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Disclaimer: 
This report was prepared as an account of work sponsored by an agency of the United States Government. 
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof. The views and opinions of authors expresses herein do no necessarily state or reflect those of the 
United States Government or any agency thereof. 
 
 
 
 
 
  
Abstract 
 
Accurate simulation of in-situ combustion processes is computationally very challenging because the 
spatial and temporal scales over which the combustion process takes place are very small. In the last report, 
we focused heavily on our Cartesian Adaptive Mesh Refinement technique and presented the final version 
of the specialized upscaling method. In this current and ninth report, we focus on progress in the 
experimental part of the project.  
. 
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Figure 1.  Schematic of combustion tube and kinetics cell assembly. 

 
Figure 2.  Raw results from ramped temperature oxidation study of Ugnu crude oil. 
   Kinetics cell temperature versus time. 
 
Figure 3.  Raw results from ramped temperature oxidation study of Ugnu crude oil.  
     Effluent gas concentration versus temperature. 
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1.   Introduction 
 
In-situ combustion, or air injection, is the process of injecting oxygen into oil reservoirs to 
oxidize the heaviest components of the crude oil and enhance oil recovery through the heat and 
pressure produced. The emphasis of this work is to study and model numerically in situ  
combustion processes.  The ultimate objectives are to provide a working accurate, parallel in situ 
combustion numerical simulator and to better understand the in-situ combustion process when 
using metallic additives and/or solvents combined with in situ combustion.  For this purpose, 
experimental, analytical and numerical studies are conducted. 
 
This report presents results of the first quarter of the third year of this project.  
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2. Executive Summary  
 
2.1. Personnel 
 
Current personnel include Prof. Margot Gerritsen (PI), Prof. Tony Kovscek (Co-PI), Dr. Louis 
Castanier (Technical manager), Mr. Rami Younis (PhD student). Mr. Rotimi Aloweke (MSc 
student) is also working on the project, albeit paid from departmental sources. We also still have 
the pleasure of the collaboration with Mr. Morten Kristensen and Professors Erling Stenby and 
Michael Michelsen from the Technical University of Denmark. Research associate Dr. Jim 
Lambers is involved in the development of the integrated upscaling and adaptivity methodology. 
 
 
2.2. Important accomplishments  
 
 
2.2.1 Numerical developments  
 
The next quarterly report will report extensively on new results obtained in two areas of the 
numerical development. We are still obtaining the final simulation results and prefer to present 
the full story for clarity next quarter.  The first area is the development of our one-dimensional in-
situ combustion simulator. We have now implement a fully implicit as well as a sequentially 
implicit time-stepping technique. Phase changes occurring during time-steps posed challenges. 
We will also present studies showing the effect of local grid refinement in one dimension.  
 
The second area is the development of a Virtual Kinetic Cell (VKC). This work is done in 
collaboration with the Technical University of Denmark. We have successfully implement a 
family of ESDIRK (Explicit Step, Diagonally Implicit Runge Kutta schemes) for the time 
integration of the kinetics. We designed an event detector that locates the time at which phase 
changes occur to improve the accuracy of the phase behavior calculations. We have started 
running numerical experiments to study the interplay between phase behavior and kinetics, which 
is the main reason for developing the VKC. 
 
2.2.2  Experimental work 
 
The experimental program is focused on the proof of concept for (i) water-soluble metallic salts 
to improve fuel lay down and enhancement of combustion performance as well as (ii) a new 
recovery concept that combines cyclic solvent injection and in-situ combustion to remove any 
solid precipitation resulting from the solvent. 
 
Our work, as of late, has used primarily viscous crude oils from West Sak (Alaska) and Ugnu 
(Alaska). We have obtained and ample supply of West Sak crude oil. The work presented in 
[Cristofari, 2006] shows new results obtained for this sample. Chiefly, combustion kinetics 
(ramped temperature oxidation) were measured of the West Sak sample in synthetic cores as well 
as on the oil and precipitates remaining after pentane was injected as a solvent to reduce oil 
viscosity. A reference set of kinetics for Hamaca (Venezuela) was completed earlier. Companion 
combustion tube runs have also been performed for these samples, as reported in previous 
quarterly reports.  
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The volume of Ugnu crude oil obtained to date is too small to perform combustion tube runs. Our 
focus has been on kinetics studies of this oil. In a later stage, we will perform numerical 
experiments to simulate a combustion tube run using the data obtained from the kinetics. 
 
 
 
3. Experimental 
 
Figure 1 is a graphical summary of the experimental equipment. The combustion tube measures 
the ability of a combustion front to propagate through a given combination of crude oil, water, 
and porous medium. The kinetics cell is used to characterize activation energies of combustion as 
well as oxygen consumption. The combustion tube, or alternately the kinetics cell, is coupled to a 
gas analyzer, traveling thermocouple, and data logging system. Briefly, the gas analyzer collects 
effluent gas composition. Oxygen and nitrogen are provided by gas cylinders and metered using a 
mass flow controller. Temperatures are recorded every centimeter along the length of the 
sandpack during a combustion tube run, while in the kinetics cell tests, temperatures are measured 
in the center of the cell.  
 
The combustion tube is made of stainless steel (316) with a wall thickness of 0.014 cm. It is 1.0 
meter long with an inner diameter of 7.5 cm. It is packed with a multiphase mixture of sand, clay, 
oil, and water as detailed later. A 240V, 1000W igniter coil surrounds the tube between 10 to 15 
cm from the top of the tube. Prior to ignition, the combustion tube is placed vertically in an 
insulator jacket and the annular space between the tube and the wall of the jacket is filled with 
insulating vermiculite. A Matheson mass flow controller (model 8240, range 0.1-5 SLPM) is 
connected upstream of the tube to control the rate of air injection. At the outlet of the combustion 
tube, liquid is separated from the gaseous products. Centrifuge vials (50ml volume) are used to 
collect the produced liquid for later analysis.  
 
The gas leaving the separator is cooled by a condenser and then dehumidified. A backpressure 
regulator elevates the system backpressure to 100 psig (690 kPa). A part of the effluent stream 
then flows through two acid scrubbers containing potassium permanganate. All the other effluent 
is vented. The scrubbed effluent is then directed to a Xentra gas analyzer (model 4200, 0.1% 
error). This is a compact gas analyzer, measuring oxygen, carbon dioxide, carbon monoxide, and 
methane concentration. Measurements are made once per minute. The outlet streams from the 
analyzer are vented.  
 
A thermal well (3.2 mm O.D., 316 stainless steel) is set in the center of the tube and spans from 
top to bottom. During the combustion process, a traveling thermocouple measures the 
temperature as a function of time and distance from the top. A measurement interval of 1-5 cm is 
generally used depending on the temperature profile and front velocity. The interval is chosen so 
that a complete traverse of the tube occurs with negligible movement of the combustion front. 
 
The kinetics cell is a thick-walled stainless steel (316) cylinder that is 13.3 cm long and 4.82 cm 
(O.D) in diameter. The cylinder was sealed by means of knives and annealed copper gaskets. The 
0.76 mm (0.030 in) knives were machined into the end face of the cylinder and the endcaps. With 
pressure at the two ends, the knives on the end of cylinder and the endcaps cut into the gaskets 
providing a contact seal. Air is injected from the bottom of the cell. Prior to injection, air flows 
through coiled 3.2 mm (1/8 in.) tubing  and is preheated.  On the top of the cell air exits and the 
temperature is measured. The kinetics cell is packed with a mixture of oil, water, and sand. Two 
thin-walled stainless steel cups are put inside the kinetics cell. The upper cup is 7.1 cm long with 
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I.D of 2.7 cm.  This cup is filled with the oil and sand mixture. The lower cup is filled with dry 
sand. It serves as a preheater and disperses the inlet air to obtain one-dimensional air flow. Both 
cups are perforated on the bottom to allow air flow. Sand migration is prevented by 200-mesh 
stainless steel screens placed across the bottom of each cup. 
 
 
Oil Sample 
The oil sample from Ugnu was used as received. It is 16.5 ° API with a dead oil viscosity of 124 
cP at 20 °C. The asphaltene content is 4.44 wt%. 
 
 
4. Results and discussion 
 
This report covers the ninth quarter of our research grant. On the numerical side, we finalized the 
implementation of a sequentially implicit and fully implicit time integration of the 1D in-situ 
combustion simulator, and have started the implementation of operator splitting. We also 
implemented ESDIRK methods for integration of kinetics in our Virtual Kinetic Cell, and 
designed a phase-change detector that is used to more accurately compute phase behavior. We 
will report on this work in the next quarterly report, as we are still running final experimental 
tests. As discussed in detail above and below, we have also made good progress this quarter on 
the experimental side.  
 
 
4.1. Experimental work 
  
Ramped temperature oxidation (kinetics) experiments are presented in Figs. 2 and 3. Figure 2 
shows the temperature increase versus time. Exothermic reactions are evident around 50 minutes 
where the temperature elevates to about 325 °C and at 100 minutes where the temperature is 
about 410 °C.  The temperature increase from about 120 minutes onward is due to the system 
heater. Figure 3 also illustrates good kinetic performance of this crude. It plots the effluent gas 
concentration from the kinetics cell versus the cell temperature. The experiment is conducted with 
an excess of oxygen and so the concentration of oxygen remains around 20% except at the 
temperatures corresponding to combustion reactions. Hence, the decrease in oxygen 
concentration around 325 °C and 410 °C in this figure. The concentration of carbon monoxide is 
generally quite low indicating effective combustion of the oil. 
 
  
 
5. Conclusions 
 
5.1. Experimental work 
 
The ramped temperature oxidation studies for Ugnu presented in section 4 are raw data. They will 
be processed to obtain combustion kinetic parameters including the activation energy of the low 
and higher temperature oxidation reactions. The raw results, however, do appear to display 
effective combustion performance.  
 
We are quite interested to understand the combustion properties of Ugnu oil at the scale of a 
combustion tube (1 m) and greater. Our attempts to access this information experimentally have 
been frustrated due to the unavailability of a large crude oil sample. Hence, we will turn to 
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simulation to estimate whether Ugnu might display stable combustion properties. Once the 
ramped temperature oxidation results for Ugnu have been processed, those kinetics will be input 
for simulation using our high-resolution combustion simulator. Combustion of Ugnu oil in linear 
and radial geometries will be explored. 
 
References 
 
The main references for this quarter are our previous quarterly reports, as well as our new paper 
 
Cristofari, J. S., Kovscek, A. R. and Castanier, L. M., "Does Solvent Injection Enhance In-Situ 
Combustion of Viscous Oils?", SPE/DOE Symposium on Enhanced Oil Recovery, Tulsa, OK, 
April 2006 
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Figure 1.  Schematic of combustion tube and kinetics cell assembly. 
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Figure 2.  Raw results from ramped temperature oxidation study of Ugnu crude oil. 
   Kinetics cell temperature versus time. 

  



January 2006 11 

 
 
  
Figure 3.  Raw results from ramped temperature oxidation study of Ugnu crude oil.  
     Effluent gas concentration versus temperature. 

 


