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Abstract

This paper investigates the minimum oil content nccessary for self-sustained combustion,
vhich is introduced as a criterion for the sclection of suitable reservoirs for in-site combustion
wocesses. Dilferential scanning calorimetry was used to determine the heat values of oil-lime-
itone mixtures. The minimum temperature required for the total consumption of the fuel was ab-
ained by thermogravimetry (TG/DTG). The minimum amount of oil necessary to sustain com-
sustion was caleulated from these two parameters and compared with the oil cantent of the reser-
roir. Reservairs with an oil content greater than or equal to this minimum value were considered
easible. It was seen that the fields examined are generally not suitable for in-sitn combustion
wacesses.
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[ntroduction

In-situ combustion is a thermal method in which oil is ignited underground, cre-
wing a combustion front that is propagated through the reservoir by continuous air
njection, The fuel necessary to sustain the combustion [ront is suppiied by the heavy
-esidual material {coke) that deposits on the sand grains during distillation, thermal
ind catalytic cracking, pyrolysis, etc. of the crude oil ahead of the combustion front.
Juring (his process, a small portion ol the oil in place is burned, giving heat to the
ock and its Muids. This heat reduces the viscosity ol the oil by increasing its mobil-
ty. In recent years, the application of thermogravimetry (TG/DTG) and differential
scanning calorimetry (DSC) for study of the pyrolysis and combustion behaviour of
“ossil {fuels has gained wide acceptance among research workers, and is of excep-
ional significance for industry and the economy. Vossoughi [1] has used TG and
DSC techniques to study the effects of clay and surface arca on the combustion of
selected oil samples. The results indicate that there is a significant reduction in the
ictivation energy ol the combustion reaction, regardless of the chemical composi-
ion of the additives. Moreover, the low-temperature oxidation of the oil and prob-
ably coke deposition are strongly affected by the specific surface area of the solid
matrix. Kamal and Verkocy [2] used TG/DTG and DSC on two Lloydminster region,
reavy oil cores and extracted oils obtained in helium and air atmospheres, and dem-
anstrated at least three groups of chemical reactions occurring in three temperature
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regions. Drici and Vossoughi [3] applied DSC and TG/DTG to crude oil combustion
in the presence and absence of metal oxides, Vanadium, nickel and ferric oxides be-
haved similarly in enhancing the endothermic reactions. In the presence of materials
with a large surface arca, such as silica, the surface rcactions arc predominant and
unaflected by the small amount of metal oxides present. Kik [4] characterized the
pyrolysis and combustion propertics of two heavy crude oils. On combustion in air,
three different rcaction regions were identified, referred to as low-temperature oxi-
dation, fuel deposition and high-temperature oxidation. Heat values and reaction pa-
ramelers of the samples were also determined. Bardon and Gadelle [5] investigated
the effects of the matrix on the oxidation reactions of French eil. They used different
grain size of sand and compared the results with those for the eriginal matrix. The
activation energy reported for the original core was always lower than that of the
sand pack because of the presence of kaolinite in the matrix. Nickle er al. [6] studied
the effects of certain experimental conditions on the thermal curves and calculated
the combustion parameters, e.g. fuel consumption, peak temperature and activation
energy. Onc of the studics carried out by Kharrat and Vossoughi [7] dealt with the
importance of the reservoir rock composition. They studied the effects of the reser-
voir rock on the minimum oil content of the reservoir necessary for sclf-contained
combustion.

Experimental

Experiments were performed by using the DuPont 9900 thermal analysis system
with differential scanning calorimetry (DSC) and thermogravimetry (TG/DTG)
modules. DSC monitors the differential heat flow of the samples, whereas TG/DTG
has the capabilily of mcasuring the mass loss as a function of cither temperature or
time in a varied, but controlied atmosphere. Prior to the cxperiments, the DSC sys-
tem was calibrated for temperature readings by using indium as a relerence standard.
The TG/DTG system was also calibrated with calcium oxalate monohydraie for tem-
perature readings, and silver was used in order to correct for buoyancy effects. For
the feasibility study of in-site combustion processes, experiments were performed at
a heating rate of 10°C min~', The airflow rate was kept constant at 50 ml min~' dur-
ing the cxperiments, which corresponds to an excess oxygen supply. The tempera-
lure interval was 20-600°C and the mass of the sample was 10 mg. In order to check

Table 1 Reservoir rock and crude oil propertics

Properties Camurlu Bati Raman Raman Adiyaman Garzan
Rock type limeslone limestone limestone limestone limestone
“API Grav, 10.3 12,9 18.7 26.6 26.7
Perm./md 40 58 50 92 16
Porosity/% 20 18 14 9 13
S./% 18 21 25 30 20
Viscasity/cP 63000 52000 2260 63 40
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Fig. 1 DSC curve of Raman crude oil
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Fig. 2 TG/DTG curve of Raman crude oil

n the repreducibility, cxperiments were performed twice. Propertics ol the crude
ils and reservoir rocks are given in Table 1. DSC and TG/DTG cxperiments were
erformed under the experimental conditions mentioned above and typical curves
vere obtained (Figs | and 2).

Lesults and discussion

The first step was to identify the oxidation behaviour of the crude oils. By ana-
ysing the curves, it was possible o obtain transition zones as low-temperature oxi-
lation, fuel deposition and high-temperature oxidation, and also (he required iTont
smperature (rom the TG/IITG curves. The heats of reaction ol the samples were ob-
ained from the DSC curves, The minimum crude oil content required for sell-sus-
aincd combustion, Wi, was found by applying an energy balance over a unit vol-
ime of the rock in the vicinity of the combustion front:
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_ Phuli Chu]kATmin (1}
Wmin -
AH
pbulkcbu]k =(l - e)psolidcsulid + epgas’cgns (2)
where Wy, mass per unit volume, lbm cuft™! ATin — the required minimum front

temperature minus room temperature, °F; AH — heat value of crude, Blu bm © -
porositly, %; p — density, lhm cuft™ and € - specific heat constant, Btu Thm™" °F",

The temperature at which the total crude oil sample was consumed by the re-
quired minimum front temperature, Tr, Was obtained by conducting series of
TG/DTG experiments. ATy, was [ound by subtracting the room temperature (rom
this value, The heat value of the samples (AH) was determined rom the arca of re-
action, {IDSC), which includes the energy required for cracking and vaporization.
However, due to the distillation and evaporation, some of the sample mass is lost.
The true heat of combustion should therefore by greater than the value reported. In
order to delermine the oil content of the reservoir, the following equation was util-
ized:

WR = Sopog (5])
where S, — oil saturation, p, — oil density and © — porosity.

Table 2 DSC and TG/DTG results

Propertics Camurluy Bati Raman Raman Adiyaman Garzan
T../F 1066 1072 1078 1102 1112
AT ['F 998 1004 1010 1034 1044
pC/Buw cuft 't VE! 10.97 10.85 10.11 9.96 9.93
AIBuw bm™ 54 50 58 32 28

The measured and calculated data used in the calculation of W, and Wy are
given in Table 2, whereas the required minimum oil, Wiy, and the reservoir crude oil
content, W, values of the crude oil fields were calculated and are given in Table 3.
In order to evaluale the feasibility of the process, the minimum crude oil content and
the reservoir crude oil content values were compared (Fig. 3). When the reservoir

Table 3 W . and W, values

Properties Camurlu Bati Raman Raman Adiyaman Garzan
W, /lbm cuft™! 19,72 218 17.6 32.04 37.0

W feem™ 0.32 0.35 0.28 0.51 0.59
We/lbm cuft™! 8.43 8.7 0.14 598 5.08
W/g em ! 0.13 0.14 0.10 0.096 0.09
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Fig. 3 Schematic flow chart of feasibility study

:rude oil content was greater than or equal to the minimum crude il content of the
eservoir for self-sustained combustion, Ihe in-sifu combustion process was consid-

rred feasible.

Conclusions

This feasibility study provides information on the applicability of the in-situ
:ombustion process. The minimum crude oil content, Wi obtained from DSC and
[G/DTG experiments, was used as a parameter to invesligale the feasibility of the
n-situ combustion process. The method appeared to be an alternative procedure for
L quick decision of the n-situ combustion process. The results showed that the fucl
imount was not sufficient to sustain the combustion front for all the fields swdied.
Therefore, it was concluded that these oil [iclds were not generally feasible for a
self-sustained combustion process.
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