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ABSTRACT
The era of easily extracted oil has ended and the
inevitable need to invest into enhanced oil recovery
technologies is the solution to meet the ever-growing
demand. Major reserves of heavy crude oil across the
world make Cyclic Steam Stimulation (CSS) one of the
most appropriate methods for increasing short-term
production.
Therefore, the objective of this research paper is to
compare the behaviour and impact of steam quality on
oil production during well injection related to enhanced
oil recovery processes. For this study, we considered
the technology of cyclic steam injection applied to
vertical and horizontal wells in a heavy crude oil
reservoir.
The project was carried out under the umbrella of a
numerical simulation model, where steam quality was
assessed as a thermal parameter of steam injection,
applied in CSS technology. The process was evaluated
in 2 phases; the first with a conventional steam quality
of 80% and the second with a steam quality of 95%
supplied by Super Matroid Heater (SMH) technology.
Meanwhile, the technical study was supported by using
mathematical models to compare the thermal
performance of two models of completions, one
conventional and the other using pre-insulated tubing,
both evaluated with 80% and 95% steam quality.

The results showed that the higher the quality of steam
injected into the reservoir, the greater the impact on the
increase in production. It was confirmed that the use of
SMH technology has a significant impact in relation to
conventional techniques, obtaining an 8% increase in
accumulated oil and a 12% increase in initial oil rates
after steam stimulation. With regard to bottom-hole
steam quality in the well with SMH technology at a
depth of 4,000 feet using completion with pre-insulated
tubing, it was possible to obtain values of 81% steam
quality compared to 66% with conventional injection.

INTRODUCTION
Most oil-producing countries today have heavy crude
oil reservoirs. However, as the crude oil is extra heavy,
its viscosity is very high and its mobility is reduced,
which both hinders and decreases the production rate.
Therefore, the recovery factor in this type of reservoir
is low when using conventional extraction techniques.
For this reason, it is necessary to reduce the viscosity
of crude oil and thereby increase its mobility to achieve
greater recovery.
Thermal recovery techniques have been successful in
reducing the viscosity of heavy crude oil. As a result,
this research project included a study to analyse steam
quality sensitivities, as a thermal parameter, in order to
determine their impact on the CSS process, taking into
account the different completion geometries of wells
(vertical / horizontal).

Table 1 shows a summary of the dynamic and static
data of the reservoir studied.

The project was developed as a numerical simulation
model for a heavy crude oil reservoir. Simulations and
sensitivities of steam quality were carried out, while
SMH technology was included in which the steam
generator has a special system to generate up to 95%
quality using conventional feedwater without losing
condensed water and thermal energy. 95% steam
quality makes EOR (enhanced oil recovery) steam
injection effective and very profitable, so this research
project was carried out with a view to validating and
evaluating the impact on the increase in oil production
by using this technology.

Table 1. Study data of the reservoir-subgrid.

CHARACTERISTICS OF THE RESERVOIR
UNDER STUDY
The reservoir under study was statically and
dynamically characterised as extra heavy crude (10°
API), lithologically represented by medium to fine
grain sandstones, well ordered but not consolidated,
and a purely fluvial environment, formed by sands of
interwoven stacked channel belts of low sinuosity
where the sand-shale ratio is greater than 0.8.

Property

Scale

Area

3500 acres

h:

80 feet

ɸ:

31%

K:

6500 mD

Oil viscosity:

900-2000 cP

°API:

10.2

Depth datum:

3017 feet

P1 reservoir:

1226 lpc

Current pressure

600 lpc

reservoir:
Temperature:

137°F

OIIP

520 MMBN

Res. Recp.

114 MMBN

Np

9.4 MMBN

Gp

1.5 MMMPCN

Wp

1.8 MMNB

The reservoir where the sector is located (subgrid) has
(01) Pressure-Volume-Temperature (PVT) analysis
samples taken at the wellhead, where the initial gas/oil
ratio is 150 SCF/STB, validating this value with the
initial production behaviour with the first wells
completed at the reservoir. The sector used to model the
site has 09 completed producing wells, where 04 of
them are vertical and 05 are horizontal. The production
mechanisms present in the reservoir are gas in solution
and compressibility of the rock.

Figure 1. Reservoir model under evaluation.

The structural model represents a monocline with an
approximate 3° dip to the north, and the average
petrophysical values of the reservoir have clay values
of less than 8%, a porosity of 31% (See Figure 1), initial
water saturation of 13% and permeability of 6500 mD.

DEFINITIONS
The steam injection model used in the evaluation is attached
as an annex (See Figure 2).
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Figure 2. Phases of the CSS process.

Thermal Efficiency: This is the fraction of the injected
heat that remains in the steam zone.

Injection Phase: Steam is injected for 2 to 6 weeks
through a well (injector-producer). The injection rate
should minimise heat losses through the well walls and
achieve the maximum heated radius and the maximum
temperature in the heated zone.

Heat Injection Rate: This refers to the amount of heat
per unit of time used to heat the formation, from the
temperature of the reservoir to the temperature of the
steam, taking into account that the heated area increases
with time.

Soak Phase: The well is shut for 1 to 7 days so that the
steam transfers its heat to the formation and the fluids.
Soak time is estimated according to field experience, so
the following is recommended:

Oil Recovery Mechanisms during Steam Injection:
When steam is injected into an oil formation, oil is
produced by three basic mechanisms: steam
distillation, viscosity reduction and thermal expansion,
with steam distillation being the most important. Figure
3 shows the subgrid of the model.

* If the reservoir has active primary production
mechanisms and sufficient pressure, enough soak time
should be given for the steam to transfer heat to the
reservoir.
* If the reservoir has little pressure, a short soak time
should be employed in order to use the increased
reservoir pressure in the vicinity of the well to push the
oil towards the bottom-hole of the wells.
Production Phase: Once the soak time is over, the well
is opened for production. Hot water is initially
produced, and then hot oil is produced after a few days.
At this phase, there is a significant impact on the
increase of production, which ends when the rate
reaches values similar to the rate that the well had
produced in cold, thereby culminating the cyclic steam
injection cycle.

Figure 3. Subgrid simulation model.

STATE-OF-THE-ART SUPER MATROID
HEATER WITH 95% STEAM QUALITY

Determination of Steam Quality: Quality is a critical
variable in the injection process. There are currently
several methods to measure steam quality, but there is
no single one that could be considered simple and
straightforward. They include:

A steam generator was designed by the company Nakasawa
with a high-quality steam system, which has a special

system incorporated to generate steam of up to 95%
quality, using high TDS or conventional feedwater
without loss of condensed water and thermal energy.
95% quality steam makes EOR steam injection
effective and very profitable.
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The high-quality steam system consists of a high
efficiency cyclonic steam separator, a superheater coil,
mixers with control valve and a steam quality sampling
system. The complete system is mounted and tubed on
a compact sliding plate, with the exception of the
superheater coil that is installed between the radiant
zone and the convection zone.

Figure 4. SMH plan.

•

The steam generator with HSQS is ideal for
delivering steam to a distant well because,
considering the heat losses on the surface line,
steam can be delivered at > 90% dryness to the
wellhead.

•

It eliminates the need for an additional steam
separator, heat exchanger, effluent pretreatment plant and ground reinjection, while
the complete system is compact and portable.

Figure 5. NK SMH steam generator

The process is as follows:





METHODOLOGY

Wet steam is generated (75% - 80%).
The wet steam is then separated into > 99% dry
steam and saturated condensate in the highperformance cyclone separator.
The dry steam is superheated in a superheater
coil.
The superheated steam is mixed again with the
separate condensate to achieve the desired
steam dryness of 95%-98% at the system
outlet, which is then delivered with high
quality at the wellhead.

A full-field geological mesh of the reservoir under
study was used to extract a sector known as the subgrid,
starting from a prospecting area where the possible
wells for the application of the CSS process were
defined. All the analyses of quality behaviour were
performed here, such as the main parameter during
steam-well injection and its influence during the cyclic
steam stimulation process. The selected sector covers
3500 acres and has a total of 49,572 cells (NI = 36, NJ
= 27, NK = 51). Meanwhile, the STARS simulator by
the Computer Modelling Group Platform (CMG) was
used for the numerical simulation study of the
reservoir. (See Figure 6).

Advantages of the Super Matroid Heater.
•

Unlike a normal steam separator installed at the
outlet of the steam discharge line, there is no
loss of condensate or thermal energy at the
outlet of the steam generator, thereby saving
feedwater and fuel gas.

•

The steam is delivered to the well with a
minimum quality of 95%-98%, so it will
require approximately 6% to 9% less feedwater
to deliver the same amount of heat compared
to 80% of dry steam, making it possible to
transfer more energy to the reservoir with less
water.

Figure 6. Dimensions of the subgrid model.
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Once all the information was integrated into the
simulator model (pathways, production history, well
drilling events, PVT, relative permeability curves and
recurring data, among others), the simulation model
was initialised in order to set the initial equilibrium
conditions of the numerical reservoir model, i.e. a run
was made without wells open for production in order to
check that the model was in hydrostatic equilibrium.

Subgrid model reservoir:
• Average sand thickness = 80 feet
• Depth = 3017 feet
• Average porosity: 31%
• Average permeability: 6500 mD
• °API = 10
The model meets the selection criteria for the
application of CSS technology.

The production history (oil, water and gas) could be
adjusted using the simulator and at this stage the real
production behaviour of the sub-model was
reproduced. This phase provided the consistency and
veracity of the reservoir simulation model.
Subsequently, predictions were made for the sensitivity
analysis of the variation of quality as a thermal
parameter of steam and its influence on the behaviour
of the cyclic steam stimulation (CSS) process and oil
production.
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Figure 7. Historical production comparison.

Subsequently, once the historical production
comparison phase was completed, the model was
screened
in
order
to
select
the
wells
(vertical/horizontal) that meet the criteria for the
application of CSS technology. (See figure 8).

All the information about the set thermal parameters
was loaded into the subgrid model for each of the
vertical and horizontal wells, then all the sensitivities
were carried out to perform the numerical simulation
runs, where the results obtained will then be displayed
in graphs and 3D maps. This is where the results and
recommendations will be given.

Application criteria of CSS technology:
Thickness (feet)
Depth (feet)
Porosity (%)
Permeability (Darcy)
API gravity

1.00 km

1.270.000

Certain operational thermal parameters were
established (steam injection rate, steam injection
pressure, steam quality, injection temperature and
flowing bottom-hole pressure) Table 2. Using these
thermal parameters, the model was sensitised by
numerical simulation: steam quality, steam injection
rate and steam injection time, while the other
parameters were left constant.
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Figure 8. Screening model to apply CSS.
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In the evaluation phase of the new completions, a
mathematical model was created, supported by field
data taken with optical fibre to calculate the variation
of steam quality in relation to depth.
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Table 2. Variables of the thermal parameters.
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Figure 9. Geometry of vertical well HT-0392.
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RESULTS / DEVELOPMENT
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1. Thermal Evaluation by Numerical
Simulation.

0.00
0.00
1.254.000

An analytical model of numerical simulation was
constructed and managed with a behaviour similar to
the actual one of the reservoir, with heavy crude oil
characteristics. This evaluated steam quality as a
thermal injection parameter in one vertical and one
horizontal well, applying the Cyclic Steam Injection
process. The STARS simulator was used, which
consists of a three-phase, multi-component,
compositional and thermal simulator, with great
versatility in the use of cylindrical, Cartesian, thickness
and/or variable depth meshes. See Figures 9 and 10,
here the geometry of the vertical well HT-0392 and
horizontal well HT-0386 is shown.

1220.00

0.25

0.50

1.256.000

2440.00 feet
0.75

1.00 km

1.258.000

1.260.000

1.262.000

Figure 10. Geometry of horizontal well HT-0386.

Two scenarios were evaluated in the simulation model,
taking into account steam quality sensitivities. Below
is a description of their development.
Scenario 1:
The considerations of Scenario 1 are attached as an
annex.
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Table 3. Scenario 1, Quality 80/95% and 250 tons.

Vertical Well: Ht-0392
Horizontal Well: Ht-0386
Quality (%)
Steam Injection Rate
(ton/days)
Injection Time Per Cycle
(days)
Average Accumulated Tons
Per Cycle (Tons)
Average Head Pressure (psi)
Average Head Temperature
(°F)
Average TVD Injection
Depth (feet)

80 / 95
250
30
7500 tons
1450
Figure 12. Quality behaviour (80%/95%) 250 tons/day.
Horizontal well HT-0386.

560

Scenario 2.

2500-3000

The considerations of Scenario 1 are attached as an
annex.

After evaluating the vertical and horizontal well with
the conventional technology of 80% and at a quality of
95% at 250 T/D, the result was that the vertical well, at
a quality of 95%, achieved a 7% impact on
accumulated oil gain and a significant increase in oil
rates (bls/d) of 10%-12%, exceeding conventional
technology in recovery. See Figure 11.

Table 4. Scenario 2, Quality 80/95% and 300 tons.

Vertical Well: Ht-0392
Horizontal Well: Ht-0386

In the horizontal well HT-0386, it was observed that by
injecting steam at a quality of 95%, it was possible to
obtain an 8.5% accumulated oil gain and an increase in
oil rates (bls/d) of 12%-15%. See Figure 12.

Quality (%)

80 / 95

Steam Injection Rate (ton/days)

300

Injection Time Per Cycle (days)

30

Average Accumulated Tons Per
Cycle (Tons)

9000 tons

Average Head Pressure (psi)

1450

Average Head Temperature (°F)

560

Average TVD Injection Depth (feet)

2500-3000

After evaluating the vertical and horizontal well, the
result was that vertical well injected with steam with
SMH technology at a quality of 95% at 300 T/D had an
8% impact on the accumulated oil gain and a significant

Figure 11. Scenario 1. Quality behaviour (80%/95%) 250
tons/day. Vertical well HT-0392.
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increase in oil rates (bls/d) of 11-12%, compared to
conventional technology. See Figure 13.

Table 5 shows a summary of the results obtained,
reflecting the sensitivities performed on the numerical
simulation model of the reservoir and the variation of
the results when using the conventional 80% quality
process and state-of-the-art SMH technology (95%),
considering a vertical and a horizontal well with Cyclic
Steam Stimulation technology.

Accum.
Oil Hist.
(bls)

Total
Accum.
Oil
1st
Cycle
(bls)

Accum.
Oil Gain
(bls)

1320

826247

983067

156820

95

1430

826247

1027157

200910

250

80

450

1730430

1802884

72454

HT-392

250

95

510

1730430

1815351

84921

HT-386

300

80

1310

826247

992097

165850

HT-386

300

95

1460

826247

1069987

243740

HT-392

300

80

480

1730430

1791502

61072

HT-392

300

95

540

1730430

1814649

84219

Tons
Injecte
d Daily
(ton/d)

Steam
Quality
(%)

HT-386

250

80

HT-386

250

HT-392

Well

Figure 13. Scenario 2. Quality behaviour (80%/95%) 300
tons/day. Vertical well HT-0392.

In the horizontal well HT-0386, it was observed that by
injecting steam at a quality of 95%, it was possible to
obtain a 9% accumulated oil gain and an increase in oil
rates (bls/d) of 12%-15%. See Figure 14.

Oil
Rate
1st
Cycle

Table 6 shows a summary of the results obtained for
all 06 injection cycles applied, injecting at a quality of
80% and 95%, and injection rates of 250 and 300 ton/d.
An average of 8-9% of accumulated gain was obtained
using 95% technology, above conventional technology
Table 6. Production Behaviour 6 Cycles.

Figure 14. Scenario 2. Quality behaviour (80%/95%) 300
tons/day. Horizontal well HT-0386.

Well

Geometry

Thermal
injection
parameter

Delta
Accum. oil
(bls)

HT-386

Horizontal

250 tons 80%

743410

HT-386

Horizontal

250 tons 95%

930940

HT-392

Vertical

250 tons 80%

311683

HT-392

Vertical

250 tons 95%

368763

HT-386

Horizontal

300 tons 80%

780470

HT-386

Horizontal

300 tons 95%

1098430

HT-392

Vertical

300 tons 80%

313203

HT-392

Vertical

300 tons 95%

3961183
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Gain in
bls all 06
Cycles
95%

% Total
Oil
Increase
95%

187530

8

57080

7

317960

9

82980

8

2. Evaluation of the Thermal Behaviour of
Completions.

Phase 1:
In this phase, a mathematical model was created,
supported by field data taken with optical fibre, in order
to evaluate the thermal behaviour and the depth-related
variation of steam quality, using a conventional
injection quality of 80%.

At this stage of the study, various completion
techniques were evaluated for steam injection, related
to steam quality. Two of them are currently used
around the world, with the first using conventional
injection tubing with nitrogen in the annulus and the
second using pre-insulated tubing. Both types of
completion base their efficiency on the use of
insulators, indicating their effectiveness in reducing
heat losses.
The main objective of this stage is to compare the
thermal performance of the two completions, with the
first phase using 80% at-surface quality and the second
phase using SMH technology with qualities of 95%.
It was possible to observe the variation of quality in
relation to the depth in both phases.

Figure 16. 80% Depth-Related Quality Variation

The graph shows that on injecting 80% steam quality
into the wellhead, the depth-related variation and loss
of quality in both cases is high.

Completion Models
The completions to be used in this stage are a)
conventional injection tubing with nitrogen in the
annulus as an insulator and b) pre-insulated tubing. As
can be seen in the conventional completion diagram
(Figure 15), the injection pipe is located at point A, the
diameter of which varies according to the restrictions
in the well. An amount of nitrogen is then injected into
the annular space B as an insulator to avoid heat losses
from the walls of the injection tubing. For completion
number two (2), the configuration with pre-insulated
tubing consists of various layers of insulation, formed
mainly by a void in the annular that prevents heat
transfer between layers.

In the case of conventional tubing at a depth of 4000
feet, the steam quality is around 24%, while in the case
of completion with pre-insulated tubing at the same
depth it is 66%. In the best-case scenario, there is a 4%
loss every 1000 feet. (Less energy is delivered to the
reservoir in this phase).
Phase 2:
Depth-related thermal behaviour and steam quality
variation were evaluated using SMH technology with
an injection quality of 95%.

Figure 15. Thermal Completion Model.

Figure 17. 95% Depth-Related Quality Variation
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On injecting 95% of steam quality into the wellhead,
the depth-related variation and loss of quality in both
cases was moderate, compared to 80% of at-surface
quality being injected.
In the case of conventional tubing at a depth of 4000
feet, the steam quality is around 39%, while in the case
of completion with pre-insulated tubing at the same
depth it is 81%. (More energy is delivered to the
reservoir in this phase).



Injecting an at-surface steam quality of 80%
using pre-insulated tubing, with an average
depth of 4000 feet, around 16% is lost,
meaning a significant loss of energy that could
not be transferred to the reservoir.



With an injection quality of 95% on the surface
using pre-insulated tubing, it will be possible
to inject more than 80% quality into the
reservoir at a depth of 4000 feet, guaranteeing
a greater energy transfer and, therefore, a
greater volumetric impact on oil recovery.

Comparison Phases 1 and 2:

RECOMMENDATIONS


Injecting steam at 95% surface quality will
guarantee a greater increase in production
compared to conventional techniques.



Using a completion with pre-insulated and
95% quality tubing in the steam injection phase
will guarantee the greatest transfer of energy to
the reservoir.
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