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Abstract

Nomenclature
A, MTO reaction pre-exponential factor, 1/s
a oleic (0), aqueous (w) and gaseous (g) phase
Ca heat capacity of phase a (o, w, g), J/(mol-K)
Cnm, heat capacity of porous matrix, J/(m3.K)
n MTO reaction order with respect to oxygen
P, gas pressure, Pa
Pres reservoir pressure, Pa
Q- MTO reaction enthalpy per mole of oxygen at reservoir temperature, J/mol
Quny Quw oil and water vaporization heat at reservoir temperature, J/mol
R ideal gas constant, J/(mol-K)
Sa saturations of phase «
gint gind initial saturations of oil and water phase in the reservoir
T temperature, K
T initial reservoir temperature, K
T9° MTO activation temperature, K
Ug Darcy velocity of phase a, m/s
Ugj Darcy velocity of component j = h, k,w,r in gas phase, m/s
Uin;j Darcy velocity of injected gas, m/s
W, MTO reaction rate, mol/(m3-s)
Wonhs Wow vaporization rate for hydrocarbon and water, mol/(m?-s)
x,t spatial coordinate, m, and time, s
Y, Yi, Yo, Y gas molar fractions: hydrocarbons, oxygen, steam, remaining components, mol/mol
y,ind oxygen fraction in injected gas
A thermal conductivity of porous medium, W/(m-K)
vy, Vgs Vi stoichiometric coefficients in the MTO reaction
Do molar density of phase o, mol/m3
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Introduction

Air injection leading to in-situ combustion is generally considered applicable to recovery of heavy
oils because it causes a significant reduction in oil viscosity. The air injection process usually refers
to ”high pressure air injection” (HPAI), whereas the term ”in-situ combustion” traditionally has
been used for heavy oil reservoirs. In this process, the oxygen in the injected air burns the heavier
components of the oil, thus generating a heat wave leading to cracking of heavier components and
vaporization of lighter components. Air injection has the advantage of ready air availability at any
location [52]; however, energy costs of air compression necessary for injection are not negligible.
Air injection can also be used to recover light oils by mechanisms such as combustion gas drive, dis-
tillation and thermal expansion [16, 18, 22, 54, 49, 23, 5, 2]. This work considers a new combustion
mechanism to enhance recovery of light oil by air injection.

It is worth noting that water injection is not an efficient recovery method in low permeability
heterogeneous reservoirs due to poor sweep efficiency [55, 10]. There is a large body of literature
describing the use of HPAT (high pressure > 100 bars air injection) to recover oil [1, 3, 11, 13, 14,
36, 39, 40, 56, 59]. HPAI was first introduced in 1979 in the Buffalo field [17]. The effectiveness
of HPAI depends on many oil recovery mechanisms [15] including sweeping by flue gases, field re-
pressurization by the injected gas, oil swelling, oil viscosity reduction, stripping off light components
in the oil by flue gas and thermal effects generated by the oxidation reactions. The displacement
efficiency of oil recovery in combustion processes is the initial oil-in-place excluding the amount of
fuel consumed in combustion, i.e., the residual oil is produced [45]. However to reduce the high
compression costs and to avoid fracturing at shallower depth, our focus will be an alternative to
HPAL i.e., to inject air at medium pressures (~ 10 — 90 bars). The main recovery mechanism that
we consider for medium pressures is the interaction between vaporization and combustion of light
oil.

The combustion mechanism varies with the type of oil. In summary, we have high temperature
oxidation (HTO) [41], in which cracking occurs forming coke, which is subsequently oxidized at high
temperatures; low temperature oxidation (LTO), in which the oxygen is adsorbed or incorporated
by the hydrocarbon molecules to form alcohols, aldehydes, acids or other oxygenated hydrocarbons
[26, 27, 30]; and medium temperature oxidation (MTO) [22, 27, 28], when the oxidation reaction
leads to scission of the molecules into small reaction products such as water, CO or COs.

The mathematical theory of combustion in porous media is well developed for immobile fuels,
see, e.g., [9, 11, 48, 51, 56]. When the fuel is liquid and can also vaporize, the problem becomes
more complicated. It was shown in [43] that, in the case of liquid fuel, the combustion wave has a
resonant structure similar to that encountered earlier in detonation problems, see [19, 37, 53, 58].
The mathematical theory shows that the recovery is most efficient when such a resonance occurs. In
this case at some point in the internal structure (resonant point) of the wave, the Buckley-Leverett
characteristic speed is equal to the combustion velocity.

In this paper, we review extensively the model suggested in [44] for air injection in light oil
leading to medium temperature oxidation (MTO). The mechanisms operating in MTO have received
little attention in the literature [27, 25, 24, 22, 29]. The main purpose of this paper is to elucidate
the prevailing mechanisms in MTO. Therefore we developed a simple 1-D model considering light oil
recovery through displacement by air at medium pressures and low injection rates and performed
both numerical and laboratory experiments to validate the theory. The presence of liquid fuel,
which is mobile and can vaporize or condense, is a challenge for modeling the combustion process
[23]. The low air injection rate was chosen to mimic the processes in the main reaction zone (away
from the injection well) in an oil reservoir. We only consider the one dimensional flow problem,
expecting that its solution contributes to understanding the MTO process and determining the
displacement efficiency.

The mathematical model is given by a system of multi-phase flow equations with additional



terms describing reaction and vaporization rates, and an energy balance equation. Analytically, the
general solution is composed of three types of nonlinear waves, which are a thermal, a combustion
and saturation waves [44]. In MTO, all physical processes, reaction, vaporization, condensation
and filtration, are active. The name of the wave (MTO) comes from the fact that the maxi-
mum temperature is bounded by the liquid boiling temperature and, thus, cannot become very
high. One of the main issues investigated in this work is the relative importance of vaporiza-
tion/condensation/oxidation for light oil recovery in an MTO process.

The detailed mechanism depends on diffusive processes (capillary, molecular diffusion and heat
conductivity), oil composition, air injection rate, pressure, presence of water and water saturation.
The theory gives the ratio between the oil recovered and the oil burnt, and describes the behavior
of oil mixtures (here modeled as two-component mixtures). One of the purposes of our research is
to investigate whether we can find experimental evidence for the combustion mechanism described
theoretically. We perform and interpret experiments involving air injection in a consolidated porous
medium filled with one-component oil (hexadecane) at medium pressures to validate the theory and
to find details of the oxidation mechanisms. As we use conditions that are representative further
away from the well, we expect to see details relevant in the field that are not visible for experiments
operating at high rates and high pressures [7, 29, 22, 40, 27], which are representative in the near
well bore region.

The paper is organized as follows. Section 1 describes the physical model and presents governing
equations briefly. Section 2 describes analytical solutions of medium temperature oxidation process.
Section 3 presents the numerical results for thermal, capillary and mass diffusive processes. In
section 4, numerical solutions with several sets of conditions for the two-component oil model are
presented. The numerical solutions with several sets of conditions for the oil with different boiling
temperatures in the presence of initial water are presented in section 5. Section 6 describes the
results of laboratory experiments. We end with some conclusions.

1 Model

We study a three-phase flow problem (gas, oil and water) involving a combustion front when air
is injected into thermally isolated porous rock filled with light oil and water. We summarize the
reaction process by the following reaction equation:

v(hydrocarbons) + Og — 1, (H20) 4 v (other gaseous products), (1.1)

i.e., one mole of oxygen reacts with v, moles of initial (liquid) hydrocarbons generating v, moles of
water in vapor phase and v4 moles of gaseous products (CO, COg, etc.). This reaction equation is an
abbreviated form of a number of intermediate reactions leading to complete scission of hydrocarbon
molecules (medium temperature oxidation). We disregard gas-phase reactions, though it is still a
matter of debate whether such reactions play a significant role in porous media as annihilation of
free radicals at the pore walls drastically reduces the reaction rates [6, 31, 38, 50, 20].

The system is studied for one-dimensional flow in the positive horizontal spatial direction =z,
allowing for the presence of oil, water and gas. The oil saturation is denoted by s,, the water
saturation by s,, and the gas saturation by s, = 1 — s, — s,,. In the gaseous phase, we distinguish
the molar fraction of hydrocarbon gas Y}, the molar fraction of steam Y,, and the molar fraction of
oxygen Y,. The remaining components with molar fraction Y, =1 — Y, — Y}, — Y, consist of inert
components from the injected gas and reaction products. The molar mass balance equations for
oil, water and the four gas components are



Ot(Pposo) + Ou(poto) = —viWy — Wy, (1.2)
O(Ppwsw) + Oz (pwtw) = —Wiu, (1.3)
Ot(PYnpgsg) + Ou(pgugn) = Wn, (1.4)
0t (PYipgsg) + Ox(pgtige) = —Wi, (1.5)
0t (PYwpgsg) + Ou(pgtigw) = Wayw + vuWs, (1.6)
0 (pYrpgsg) + Ou(pguigr) = vgWr, (1.7)

Assuming that the temperature of solid rock, oil, water and gas are locally equal, we write the
energy balance equation as

0 0
ot ( (Crn 4 PCoposo + PCwpuwsSw + ‘chpgsg) AT) =+ oz ((Copouo + CwPuwly + Cgpgug)AT>
0*T
- )\W + Q’!‘WT’ - thth - vaWvun (18)

where AT = T — T is defined with respect to the initial reservoir temperature 7. In (1.8), Cy,,
Co, Cw, Cq are the heat capacities for the rock, the oil phase, water phase and gas phase respectively.
We use the ideal gas law to relate the total molar gas density p, to the pressure P, and the Darcy
velocities with quadratic relative permeability functions for the oil, water and gas phases. The
partial pressure of the gaseous hydrocarbon and water in oil-gas and water-gas equilibria are given
by combining the Clausius-Clapeyron relation with Raoult’s law. We consider the MTO reaction

rate as Py\" Tac
W, = Aroposo (Pit;”> exp (— T > , (1.9)

where A, is the frequency factor for the oxidation rate of oil. We use 7% = FE,./R to denote the
activation temperature for the oxidation reaction, which is related to the activation energy F,..
The vaporization rates W, and Wy, for hydrocarbon and water are assumed to be proportional
to the deviation of the mole fraction of the gas component from its equilibrium value.

The initial reservoir conditions for t =0, 0 < z <[ are

T=T", s,=s""R(x), su=sy'R(x), Vi=Y Y,=0, Y =Y, P;= Pp(z), (1.10)

where the ramp function R(z) describes continuous change of saturations from zero to their initial
reservoir values. This is necessary for numerical purposes. The injection conditions at x =0, ¢t > 0
are

So=80w =Y, =Y, =0, T=T" w,=upj, Y.=Y" (1.11)

corresponding to the injection of air at reservoir temperature 7" and constant Darcy velocity
Uinj. It is assumed that there are neither gaseous hydrocarbons nor water in the injected gas, i.e.,
Y, =Y, = 0. For numerical solutions, we need to state the production conditions at x =1, ¢t > 0,
which are taken to be

Do = Opse = 0pYx = 0,Yey = 0,Y), = 0,7 =0, Py = Pres. (1.12)

We utilize a fully implicit numerical solution approach based on finite-elements, i.e., we formu-
late and solve the finite element problem using COMSOL software for the model equations in weak
form. The grid size in the simulations is 0.01 m, which is fine enough to capture the multi-scale
processes and capable of resolving salient features.

Several modifications of the model described above are also used in this paper, as it will be
specified explicitly in each particular case.



A, = 4060 1/s Qr = 400 kJ/mol O, u™ = 8.0x107" m/s
cg = 29J/molK | Q,, = 31.8(45)(25) kJ/mol | Y = 0.21
Cn = 2MJ/m?3K R = 8314 J/molK vy = 0.63 (0.648) (0.625) [mol/mol]
co = 224J/molK | s, = 0.1 v, = 0.09 (0.054) (0.125) [mol/mol]
cw = 75J/molK n = 1 vy = 0.72(0.7) (0.75) [mol/mol]
D, = 107°m?/s | T = 7066 (10050) K pw = 55000 mol/m?
k= 10710 [m?] T = 300K po = 6826 (4411) (8694) mol/m3
Pres = 10%Pa Tmh = 371 (489) (309) K o = 03
Quw = 40kJ/mol | T = 373 K A = 3W/mK

Table 1: Values of reservoir parameters for heptane (dodecane) (pentane) as effective oil pseudo-
component.

X

Figure 1: (a) Wave sequence solutions of the thermal (Th), MTO and saturation (S) waves for
the combustion of light oil [44]. Indicated are the schematic distributions of the temperature T,
oleic saturation s, and oxygen fraction Y,. Superscripts (-) and (+) represent the upstream and
downstream side of the MTO wave respectively. The x-axis corresponds to 7" for temperature and
to zero for other variables. (b) Schematic graphs of the MTO wave profile. The thin vaporization
region (VR) is dominated by vaporization and the much wider reaction region (RR) is dominated
by the MTO reaction with slow condensation. The VR is much thinner than the RR, because it is
assumed that vaporization is much faster than the reaction.

2 Structure of analytical solution

Here we briefly describe the analytical solution obtained in [44] for a simplified model, where the
water phase and thermal diffusion were neglected. The solution corresponds to the long time
behavior and consists of a sequence of moving waves separated by constant states. In Fig. la the
solution is shown as a sequence of three waves, viz., a thermal, an MTO, and a saturation wave.
Due to the high heat capacity of the rock, the thermal wave is the slowest. The constant state at
the upstream side of the thermal wave is determined by the injection boundary conditions. The
temperature in the thermal wave changes from a low value T' = T upstream to some high value
T~ downstream.

The MTO region contains the most interesting traveling wave, which has a constant speed v
(Fig. 1b). In this region, all the dependent variables T', s,, u, Y}, Y, can be expressed in terms of a
single traveling coordinate £ = x — vt, i.e., in a frame of reference moving with speed v. Reference
[44] uses the traveling wave solution to relate quantities at the upstream side to those at the
downstream side, and to obtain the wave speed v. The region upstream of the MTO wave contains
injected gas with an oxygen fraction V" > 0 and no gaseous hydrocarbon, Y;, = 0. The reaction
rate W, vanishes both at the upstream and downstream side of the MTO region, which leads to
the condition s, = 0, (no oil) upstream, and Y, = 0, (no oxygen) downstream. Downstream of the
MTO wave there is liquid hydrocarbon with a saturation s > 0 and a temperature T' = T; here



the equilibrium condition W,y = 0 requires Y}, = Y,/4(T™).

The mathematical analysis of the MTO region is simplified in an essential way by the reasonable
physical assumption that the vaporization rate is much higher than the reaction rate. Under this
assumption the MTO region is divided into a vaporization region (VR) and a reaction region (RR),
see Fig. 1b. The VR is very thin due to high vaporization rate. Here the fraction of gaseous fuel
rises from Y}, = 0 in the injected gas to the equilibrium value Y3, = Y, (T at the downstream end
of the VR. Since this region is very thin and the reaction rate is not large at the prevailing low
fuel concentration, the oxygen consumption in the VR is negligible. In the RR, most of the MTO
reaction occurs. Moreover gaseous fuel condenses due to temperature decrease downstream in the
direction of gas flow. Along the RR, the equilibrium condition Y} = Yh6 %(T) holds approximately.
The surprising feature of MTO is that the thin VR is located upstream of the RR.

Finally, the saturation wave travels downstream of the MTO wave, see Fig. la, where the
temperature is constant and equal to T = T%. Therefore, we have thermodynamic equilibrium
between liquid and vaporized hydrocarbon, i.e., Y} = Yhe 9(T™%), and there is no net vaporization or
condensation. The injected oxygen has been consumed completely in the MTO region. Therefore,
we have Y, = 0 downstream of the MTO region, where no reaction occurs. The saturation region
sustains a Buckley-Leverett solution, which is obtained using the standard procedure involving
the Welge tangent construction [57]. Briefly, from upstream to downstream, the Buckley-Leverett

solution consists of a rarefaction, a shock and a constant state with oil saturation s*

i as its initial

value.

3 Air injection into a porous medium with one-component oil and
gas including capillary, thermal and mass diffusion

In this section, we review the results of numerical simulations with COMSOL for a two-phase (oil
and gas) model which was extended to account for the capillary effects, as well as gas and thermal
diffusion. We consider reservoir parameters values given in Tab. 1 corresponding to heptane (C7H;g)
as a fuel. Parameters of the MTO reaction rate vary considerably depending on specific conditions.
The availability of reaction rate data is limited. In Tab. 1 we present the MTO rate parameters
compatible with experimental results obtained in [21]. In our solutions, the wave speed and limiting
states are fortunately weakly dependent on the elusive kinetic parameters.

As shown in Fig. 2 the numerical solution exhibits two regions (thermal and MTO) in the
same way as the analytical solution. The saturation region has moved out of sight to the right.
The analytical and numerical solution look similar, in spite of the presence of diffusion terms in
the numerical solution. For the parameters used by us, the thermal wave is the slowest wave.
Therefore, the thermal wave travels in the region of the reservoir from which the liquid and gaseous
hydrocarbons were already displaced, i.e., s; = 0. Also, Y, = 0, as the injected gas contains no
gaseous hydrocarbons. Therefore, the liquid fractional flow function f;, the reaction rate w, and the
evaporation rate w, are all zero. Since there is no reaction in the upstream part of the MTO wave,
the oxygen fraction Y, = Y, is constant. The temperature in the thermal wave changes from the
injection value T' = T upstream to some value T~ in the plateau. The gradual increase is due to
the non-zero value of the thermal conductivity. The Darcy velocity upstream of the thermal wave is
the injection Darcy velocity u = u;,j. The MTO region contains the most interesting waves in our
solution, viz., evaporation and combustion. The saturation region travels downstream of the MTO
wave. In this region, the temperature is equal to the initial temperature 7' = T, Downstream
of the MTO region there is liquid-gas equilibrium Y;, = ¥;7(0), and there is neither vaporization
nor condensation. The oxygen has been consumed completely in the MTO region. No reaction
occurs downstream of the MTO region as the oxygen mole fraction is zero (Y, = 0), see (1.9) and
no reaction occurs upstream of the MTO region due to lack of fuel. Since the volume of each phase
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Figure 2: Wave sequence solution with the thermal and MTO regions obtained by numerical
simulations. Indicated are the distributions of the temperature 7', liquid saturation s;, oxygen
mole fraction Y, and gaseous hydrocarbon mole fraction Y}, at ¢t = 4 x 107sec in base case related
to Table 1. Note near x = 40m the abrupt decay of the oxygen concentration, the narrow peak of
the Y}, concentration, and the rapid decay in temperature. Consequently the reaction region (RR)
and the vaporization region (V R) are also narrow and partly overlapping.

remains constant, the total Darcy velocity is also constant in regions of constant temperature.

The width of the reaction region (RR) evaluated by the decline of the oxygen concentration
is of the order of one meter in the diffusive simulation shown in Fig. 2, while the width in the
diffusionless analytical solution is of the order of millimeters. This discrepancy is due to both
physical (molecular, capillary and thermal diffusion) and numerical diffusion, all present in the
simulation. The vaporization rate is made very fast by the application of a high transfer function in
the numerical computations or by using thermodynamic equilibrium in the analytical computations.
In the RR, the wave profile is characterized by steep changes in all variables at higher temperatures,
followed by slower variations at lower temperatures downstream (see Fig. 1). Note also that the
temperature T attains a maximum at a peak that determines the resonance state. At this state the
heat consuming vaporization at the V' R is replaced by the heat providing combustion process in the
reaction region (RR). As shown in Fig. 1, the oxygen mole fraction Y,, the gaseous hydrocarbon
mole fraction Y}, and temperature T change more steeply in the RR wave than the corresponding
profiles in Fig. 2. Note that 7~ is equal to 7" + 0.85(T" — T in Fig. 2, which means that
the temperature at the upstream part of the MTO region is 177°C. This value is between the
boiling point T and the temperature predicted analytically with a simplified model. Indeed, the
temperature upstream of the MTO region increases to become closer to T? by taking into account
the diffusive processes to the model, as was already conjectured in [44]. The liquid saturation
downstream of the MTO region, sl+ in Fig. 2, is about 0.65 as opposed to 0.56 in the analytical
solution.

4 Air injection into a porous medium with two-component oil and
gas

In this section, we review the results of numerical simulations for a two-phase (oil and gas) model,
where two different oil pseudo-components are distinguished. These two components correspond to
light and medium oil fractions. The molar fractions of these components in oil phase are denoted by
Yy (light) and 1)y, (medium). We consider the reservoir parameters given in Table 1 corresponding
to heptane (C7Hig) and decane (C19Ha2) as light (volatile) and medium (non-volatile) oil fractions.
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Figure 3: Simulation for an initial medium component fraction of (a) ¥ = 0.2 and (b) ¥ = 0.8.
Wave sequence solution with the thermal and MTO regions. Indicated are the distributions of the
temperature T, oleic saturation s,, oxygen mole fraction Y, gaseous hydrocarbon mole fraction
Y}, light oil concentration s,y and medium oil concentration s, at (a) t = 9.7 x 10"sec and
(b)t = 2.1 x 103sec.

4.1 Effect of the light (volatile) component fraction

As shown in Fig. 3 (left), the numerical solution exhibits a thermal and an MTO region in the same
way as did the analytical solution for the one component system in Fig. 1. In this case the initial
volume fraction of the volatile component (C7Hig) is 0.8 in the oil mixture. The saturation region
has moved out of sight to the right. For the parameter values used by us, the thermal wave is the
slowest wave (it lies between 0 and 25 m in Fig. 3(left)). Therefore, the thermal wave travels in the
region of the reservoir from which the light liquid and gaseous hydrocarbons were displaced, i.e.,
sot; =Y, = 0; however small amounts of medium oil remain behind (between 0 — 10m), upstream
of the MTO wave. The reaction rates W,;, W,.,, and the vaporization rate W, are all zero or very
small in the thermal wave region. Since there is no reaction in the upstream part of the MTO
wave, the oxygen fraction Y, = Y."/ is constant. The temperature in the thermal wave changes
from the injection value T' = T upstream to some value 7~ in the plateau. The Darcy velocity
upstream the thermal wave is the injection Darcy velocity u = w;,; and it increases downstream
due to thermal expansion of gas.

The MTO region contains the vaporization/combustion wave, see Fig. 3 (left). Downstream
of the MTO region, the temperature is equal to the initial temperature 7 = 7. This implies
liquid-gas equilibrium Y; = l/leq(Ti”i), and there are neither net vaporization nor condensation. No
reaction occurs downstream of the MTO region as the oxygen has been consumed completely in
the MTO region (Y, = 0).

In summary when the volatile component represents a large fraction of the oil (in our case
1/)}"” = 0.8), vaporization/condensation determines the effectiveness of the combustion process for
oil recovery. This effectiveness is more pronounced at lower boiling points. As shown in Fig. 3(left),
vaporization of the light component (heptane) occurs upstream of the region of the reaction (of
light and medium oil) in the MTO wave (around 50m in Fig. 3(left)). Most of the vaporized light
component condenses further downstream as the temperature drops down. This fact emphasizes
the effectiveness of vaporization/condensation in the displacement of the oil mixture (note the
increase of the light component s,1; as compared to the medium component s,1,,, in the upstream
side of the MTO wave in Fig. 3). However not all of the non-volatile oil is displaced by the volatile
oil, but small amounts remain behind the MTO wave (between 0 — 10m) because the MTO wave
is not initially strong enough to displace the medium oil. This initialization effect causes a slow
decrease in the oxygen profile in the first ten meters. The decrease is not visible in Fig. 3 (left)
because of the small amounts of fuel and low temperature in that region.



As shown in Fig. 3, the temperature profile is bounded by the boiling temperature (Tbl =
478.5K) of the volatile fraction at elevated pressure. The oleic saturation downstream of the MTO
region is about 0.67, and from this point, the flow continues with a constant state. The Buckley-
Leverett profile may follow further downstream, and this profile passed the right end at the time
of Fig. 3(left).

4.2 Effect of the medium (non-volatile) component fraction

The two-component system in which one component evaporates and condenses at low or moderate
temperatures shows pronounced enhancement of the combustion process effectiveness. Let us study
the relative importance of vaporization and combustion in the medium pressure air injection process
with different concentrations of the light component. In the base case with medium component
volume fraction " = 0.2, shown in Fig. 3(left), vaporization occurs upstream of the MTO wave.
Single-component studies [44] showed that the combustion front moves considerably faster when
vaporization/condensation occurs. In the two-component system 1" = 0.2 shown in Fig. 3(left),
the enhancement of oil recovery by distillation is confirmed.

When we increase the medium component fraction to (¥ = 0.6), the general appearance of
the solution is preserved. The vaporization region is located upstream of the reaction one. At the
upstream side of the MTO region, hydrocarbon evaporates, whereas it condenses at the downstream
side.

In Fig. 3(right), the fraction of the medium component in the initial oil was increased to 0.8.
As one can see comparing with Fig. 3(left), the general appearance of the waves is not preserved.
The oil acts more like immobile fuel in the HTO process [42], though it moves slowly through the
domain. Vaporization of the light component occurs downstream of the reaction zone (see the profile
of Y; that starts at x = 40m), so that the vaporization is not effective for oil recovery anymore.
As shown in Fig. 3(right), most of the light component is swept away by vaporization, while the
medium fraction remains behind and reacts with the oxygen in the injected air (at 2 = 5m). The
two minima in oil saturation s, in Fig. 3(right) (at x = 5m and & = 36m) are related to combustion
and vaporization; we have no correspondence to Fig. 1. In this case, reaction of a large amount
of left-behind medium component with oxygen leads to a steep increase in temperature to almost
600°C before the latter decreases to its initial value T downstream of the condensation region.
Since there is no light component in the reaction zone, the temperature is not bounded by the
boiling point of the light component. The gaseous hydrocarbon fraction Y; increases steeply (at
x = 40m in Fig. 3(right)) and then condenses gradually downstream to the equilibrium value at
the initial temperature. The slow condensation of hydrocarbon from the gas leads to increase in
the light oil profile in Fig. 3(right). Note that the behavior near the vaporization region leads to a
large oscillation (a large drop followed by an increase downstream) in non-volatile oil component
So¥m. The described process has much common with the HTO description in [41, 42]. However
there are differences like oscillations in the saturation profile.

We conclude that the MTO wave structure depends drastically on the initial oil composition.
When the light component fraction is sufficiently large, the vaporization occurs in the upstream
side, leading to effective temperature control and high recovery rate, Fig. 3 (left). On the contrary,
when light oil fraction is low, vaporization region moves to the downstream side of the combustion
zone, Fig. 3(right). This leads to very high temperatures and slow recovery rate. We should note,
however, that our two-component model of MTO is not valid for such high temperatures, because
cracking and vaporization of the medium component becomes a relevant part of the process [41, 42].
Thus, our model is only capable to predict a qualitative change of the combustion regime, while a
specific profile in the case of Fig. 3(right) must be confirmed using a different model; the latter is
a topic for a future research.



5 Air injection into a porous medium with one-component oil, gas
and water

In this section, the numerical results are presented for the full three-phase (gas, water and oil)
model with a single pseudo-component oil. The effects of the oil boiling point (heptane, dodecane
and pentane) and of initial water saturation on oil recovery by the MTO wave are studied.

5.1 Medium boiling point oil

Figure 4 shows the numerical results for the combustion of heptane with the initial saturation
5 = (0.7, when part of the water is initially present in the reservoir with s = 0.2 and another
part is generated by the reaction. The solution consists of a thermal wave, a water vaporization
front, an MTO wave (reaction, vaporization and condensation of oil at the steam condensation
front), and a saturation wave. As shown in Fig. 4 (left), the temperature in the slowest thermal
wave increases from 7" = 300K upstream to the value 7~ = 410 K downstream. At z = 16 m,
there is a front where the steam is vaporized, and the porous medium contains water at almost
initial saturation s,, =~ 0.2 downstream.

The MTO wave starts at * = 41m. Hydrocarbon vaporization and MTO occur in a very
thin region in the upstream part of the MTO wave. All oxygen (blue curve) is consumed in this
region. Further downstream at x > 41 m, the steam condenses abruptly generating a water jump.
The gaseous hydrocarbon Y} and steam Y,, condense at the same location, which means that the
steam condensation front (SCF) moves with the same speed as the MTO wave. All oil is swept
by the MTO wave, so that s, = 0 and Y} = 0 upstream of the MTO wave. No oxygen is left in
the downstream side, Y, = 0. Overall mass balance considerations show that most of the steam
originates from the initial water in the reservoir, while only about 10% comes from the combustion
reaction.

Finally, the saturation wave travels downstream of the MTO wave at x = 42.7 m in Fig. 4 (left).
In this wave, the temperature is low. Therefore, we have thermodynamic equilibrium between vapor
and liquid heptane and between steam and water, i.e., ¥, = Y, 4(T") and Y,, = Y,/(T™), and
there is almost no net vaporization or condensation in the saturation wave. The water saturation
drops down from s,, = 0.5 to the initial value s,, = 0.2, while oil saturation jumps from s, = 0.2
to 0.4 followed by a slow increase till s, = 0.45. This wave represents the slowest saturation wave.
Recall that several saturation waves typically appear for three-phase flow [4, 46] and the faster
saturation waves were only observed at earlier times and moved away to the right.

The behavior just described reveals a complex mechanism, where the coupling of MTO with
vaporization/condensation of both steam and oil lead to enhanced recovery. This mechanism has
multiple components. The steam vaporization upstream of the MTO wave with condensation
downstream increases the gas drive and creates a water bank of high saturation (up to s, = 0.5)
in the interval 41 < z < 42.7 m, see Fig. 4 (left). The two-stage oil bank is created first by the oil
vaporization/condensation mechanism (s, = 0.2 in 41 < x < 42.7 m), followed by the saturation
shock wave leading to the plateau with s, = 0.45. Figure 4 (left) shows that for medium boiling
point oil (heptane) the MTO wave and the SCF merge into a single wave; the first evidence for
this mechanism was found by Bruining and Marchesin [12]. At the same time, the saturation wave
is slightly faster than the MTO wave. So the water and oil banks get wider in time.

When the numerical results for heptane in the absence of initial water (Fig. 2) are compared
with the numerical results for a mixture of water and heptane (Fig. 4 (left)), one can observe that
the presence of initial water has a positive effect on the recovery of light oil. Oil and water banks
are built up, which does not happen in the absence of initial water. In the presence of water, the
MTO wave speed is slightly higher, while maximum temperatures are almost the same in both
cases.
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Figure 4: Air injection into (a) heptane/water mixture and (b) dodecane/water mixture with initial
saturations s = 0.7 and s = 0.2. Indicated are the distributions of the water saturation s,
oil saturation s,, temperature T, oxygen mole fraction Y}, steam mole fraction Y, and gaseous
hydrocarbon mole fraction Y}, at (a) t = 3.1 x 107sec and (b) t = 5.5 x 107 sec.

5.2 High boiling point oil

Let us now consider the effect of water in the air injection process for the recovery of a high boiling
temperature oil (dodecane), i.e., when the oil boiling temperature is much higher than that of
water. For such oil, we need higher initial temperatures for ignition of the MTO process, and we
use T = 350K. Figure 4 (right) shows the numerical results for the combustion of dodecane when
water is initially present in the reservoir with saturation s = 0.2. The initial oil saturation is
5" = 0.7. The solution consists of a thermal wave, an MTO wave and a saturation wave. As
shown in Fig. 4 (right), the (green) temperature in the thermal wave increases from T upstream
to the value T~ = 560 K further downstream.

As one observes by comparing Figs. 4(left) and 4 (right), the position of the steam region relative
to the MTO wave changes. Both vaporization and condensation of steam occur downstream of the
MTO wave for high boiling point oil. The reason is that the high boiling temperature volatile
oil finds it difficult to vaporize and therefore the oil combustion and vaporization/condensation
remains upstream. The oxygen mole fraction is constant (Y, = Y,;7*) upstream of the MTO wave,
and decreases steeply to zero in the MTO wave at 55m due to the reaction. No oil exists upstream
of the MTO wave (z < 55m in Fig. 4 (right)). The first increase of oil saturation s, (purple curve)
at bbm is a result of mechanisms involving the MTO wave. This includes the reaction as well as
condensation of the oil, which was vaporized upstream and carried to colder region in gas form. The
oil saturation increases to the maximum s, = 0.45 at = 56m, where it drops down to s, = 0.14
at the boundary of the water region. Finally, there is a saturation wave in the region 70 < x < 81
m where the oil saturation rises to s, = 0.45, while water saturation drops to s, =~ 0.2.

As opposed to the case of medium boiling point oil, in which oil and water condensation occur
at the same location with the formation of an oil bank, in the case oil with a high boiling point,
oil condensation occurs at the location where water evaporates, and water condenses further down-
stream of the MTO wave. This leads to a negligible effect of water on the oil recovery, resulting in
low (s, = 0.3) oil saturation ahead of the MTO wave. Recovery is improved due to the presence of
the saturation wave downstream. Unlike the case of Fig. 4 (left), for higher boiling point oil, no
steam and water remain behind the MTO wave.

5.3 Efficiency of the steam region and MTO wave

The amount of oil recovered relative to the amount of initial oil in place versus time is shown in
Fig. 6 for heptane, dodecane and pentane. Figure 6a shows the striking universality of the recovery
curves for heptane in a wide range of initial water and oil saturation. One can see that the curves
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Figure 5: Air injection into a heptane/water mixture with initial saturations s = 0.7 and s =
0.2. Indicated are the distributions of the water saturation s,,, oil saturation s,, temperature 7',
oxygen mole fraction Yj, steam mole fraction Yy, and gaseous hydrocarbon mole fraction Y}, at (a)
t =3 x 10%sec (35 days) and (b) t = 1.6 x 107sec (185 days).

are almost identical to each other. The same figure shows that neglecting water condensation and
vaporization in the MTO process (dashed curve) leads to underestimating the recovery, which is
enhanced by the steam region. One can clearly distinguish three stages of the recovery history in
Fig. 6a, which are characterized by approximately constant recovery rates (slopes). These three
stages are the steepest initial part (0 — 50 days), the intermediate part with lower recovery rate
(50 — 240 days) and the final part with a higher recovery rate (> 240 days).

The reservoir states corresponding to the first and second stages are presented in Fig. 5, while
the third stage is described in Fig. 4. One can see that the initial recovery (Fig. 5a) is a simple gas
displacement in three-phase flow with almost no thermal effects due to reaction (T' ~ T""). The
recovery mechanism is based on the saturation wave (at 35m in Fig. 5a), which reaches the right
end (production side) in about ¢ = 50 days. At about the same time, the temperatures increases,
leading to the formation of the MTO wave, Fig. 5b. Formation of this MTO wave triggers a
secondary saturation wave with a higher speed and lower downstream oil saturation (at 36m in
Fig. 5b). This wave is responsible for the small recovery rate in the second stage (50 — 240 days in
Fig. 6a) due to a lower downstream oil saturation, and it reaches the right end in about ¢ = 240
days. The rest of the recovery process is governed by the MTO wave with oil and water banks as
described in section 5.1. Note that the last two stages of the recovery are based essentially on the
MTO process leading to elevated temperatures. This is why the steam vaporization/condensation
plays an important role for improving the recovery rate for ¢ > 50 days; compare with the dashed
line in Fig. 6a when steam condensation is neglected in the model.

Figure 6b shows the relative recovery curves for dodecane and pentane. The case of pentane
is similar to that of heptane (low boiling point) in Fig. 6a. However, we have a different situation
for dodecane (high boiling point), where the steam region moves downstream of the MTO wave
(Fig. 4 (right)). Several stages can be recognized in this process too. Though, in this case, high
initial water saturations lead to considerable decline in oil recovery (green curve in Fig. 6b).

6 Laboratory Experiments

The experimental apparatus is a high pressure ramped-temperature oxidation reactor consisting of
a combustion tube (a stainless steel reactor with an internal diameter of 5 cm and a length of 23 cm)
equipped with heating devices and equipment for gas injection, sampling and analysis. This setup
can be operated at either a predefined heating rate schedule or at a fixed temperature, medium
pressure and low air injection rate. The reactor temperature is determined by four thermocouples
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Figure 6: The recovery fraction of oil versus time for (a) heptane and (b) dodecane (solid lines)
and pentane (dashed line) obtained by numerical simulations for different initial water saturations
i

inserted along axis of the sandstone core, from TC-1 at the top to TC-4 at the bottom. Heat is
provided by a cylindrical electrical heater enclosing the tube. The complete setup is insulated by
thermal ceramic super-wool to minimize heat losses.

A vertically-positioned sandstone core in the high pressure stainless steel reactor is first evac-
uated and then is entirely saturated with the model oil (n-hexadecane), which was preheated to
a desired temperature through a given heating schedule. One of the main favorable features of
this type of test is being able to perform all experiments with Bentheimer consolidated sandstone
cores, which are rather homogenous. This is opposed to most experiments reported in the liter-
ature, generally performed with crushed core or sand, which can alter the original permeability
and porosity. The air is injected from the top, controlled by a mass flow meter; oil and exhaust
gases are produced at the reactor bottom. The produced gas is analyzed by a gas chromatograph
(GC). Liquids from the reactor are collected and analyzed to determine the produced oil viscosity
and density. The heating schedule is defined as 10°C/10min, while the injected gas starts to flow
through the reactor at a defined rate. The same heating schedule is used for all the experiments.

6.1 Experimental results

For the interpretation of experimental results, we propose the following overall oxidation reaction
formula for alkane fuel (hexadecane in our experiments):

1
2CnH2n+2 + anH2n+202 + ﬁOZ + N2 — (61)

2CpHanyo + ¢CrH2, 1202 + sH0 + pCO2 +vCO + fO2 + Na,

where the nitrogen/oxygen molar ratio in the injected air is denoted by R, which is equal to 3.7.
This model reaction describes sorption of oxygen or formation of oxygenated hydrocarbon when
G > q and desorption or release of oxygen when ¢ < q. When z 4+ ¢ > ¢+ Z, it also describes full
oxidation for a part of hydrocarbon molecules. Hydrogen concentration was not measured in the
produced gas, which is a restriction for our GC setup. In the first experiment (Exp. 1), air was
injected into the reactor, which was previously saturated completely with hexadecane as the model
oil. The reactor was heated from room temperature to 400°C' at a heating rate of 10°C'/10min.
Figure 7 (left) shows the temperature and the produced gas composition histories. The gentle
increase up to 150°C' is due to heating interruption in the experiment because of problems with
the back pressure valve, which were resolved after 150 minutes, recovering the initial heating rate.

Deviations of the temperatures along the tube (i.e., in different thermocouples) occur at tem-
peratures above 200°C, which is an indication of heat release due to sorption of oxygen in the
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Figure 7: (a) temperature measurement history for air injection. (b)Reaction rates based on the
reaction model. The blue curve shows the stoichiometric coefficient history z — Z describing the
reaction rate of hexadecane. The red curve corresponds to ¢ — ¢ describing the production rate
of oxygenated hydrocarbon. The green stoichiometric coefficient z + ¢ — Z — ¢ describes the rate
of full oxidation reaction. Negative values of § — ¢ (red curve) imply that the oxygen-containing
hydrocarbon is converted back to hexadecane.

hydrocarbon. Sorption of oxygen in the hydrocarbons within the porous medium [8, 32, 47] can be
either physical (physisorption) or chemical (chemisorption); physical adsorption is caused by phys-
ical forces, i.e., van der Waals interaction between adsorbent and the adsorbate. The adsorption
process is exothermic. The physisorption energy is below 40 kJ/mol. The chemical adsorption is
due to chemical reaction between the adsorbent and the adsorbate, which changes the structure
of the adsorbent. The chemisorption energy is comparable to the energy of chemical bonds in
reactions and it is 80 kJ/mol or even more [33]. The solubility of gas in a liquid decreases as
temperature increases [8, 32, 47].

The temperature peaks in Fig. 7(left) indicate that an exothermic reaction zone is formed at
temperatures above 330°C', which moves along the reactor passing through TC-1 (red curve) at the
top to TC-4 (green) at the bottom of the reactor. The exothermic reactions resulted in an average
temperature increase of 100°C. It is shown that the temperature increase is small and smooth
at the top of the reactor (TC-1, TC-2), but less smooth at higher temperatures (TC-3, TC-4). A
steep increase in temperature is an indication of a higher reaction rate at higher temperatures. The
ultimate oil recovery for this experiment is 74%.

The viscosity and density of produced hydrocarbons are measured. These values turns out to
be the same as the viscosity (2.9 cP) and density (761 kg/m?) of hexadecane. This is intriguing
evidence that the formation of oxygenated hydrocarbon may play a smaller role relative to oxygen
dissolution in hydrocarbon than has been advocated in the literature.

Using the model reaction in Eq. (6.1), we can estimate the stoichiometric coefficient §— ¢, which
is proportional to the conversion rate of hexadecane to oxygen-containing hexadecane, see Fig.
7(right). Similarly, we estimate and plot in Fig. 7(right) the stoichiometric coefficient z + ¢ — 2 — g,
which describes the rate of complete scission of hydrocarbons. Initially, no hexadecane reacts with
air. Then (after 100 min) oxygen starts to react with hexadecane. As shown in Fig. 7(right),
part of the hexadecane is converted to oxygen-containing hexadecane, because no carbon oxides
are produced. As temperature increases due to the external heater, more hexadecane is involved
in chemical or physical adsorption of oxygen. After 300 min, a large part of oxygen-containing
hexadecane is converted back to hexadecane, while the rest produces carbon oxides (note the
increase of full oxidation rate, green curve in Fig. 7(right)). This agrees with the exothermic
temperature history in Fig. 7(left).

In summary, in the low temperature range (below 250°C'), oxygen bonds physically or chemically
in the low temperature oxidation zone with hydrocarbon. At a later stage, the oxygen-containing
compound desorbs the oxygen or further undergoes oxidation reactions.
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Figure 9: Oil recovery versus time under different pressures.

6.2 Efficiency of the air injection process

In the air injection process the amount of burned oil divided by the amount of recovered oil at the
end of the experiment is shown in Fig. 8. The maximum ratio is attained at 30 bar (Exp. 1), while
this ratio gets smaller both for lower (10 bar) and higher (45 and 70 bar) pressures. This trend
agrees qualitatively with the analytical results on medium temperature oxidation process [44]. The
recovered oil includes liquid and gaseous hydrocarbons. The mechanisms of liquid hydrocarbon
recovery is flue gas displacement, (i.e., by nitrogen and combustion gases), while hydrocarbon
recovery in gaseous phase is due to vaporization and distillation. The amount of burned oil varies
in the range of 2—18%. As shown in Fig. 8, the maximum amount of o0il is burned in the experiment
at pressure of 30 bar.

Figure 9 shows the oil recovery versus time for four different pressures. We observe a rapid
recovery increase at early times. This early production is caused mostly by depressurization and
gas flood effects. MTO injection is more effective for oil recovery at higher pressures, as shown in
Fig. 9, and confirmed theoretically in [44]. However, oil recovery at 30 bar appears to be lower
than oil recovery at 10 bar, but this may be attributed to some problems in the experiment with
the back pressure valve during initial part of the first experiment (Exp. 1). Note the striking
qualitative agreement of Fig. 9 with the results of numerical simulations shown in Fig. 6. The three
stages of the recovery process (cold gas displacement, ignition and MTO displacement) described
in section 5.3 can be very well distinguished in the experimental curves of Fig. 9.
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Conclusions

1. The applicability of air injection to volatile oil reservoirs at medium pressures and the MTO
(medium temperature oxidation) efficiency have been studied experimentally in the labo-
ratory and mathematically using simple 1-D models. The models consider vaporization,
condensation and reaction with oxygen. The models indicate displacement efficiencies of al-
most 82 — 98%. Combustion leaves no residual oil, but a small part of the oil is burnt. The
laboratory experiments indicate displacement efficiencies between 75 — 90%. The amount of
oil burned in the air injection process relative to the amount of oil recovered in our labora-
tory experiments for hexadecane increased from 2% at 10 bar to 18% at 30 bar, and again
decreased to 5% at 45 bar, after which it more or less remained constant. This trend was
also predicted in previously obtained analytical results for the medium temperature oxidation
process [44]. Finally, the MTO process is less efficient under higher air injection rates and
the recovery is faster at higher pressures.

2. The following observations about the detailed combustion mechanisms in the presence of
vaporization and condensation, based on a simple model with one volatile oil component
and possibly a non-volatile component, can be made: vaporization occurs upstream of the
combustion zone, a fact that is also confirmed by previously obtained analytical solutions [44].
The MTO method is effective when oil contains an appreciable amount of volatile oil, more
than 20% in the example considered by us. The effect of the interaction between volatile and
nonvolatile components at various concentrations, air injection rates and pressures is studied.
The character of the MTO wave changes by altering the composition of the oil. Generally
the solution consists of three types of waves, i.e., a thermal wave, an MTO wave and a
saturation wave, all separated by constant state regions. The order between vaporization and
oxidation in the MTO wave changes for different sets of conditions. For a predominantly
light mixture, vaporization occurs upstream of the combustion process, a fact that confirms
previously obtained analytical and numerical solutions for one component volatile oil [44, 35].
The combustion front velocity is high as less oil remains behind in the combustion zone.
For oil with more non-volatile component (0.8 in volume fraction), the vaporization moves
downstream of the combustion zone in the MTO wave. As more oil stays behind in the
combustion zone, the velocity of the combustion zone is slower, albeit that the temperatures
are much higher. Due to high temperatures, we conjecture a transition to the HTO process
in this case, which would need to be confirmed by further research.

3. Numerical calculations establish a range of parameters for the bifurcation point between
MTO and HTO in a two-component oil mixture. Indeed, the bifurcation point is mainly
determined by the fraction of the non-volatile component. At the bifurcation the character of
the combustion process changes from a vaporization-dominated to a combustion-dominated
process.

4. A numerical model was formulated to simulate an injection of air into a one-dimensional
porous medium filled with gas, water and light oil. The numerical solution consists of a
thermal wave, a steam vaporization and condensation fronts, an MTO wave (oil reaction,
vaporization and condensation), and three-phase saturation waves. It turns out that when
the boiling point of the oil is near or slightly above the boiling point of water, the volatile
oil condenses at the same location as the steam in the MTO wave, while steam vaporization
occurs upstream. In this case the presence of water speeds up the oil recovery. The recovery
curves (recovery fraction versus time) show striking universality properties, as they are almost
independent of initial water saturation. However water condensation/vaporization effect is
important, because the recovery curve is different (less efficient recovery), when water con-
densation is neglected in the model. If the boiling point of the oil is much higher than the
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boiling point of water, the whole steam region moves ahead of the MTO wave. In this case,
the presence of water has only a minor effect on the recovery efficiency, when initial water
saturation is not high. However, the effect becomes negative, when the water saturation is
high. Numerical simulations suggest that there is a bifurcation point (oil-boiling point) sepa-
rating the case for which steam and oil condensation occur simultaneously in the MTO wave
from the case where the steam region moves downstream of the combustion zone.

5. User-provided-equation based commercial software (COMSOL in our case) is able to solve
combustion model equations of interest and can be applied to quantify the effect of diffusive
processes, such as capillary diffusion, thermal conductivity and molecular diffusion. We used
this software to obtain a numerical solution for comparison with an analytical solution in
a zero diffusion model obtained previously, one/two-component oil models including volatile
and non-volatile components, and a one-component oil model including water. We used
this software to obtain a numerical solution for comparison with analytical solutions in zero
diffusion models obtained previously. The qualitative behavior of the numerical solution is
similar to the analytical solution in the absence of diffusive processes. The solution consists
of three types of waves, i.e., a thermal wave, an MTO wave and saturation waves separated
by constant state regions. The numerical model is capable of quantifying the effect of the
diffusive processes, oil composition, pressure, injection rates and presence of water. The
central scheme used in the finite element package, makes it possible to model situations
both for low and high diffusion coefficients. The effect of the diffusive terms is as follows.
Molecular diffusion lowers the temperature in the MTO region, but creates a small peak in
the vaporization region. Capillary diffusion increases the temperature upstream of the MTO
region. Higher capillary diffusion increases the recovery by gas displacement and lowers the
recovery by combustion. The analytical solution, without diffusive terms, and the numerical
solution become qualitatively different at very high capillary diffusion coefficients. The effect
of thermal diffusion smoothes the thermal wave and widens the hydrocarbon vapor peak.

6. Experiments can validate various aspects of the developed models: A set of experiments have
been designed that enables investigation of the medium pressure air injection process at low
injection rate in consolidated porous media saturated with oil [44, 34]. The experiments used
hexadecane. Our laboratory experiments indicate recoveries between 75 —90%. Sufficient fuel
is available to consume the injected oxygen, and only 0.5% of oxygen was found in the pro-
duced gas. The experiments show evidence that the reaction [11] occur in two stages. In the
first stage, oxygen adsorption takes place at low temperatures before the bond-scission com-
bustion reactions occur. The sorbed oxygen bonds with hydrocarbon physically or chemically
leading to complete uptake of oxygen from the injected air stream at low temperatures. Then
the oxygen-containing compound releases the oxygen at higher temperatures and partially
reconverts to hexadecane, which is later produced, and partially undergoes a combustion re-
action releasing carbon oxides and possibly also water. The produced liquid is hexadecane;
it is not altered by the oxidation reaction because it has the same viscosity and density. It is
recalled that oxygenated hydrocarbons have higher viscosities [45]. The experimental results
also confirmed the three stages of the recovery process, which are characterized by almost
constant recovery rates, as discovered in numerical simulations. These stages correspond to
the cold gas displacement, ignition stage and MTO displacement recovery.
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