vu+(Vu) ] )
Umegr 18 the effective viscosity from the turbulence

model, 5= ., + 1, Where u,,, is the viscosity of
the mixture, and 4, is the turbulent viscosity defined

by equation (10). Finally, the energy equation of
the fluid, equation (5), [30, 31] is

stat

%+V-(pmﬁhz‘”)=V-(lmVT), s)
where 27, is the mixture thermal conductivity and the
term /1, is the mixture static enthalpy calculated
by nS“ —pd = f ;ref ¢, (T)dT , butsince the default
reference state in the ANSYS CFX-solver works with
null reference enthalpy, i.e., h¢ =0, /kg[30,31],
[30, 31], it is rewritten as

' = [7,C,(T)dT, (6)

with ¢, (T) the specific heat at constant pressure,
T, is the reference temperature and 7T the system
temperature [30]. The enthalpy is the total energy
stored by a pure substance from an initial state of
pressure and temperature up to a certain pressure
and temperature [32].

The phase equilibrium change model assumes that the
mixture of the two phases is in local thermodynamic
equilibrium and is especially suitable for the steam
condensation flows with small fractions of the liquid
mass. This means that the phases have the same
temperature and that the phase change occurs very
quickly. To determine the vapor mass fraction or
quality ¢, the flow solver uses the lever rule given
by equation (7) [32]

' = (P) " ~has(P) (g

¢=
hsal,v (p)_hsaz,l(p) hsat,lv (p)
where p is the static pressure, A, (p) and hg,, (p)
are the saturation enthalpies of liquid and vapor,
respectively, as a function of pressure.

With the values of p and £,,, the temperature 7 is
determined by interpolation in table IAPWS-IF97.
This database is obtained with a set of equations
for different regions covering the following validity
range: 273.15 K < 1,073.15 K for p < 100 MPa
and 1073.15K < T £2,272.15 K for p < 50 MPa.
In this work, the formulation extends to predict
the properties of steam and water in the following
temperature and pressure ranges, respectively: 450
K <T <900 K and 1MPa < p < 30 MPa. Besides,
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the steam and water thermodynamic properties
can also be presented in graphic form through the
pressure-enthalpy diagram [32].

In the solid domains of the problem (injection
tubing, annular space, and casing) as represented in
Figure 4, the energy conservation equation governed
by equation (8) is solved

psi cpi aTsi _
ot

A VT (®)

si Si?

where p,; is the density, C,, is the specific heat at
constant pressure, A is the thermal conductivity
and 7; is the temperature of the three solid regions
involved: i = 1 (injection tubing), i = 2 (annular
space) and i = 3 (casing). These parameters values
can be found in Table 3.

Turbulence modeling

Flows can be classified according to the type of
motion and velocity of the fluid particles, becoming
unstable after a particular Reynolds number Re,
equation (9).

Re = O tind;, ©)
Mo

For low Reynolds number, the flow is laminar.
As for high Reynolds numbers, the flow has
turbulent characteristics, a random and chaotic
state of motion where velocity and pressure change
continuously with time [33]. The Reynolds values
at the tubing input plane with a mean velocity
uin and diameter d;, are shown in Table 2, and
represents the chaotic behavior of the flow.
Thus for this study is used the turbulence model
K — ¢, proposed by Chou (1945 apud [33]). This
model is often used with problems involving heat
exchange with vapor [34, 35, 36]. It solves two
different transport equations: Turbulent Kinetic
Energy k, equation (11), defined by the variation
of the velocity fluctuations; and Turbulent Kinetic
Energy Dissipation Rate ¢, equation (12). The
model assumes that the turbulent viscosity g, is
connected to the turbulent kinetic energy k and
dissipation ¢ through the following ratio

k2

My =C14mpm?7 (10)
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where C,,, is a typical model constant and equal to
0.09 [30]. The values of k and ¢ are obtained from
the differential transport equations for the rate of
turbulent kinetic energy, equation (11), and turbulent

dissipation, equation (12).

—a(ﬁ;’;‘K)+V-(pmﬁK)=V-
an
(um+&)VK +P,-p,¢,
Ok
—a(’;':’s)+v-(pmﬁg)=v-
u, . (12)
V-—+£|Ve|+—(C ,
(Hm+ 08) & +k( £2pm‘9)

P, is the turbulence production due to viscous
forces; C,y, Cp, O, and o, are typical constants
of the turbulence model with the respective values:
1.44; 1.92; 1.0; and 1.3; u is the velocity vector
average in time [30].

Boundary conditions

To solve the system of equation it is necessary to
delimit its solution domain, that is, to establish the
boundary conditions

e Input (x=0in Figure 4): steam injection rate g;, =
1.2 kg/s and 3.3 kg/s [39], steam temperature 7},
=595.59 °C [32], steam quality ¢, = 80% [8];

*  OQutput (x = L in Figure 4): steam pressure P,
=11.7 MPa [37]; and

»  External border (y = well radius in Figure 3):
in the formation the temperature is constant and
equal to two values, T,,,;: 283 K and 333 K.

It must be remarked that we assumed the formation
temperature as constant along with the well depth,
since the geothermal gradient influence would
not show a meaningful difference for this project,
given that 400 meters is the length of our simulated
tubing. A constant temperature is enough to provide
us the heat exchange and its influences that we
expected to see.

Analyzed cases
Four cases were considered, and their data can be
observed in the following table (Table 1).
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Table 1. Main parameters of cases considered.

Case Injection | Inlet .steam Formation
rate, kg/s quality, % | temperature, K
1 1.2 80 283
2 3.3 80 283
3 1.2 80 333
4 3.3 80 333

The calculation of the Reynolds and Nusselt numbers
of the steam-water mixture requires average values
of the mixture density p,,, the mixture viscosity u,,,
of the convective heat transfer coefficient /., and
the mixture thermal conductivity 4,,. These data
concerning the steam-water mixture at the inlet of
the injection tubing are determined in the ANSYS
CFD-Post and shown in Table 2.

Table 2. Properties of the steam-water mixture and
additional numbers.

Case Oms kg/m® | u,,, kg/(m s) Re
1 and 3 186.2 3.2292x107° 1.73x10°
2 and 4 187.24 3.2298x107 | 4.61x10°
h,, W/(m? K) Ams W/(m K) Nu
1,294.12 0.1688 582.4
3,178.14 0.1701 1,420

All cases present high Nusselt values. It means
that their heat transfers have a bigger influence on
the convection mechanism when compared to the
conduction. Since the cases 2 and 4 present bigger
Nusselt values, it can be affirmed that these cases
have a stronger influence of convection when
compared to cases 1 and 3.

SOLUTION METHOD

Problem definition

The system for the study of the steam heat transfer
to the formation along the 100 m (theoretical for
simulation purposes) long vertical well is formed by
the steam, injection tubing, annular space containing
stagnant gas at constant pressure (which will be
referred to as gas blanket), steel casing column in
contact with the wall of the well and the formation
itself. Saturated steam is injected into the top of
the injection tubing. The formation temperature is

assumed constant with values equal to 283 K and
333 K. The initial vapor temperature is 595.59
K for all situations. Since there is heat exchange
between the steam and the cooler external medium,
the steam quality decreases along the tubing due to
the condensation process. This work is an evolution
of the work developed by [38], where the tubing
had only 20 meters and consequently input data
also differed.

To evaluate the effect of the insulating material on
the steam quality, two simplified configurations for
the injection tubing are tested: conventional tubing,
made of steel, and insulated material tubing (IMT)
that it is made of a low conductivity material, both
with an equal length of 100 m, and equal thickness
of 1.3 cm (0.51 in), Figure 4. This study assumes that
the tubings do not have threaded joints. In addition,
the gas blanket is stagnant and does not present heat
transfer by convection. The tubing inner diameter
d;.1s 7.6 cm (2.99 in); the casing inner diameter d;,
i$22.6 cm (8.9 in) [39]. In this study, the cemented
region between the casing outer surface and the wall
of the drilled well is not included in the analysis.

The steam thermodynamic properties were obtained
using the database of table IAPWS-IF97 (IAPWS -
International Association for the Properties of Water
and Steam). When developing the IAPWS database
for the ANSYS CFX® solver, the properties should be
evaluated according to local pressure and temperature.

Data regarding the properties of the materials, shown
in Table 3, were used.

The specific heat and density of the gas blanket
were estimated from the mean temperature between
the formation temperature of 283 K and the steam
temperature (595.59 K). Additionally, the heat
flow in the well is considered to be permanent, and
the tubing concentric with the casing. For fluids
characterization, the homogeneous multiphase model
was used; that is, the homogeneity of the mixture was
assumed along with the non-slip between phases.

This study proposes to estimate the pressure,
temperature, and steam quality along the length
of the injection tubing for different steam injection
flow conditions and formation temperature. The
condensation effects, an important phenomenon in
steam injection operations, are considered.
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Table 3. Materials properties [39, 40].

Material property Value
Gas blanket thermal conductivity, W/(m K) 0.05
Gas blanket specific heat, kJ/(kg K) 1.082
Gas blanket density, kg/m3 65.39
Casing thermal conductivity, W/(m K) 44
Conventional tubing thermal conductivity, a1
W/(m K)
Insulated material tubing (IMT) thermal 0.01
conductivity, W/(m K)
Injection tubing and casing specific heat, kJ/

0.434

(kg K)
Injection tubing and casing density, kg/m3 7,200

Numerical approach

The equations that govern the three-dimensional,
turbulent, multiphase problem are solved by the
finite volume technique implemented in ANSYS
CFX® 15.0 [30].

The flow is multiphase due to the presence of two
distinct phases, steam, and condensate. However,
it is considered that it is in local thermodynamic
equilibrium; that is, the two phases have the same
temperature and are treated as a single-phase flow.
In this way, the homogeneous multiphase model is
adopted, where both phases share the pressure and
velocity fields, and there is no slip between them.

Although, the adopted regime is stationary, the
solution is obtained through the pseudo-transient
approach. ANSYS CFX® uses a solver coupled
between the linear momentum and pressure equation
(velocity-pressure coupling), which solves these
hydrodynamic equations for u, v, w, and p as a
single system using Rhie Chow interpolation. This
solution approach uses a fully implicit procedure.

The proposed approach for this work is based on
three-dimensional (3D) analysis of the liquid-vapor
mixture flow, assuming domain symmetry to reduce
computational effort. The geometry is built with
the DesignModeler software involving the domains
steam, tubing (solid), annular space (solid: stagnant
gas - gas blanket), casing (solid) and rock formation
(Figure 5a). The spatial discretization was obtained
with the Meshing software, resulting in 174,150
elements (1,350 prisms and 172,800 hexahedrons)
(Figure 5b), with 30,150 elements in the steam field,
27,000 elements in each field of tubing and casing,
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and 90,000 elements in the gas blanket domain.
This level of refinement is selected after the mesh
test described in the next section.

0,000 9100 0,200(m)
1

o050 [ §L%]

Figure 5a. Part of domain.

0,100 ()

oos0 0150

Figure 5b. Part of discretized domain.

After incorporating the boundary conditions, steam
and involved solids properties, as well as operational
parameters of the injection, the problem is solved with
the CFX-Solver manager, and then the results are
post-processed in ANSYS CFD-Post. With an average
of 635 iterations and a maximum residual level of
5.0x107*, the simulations were completed. The average
simulation time was 21 minutes and 29 seconds on
a computer with the following configurations: Intel
(R) Core i15-2350M, CPU @ 3.60GHz, 8.0GB of
RAM, and 64-bit operating system.

Mesh test
It can be observed from Figure 6 that the most refined
meshes did not show sufficient discrepancy with the
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results of the simplest mesh, the 174,150 elements
one. The simulation time for meshes with the total
of 174,150, 387,000, and 774,000 elements were
respectively 21.5, 49.2, and 106.6 minutes. Based
on these facts, it is concluded that the mesh with
174,150 elements is the most adequate for this work.

= 80,05 ssssss 174150 eements

> L%‘B - a= = 387,000 elements

= T S O 774,000 elements

E?BLSS | %&313 |

5

% 7975 + i Y -

2

£ 1965 |

£ i

79,55 T S
0 20 40 60 80

Length, m

Figure 6. Steam quality behavior with the mesh
refinement.

RESULTS

The presented results are average values calculated
in the y-z contour by equation (13)

E:;l HiAi )

eave R —
Ei=l 4,

where = 6,,, is the average value of the variable of
interest in the y-z contour, i is the element index,
A, the element area, 6, the variable of interest value
in the element i and 7 is the number of elements
in the domain of interest. The results presented
in the following are in the steam domain where n
= 48, and the variables of interest are pressure p,
temperature 7" and steam quality ¢.

(13)

Pressure and temperature behaviors along the
tubing

Initially the behaviors of the pressure and temperature
are verified in Figures 7 and 8, respectively, both
regarding the well depth x, i.e., along with the tubing.
Since it is a steady system, as it was previously
assumed, the velocity and the pressure at a certain
point do not vary with time. The temperature also does
not change even with the formation of temperature
changes. These external changes only affect the
steam quality because there is loss of latent heat

and the lower the formation temperature, the lower
the mixture enthalpy and thus the quality along the
tubing will also be lower [38].

Because of the vertical configuration, the hydrostatic
column weight (caused by the steam condensation)
increases with the depth, i.e., along with the tubing,
and there is also a pressure drop due to friction it
increases with a lower one (case 1), Figure 7.

By ignoring the acceleration effects, the overall

. 0 .0
pressure gradient _p|T is _p|h equal to the sum
dx d0x

of the hydrostatic component with the friction

component, r ,le. dp| _9p +8_p

ax y ax|y x|, oxl|y
the analyzed conditions, case 2 shows a pressure drop
because of its bigger friction, since its flow rate is
higher, that decreases its overall pressure more than the
condensation increases (Figure 7), and consequently
this decreases also its temperature (Figure 8). The
friction losses dominate case 2, decreasing the total
pressure. The hydrostatic column weight contribution
dominates case 1 where the flow rate is lower, thus;
as a result, the total pressure increases.

[38]. Under

Case 1: Conventional 1 2ke's Text=283K
----- Case2: Conventional 33 ke's Text =283 K

11.85 1

=)
=

11.75

e
=]

Average pressure, MPa
L

1

'

1165 +———fp—s e | P

Length m

Figure 7. Steam injection flow rate influence on the
average pressure along with the tubing.

While in case 1 the mixture temperature increases
with the well depth, i.e., along with the tubing and

. dT
the temperature gradient —

=0.004K/m, in
0x

Casel

=-0.005K/m, and

Case2

since this one has a higher flow rate the saturation
temperature is bigger along with the saturation
pressure required to maintain this process. This
behavior observed in Figures 7 and 8.

. oT
case 2 it decreases —
X
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Figure 8. Steam injection flow rate influence on

the average temperature along tubing.

As the pressure imposed in all cases studied in the
well output is 11.7 MPa, the temperature in this
boundary will be equal to 595.9 K for case 1 and 596
K for case 2. Although the stipulation of the steam
initial temperature is 595.59 K at the tubing inlet
is perceived a slight decrease of the same in case 1
and an increase in case 2. For each value of absolute
steam pressure calculated in the output, there is a
saturation temperature value corresponding. Thus,
for case 1 there is an initial pressure equal to 11.66
MPa and 595.5 K saturation temperature. For case
2, the pressure at the beginning was calculated to
be 11.80 MPa and temperature of 596.5 K.

When compared to Pereira’s work [38] it must be
highlighted that now with a 400 meter tubing a
different pressure and temperature behavior can
be seen: the decreasing pressure/temperature for
higher flow rates (case 2 in Figures 7 and 8). In
the previous works, with a 20-meter tubing, such
profile could not be reached.

Steam quality behavior along the tubing

Figures 9 and 10 show the variation of steam quality
in the two tubing configurations (conventional and
IMT —insulated material tubing), for two steam
injection flow rates and two formation temperatures
(283 K and 333 K). The quality variation is bigger
to the 1.2 kg/s flow rate, Figures 9 and 10. In the
conventional tubing, the quality has a larger drop
in comparison to the IMT, or a lower steam fraction
will reach the end of the route. The steam quality
decrease along the IMT setting is lower because
of its low thermal conductivity. Regarding the
influence of the outside temperature, we can see a
more pronounced decline in the steam quality with
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the lower external temperature, Text = 283 K, for
both tubing settings.

In conventional tubing, the influence of the injection
flow rate is notorious. Higher flow rates favor the
steam quality maintenance, which is desired in
thermal methods, once the fluid has less time to
exchange heat with the surrounds.
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79.75
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eseees Conventional, Text=333 K .

Average steam quality, %

79,65 4 IMT, Text=283 K
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Length, m

Figure 9. Steam quality behavior along the tubing
with 1.2 kg/s flow rate.
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Figure 10. Steam quality behavior along the tubing
with 3.3 kg/s flow rate.

Working with a twenty times greater depth, when
compared to [38], it is possible to see (Figure 9) a
higher quality drop.

Steam quality at the tubing outlet

The vapor mass fraction field, or steam quality,
at the outlet of the two tubing configurations,
conventional and IMT, are shown in Figure 11,
both with a formation temperature of 283 K.
Although the variations are small, the steam quality
is higher in the center of the column (represented
by the white color), decreasing radially towards
the wall (black color) representing the liquid
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that results from the vapor condensation. In the
IMT, Figure 11b, that the plot scale shows higher
qualities than the ones from Figure 11a can be
seen. The conventional tubing contour plot, which
is expected since the IMT has a lower thermal
conductivity, so the average quality value is lower
in the conventional configuration (79.60%) versus
79.91% of the IMT one.

The difference between maximal and minimal
steam quality values are 27x107> (or 0.034 %
related to the maximal value) and 26x10~ (or
0.032 % related to the maximal value) for the
conventional and IMT configurations, respectively.
It means that the steam quality distribution in the
section, at least at the outlet boundary, is almost
not affected by the low thermal conductivity of
the IMT.

Outlet steam quality

0.799270

- 0.798683
0798097
0.797510
0.796923
0.796337

0795750

(a) Conventional tubing (b) IMT

Figure 11. Vapor mass fraction (quality) contour plots
at the outlet boundary of the injector well,
for case 1, with formation temperature
equal to 283 K.

The thermal conductivity effect of the column on
the steam fraction reaching the tubing outlet is
highlighted in Figure 12. In general, the increase
in conductivity is detrimental to the injection
process. However, this behavior can be controlled
by increasing the steam injection flow rate, which
requires more robust systems on the surface. It is
interesting to note in this figure that the thermal
conductivity A improves the performance of the
system for values below the critical one A, that
is A £ A, Above the thermal conductivity critical
value (A > A4.,;,) steam quality is not more influenced
by the type of insulating material used.

80,05
= ot = IMT 12 kg's, Text=283 K
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%?9_55? |
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Figure 12. Steam quality at the outlet plane of the

injector well versus thermal conductivity

of the IMT.

It was not possible to compare the results of this
work with other works since none similar was found.
The ones involving steam quality drop along the
tubes usually are found in different circumstances
of pressure, temperature, and initial steam quality
[22, 29, 39]. Others evaluate different characteristics
such as the waves behavior of the liquid film along
the tube, which diverge, from our objective here [34].

It must be highlighted that our 400-meter length
domain, was only possible due to extensive research
for bottom hole data. Moreover, for it to be run in
the tool ANSYS CFX the maximum residual level
when compared to Pereira’s [38] had to be restricted.

CONCLUSIONS

The multiphase, turbulent, non-isothermal, three-
dimensional problem was solved numerically with
the ANSYS CFX software.

The comparison between the results obtained for a
conventional tubing and an insulating material one
assured that the IMT (insulated material tubing) has
the best efficiency when it comes to maintaining
the steam quality.

Using a bigger length tubing, in comparison to
previous works [38] proved that: the friction losses
could dominate the process, but in this work, this
only happened with the higher flow rate. The rate
also shows stronger influence in the steam quality
when the conventional tubing is utilized: lower
flow rate in a conventional setting means higher
quality loss.
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It could also be observed that the lower rock formation
temperature caused bigger quality drops as expected
since de temperature variation is also higher.

In the future, the same process will be addressed
in with even larger tubing where it is expected to
observe the total pressure drop for both flow rates
and an even bigger quality drop since there will be
more time for the steam to exchange heat.
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