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The article considers the problem of increasing reservoir recovery in fields that
are at the final stage of development. One of the ways to solve this problem can
be the use of fire flooding. The effectiveness of this technology is proved by the
case of Elnikovsky field.
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Introduction

The majority of oil fields in the Udmurt Republic are at the final stage of development at the present
time. An actual problem for the oil & gas industry in the region is an oil production rate declining for
the significant number of fields.

There are various techniques, including gas, chemical, and biological-based injections, meant to
improve the amount of oil production. Another enhanced oil recovery (EOR) technique is a thermal
injection. One of the most prospective methods to practice in the fields, characterized by heavy and
high-viscosity oils, is in-situ combustion, also known as fire flooding.

Method

The process is based on the thermal energy produced from partial combustion of heavy fractions after
the injection of air into the formation. It leads to lower the oil viscosity and to liberate light fractions.

Continuous injection of air or other gas mixture with high oxygen content will maintain the flame
front. As the fire burns, it moves through the petroleum reservoir. Heavy oil fractions partially burn
down, and the heat from the fire reduces oil viscosity and helps to pressure-up. The energy in the form
of heat produced while exothermic reaction acts to drive oil in front of the fire toward producing wells
(Figure 1).

In the combustion zone, all fluids evaporate, except for heavy oil fractions coating the rock gains in
the coke form. Residual coke becomes fuel for the combustion front.

The fire flooding process combines the advantages of thermal methods as well as the miscible
displacement process, formed in the thermal cracking zone.

Figure 1 The fire flooding technique
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The use of fire flooding technology allows increasing the recovery factor for reservoirs to 0,5-0,6. It is
much higher than when using other types of EOR. Moreover, the oil produced after the application of
this technology contains far less heavy fractions, due to their partial combustion in the reservoir. That
will have a very positive effect on its further refining.

The fire flooding method was proposed by A. B. Sheiman and K. K. Dubrovsky in the early 1930s.
However, at that time, this technology was not widespread due to the lack of necessary equipment.
So, fire flooding implementation was an expensive and technologically demanding project.
Nowadays, technological progress makes it much easier and cheaper to use this method.

Examples

The use of fire flooding may become a successful project with favourable economics for some oil
fields in the region. Among them is the Elnikovsky field, located in the Sarapulsky and Karakulinsky
districts of the Udmurt Republic and belonged to the oil deposit group of Srapul'sky Prikam'ye
(Figure 2). This field covers 135 square kilometres and contains 610 wells, including 353 of
producing ones (Neftegas.ru, n. d.).

Figure 2 Location of the Elnikovsky field on the map of the Udmurt Republic, Russia

From a geological point of view, the field in question locates in the Arlansky petroleum region of the
Upper Kama area, which belongs to the Volga-Ural Petroleum Province.

Production-scale deposits of the Elnikovsky field are carbonate sediments of Tournaisian and Middle
(Kashira and Podolsk) Carboniferous, as well as terrigenous deposits of the lower Visean section
(Malinovka and Yasnopolyana beds).

Oil-bearing reservoir rocks of the Elnikovsky field are about 5,4 to 7,0 metres thick. Its net reservoir
thickness is 2,5 metres and the average porosity is 18%. The average daily production is 33 barrels per
day. This oil field is assessed to have 806 million barrels of original oil-in-place (OOIP). Its current
recovery factor is 0,27. There are three large local uplifts in the Elnikovsky field, including
Sokolovsky, Elnikosky, and Apalakhinsky ones. Table 1 represents geological characteristics and
physical properties of these local uplifts.
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The fluid properties such as high density, viscosity, and sulphur content are common for oils of the
Elnikovsky field. These properties complicate the process of oilfield operating and have a negative
effect, decreasing its recovery factor.

Thus, the implementation of in-situ combustion in the Elnikovsky field may become an optimal way
to increase the pressure and the amount of oil production.

Table 1 Geological characteristics and physical properties of petroleum reservoirs in the Elnikovsky
field, Russia

Parameter LocaI. uplift -
Sokolovsky Elnikovsky Apalakhinsky
Average reservoir buried depths, m 1380 1380 1380
Type of hydrocarbon trap structural structural structural
Type of reservoir rocks siliciclastic siliciclastic siliciclastic
Drainage area, thousand m? 39014 21923 22 094
Average thickness, m 32,7 32,6 25
Average net pay thickness, m 4.3 4.9 3,6
Porosity, % 20,4 21 19,4
Average oil saturation, unit 0,79 0.86 0.73
fractions
Permeability, darcy 0,315 0,415 0,445
Initial reservoir temperature, °C 29 29 29
Initial reservoir pressure, MPa 12,6 13,9 13,2
Oil V1sc9§1ty at reservoir 16,3 172 20
conditions, mPa-s
Oil density
at reservoir conditions, kg/m? 879 897 886
Oil-water contact depth below sea 1198 1198 1198
level, m
Formation Volume factor, unit 1,033 1,032 1,030
fractions
Sulphur content in oil, % 2,33 2,48 2,66
Paraffin content in oil, % 421 432 4,45
Content of gas in oil, m*/ton 13,4 15,42 12,35

The costs of using fire flooding in the Elnikovsky field include:

1. Preparatory researches:

. Investigations of physical and chemical properties of oil with an increase in temperature and
pressure under laboratory conditions. The most accurate method for determining the changes in
kinetic properties and thermal stability of the oil is combined “TGA-8SK-MS”. The investigations
with this method for one sample cost $152,8.

. Investigations of changes in kinetic properties at the conditions close to reservoir ones,
including determination of the temperature of spontaneous oil combustion, rates of temperature and
pressure changes at reservoir conditions, determination of the need for using catalysts, and the
catalytic activity. These measurements require adiabatic reactionary calorimetry ARC 254. The
investigation cost for one sample is about $1785,7.

. To investigate the oxidation of petroleum in the conditions close to reservoir ones. The research
aims to measure changes in oil properties while the fire flooding, the amount of coke produced during
the process, and the rate of flame front driving. The cost of one investigation is about $2285,7 (Center
of excellence in the field..., n. d.).

. Preparatory researches’ package for one sample costs about $4224,2 in total.
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2. The cost of injection equipment for pumping air into the reservoir. Preparatory works for one
injection well in order to the air pump is about $10000 per well.

3. Air injection into the combustion zone costs about $0,01 per m®.

Approximately 1,2 billion m® of air is required to be pumped into oil-bearing reservoirs (at the rate of
13 m? of air per 1 kg of coke) to burn down heavy oil fractions. The air injection cost is estimated at
$12 million. The cost of research works and equipment for injection wells is $3,2 million. The
implementation of the in-situ combustion technology costs $15,2 million in total. Table 2 represents
the economic profit of fire flooding being employed in the Elnikovsky field.

Table 2 Economic results of fire flooding implementation in the Elnikovsky field, Russia (at a cost of
$36 per bbl)

Parameter Parameter value
OOIP, million bbl 781
Planned recovery factor, unit fractions 0,33
Recovery factor promised after applying the fire flooding, unit 0.6
fractions ’
Planned OIP, million bbl 2577
OIP promised after applying the fire flooding, million bbl 468,4
OIP amount growth after applying the fire flooding, million bbl 210,7
Fireflood applying cost, million $ 15,2
Cost of extra produced OIP, million $ 7585,2
Economic profit of fireflood applying, million $ 7569,7
Conclusions

1. The depletion of hydrocarbon reserves raises the problem of the need to enhance the recovery
factor in the fields of the Udmurt Republic.

2. New high-efficiency enhanced oil recovery methods can greatly increase the recovery factor in
the case of being applied in the fields. One of these methods is fire flooding.

3. The implementation of fire flooding may significantly increase the production rate of producing
wells. Moreover, this method will entail almost a doubling of the recovery factor.

4. One of the most prospective areas for using the fire flooding method in the Udmurt Republic is
the Elnikovsky field. The additional oil extraction will account for approximately 210,7 million
barrels. Due to this approach, operating profit is expected to reach $7,569 billion ($36/bbl).
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