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This study studies the effect of flow and thermal transfer properties of fluids with
varying densities, viscosities, and thermal conductivities on the performance of
oil shale in-situ conversion process based on multi-physics coupling simulation.
Results indicate that thermal convection primarily governs the heat transfer pro-
cess in oil shale. Consequently, to enhance the pyrolytic effects, fluids possessing
high density, low viscosity and superior thermal conductivity are recommended.
This research thus provides a foundational understanding for the selection of fluid
properties in the in-situ extraction of oil shale.
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Introduction

China boasts a wealth of oil shale resources, both in terms of abundance and geo-
graphic dispersion. The estimated total resources are approximately 7200-108 tonne, with the
converted shale oil resources amounting to 473-10°® tonne, thereby placing China as the world’s
second-largest holder of such resources. Notably, over 53% of these resources contain an oil
content exceeding 5%, highlighting their high developmental value and broad application pros-
pects [1].

Oil shale extraction methodologies primarily bifurcate into surface retorting technol-
ogy and underground in-situ conversion technology. The former, despite its established use, is
increasingly viewed as untenable due to its high transportation costs, waste disposal challenges,
and environmental contamination, thereby rendering the effective development of oil shale
resources difficult and pushing it towards obsolescence [2]. Conversely, in-situ conversion
technology, with its superior energy efficiency and minimal surface pollution, has gained in-
creasing attention [3]. In general, given the current constraints of in-situ conversion technology,
economic considerations, environmental impact, and the global shift towards a diversified new
energy era, there is an urgent need to explore novel, green, and efficient methods for oil shale
development.
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Hence, the selection of an appropriate heat-carrying fluid emerges as a critical as-
pect of the pyrolysis process, with the fluid distinctions primarily embodied in their inherent
properties. This study conducts simulations of heat transfer during in-situ oil shale extraction
under varying fluid densities, viscosities, thermal conductivities, and heat capacities, thereby
facilitating the selection of an optimal fluid medium.

Model and methods
Mathematical model

Case A: Fluid-flow in porous media. In this paper, COMSOL Multiphysics software
was used for numerical simulation. The fluid-flow equation is shown [4]:
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where ¢, is the porosity, p, — the fluid density, k£ — the permeability of matrix, X, — the compress-
ibility of the fluid (here, we take 4-107! ), and u — the viscosity of the fluid.

Case B: Heat transfer in porous media. It is assumed that the fluid and the local rock
mass reach an instantaneous heat balance, regardless of convection heat transfer, and the heat
transfer control equation is suggested [4, 5]:
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where p; is the density of the fluid, ¢, — the specific heat, and O — the model heat source, mainly
including heating heat source and chemical reaction heat source.

According to the experimental data of [6-9], and the fitting relationship of porosity
with temperature, the change of porosity, ¢, is given:
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where T is the temperature.
Permeability is obtained based on low field NMR experiments with the fitting equa-
tion:
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Physical model

The horizontal section of the heating well and the horizontal section of the production
well are simplified into two straight lines with three longitudinal cracks in the middle, fig. 1.

B o+ It is assumed that the horizontal length of each
o [ well is 120 m. The horizontal spacing between
2] | the two wells is 50 m. The fracture length be-
pod [ tween the two wells is 90 m and the fracture
ol [ width is 6 mm.Under the initial conditions,
ol . the average temperature of the reservoir mod-
21 [ elis 90 °C and the pressure is 5 MPa. For the
= . temperature field, the heating well temperature
o B ] i8 620 °C. For the seepage field, the injection
“120-100 80 -60 40 20 0 20 40 60 80 100 120m  preggyre is 10 MPa in the injection well and 5
Figure 1. Schematic diagram of the MPa in the production well.

physical model



Wang, B., et al.: Effect of Fluid Properties on Oil Shale In-Situ Conversion ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 4B, pp. 3493-3498 3495

Performance evaluation index

In this paper, the pyrolysis pore area and the pyrolysis swept area are defined to quan-
titatively describe the pyrolysis of oil shale, and the final curve is obtained and the relevant laws
are analyzed:

— Pyrolysis pore area. The porosity of each discrete unit of oil shale multiplied by the reservoir
area divided by the maximum porosity of oil shale multiplied by the reservoir area.

The pyrolysis pore V,,, area reads:

Vo =[7, (5)
where V' is the total area of oil shale reservoir and ¢ — the porosity of oil shale.
— Pyrolysis swept area. We now consider the total area of all discrete units of oil shale at a
temperature higher than 473.15 K. Here, we show the total area of all discrete units of oil
shale, given:

Vo=2 v (6)

T=473.15

where v;[m?] is the area of the discrete unit at temperature, 7.

Results

In the initial conditions, the physical parameters of supercritical CO, fluid were
selected at 10 MPa and 893.15 K, the density was set to 80 kg/m?, the viscosity was set to
5.8:107° Pa-s, the thermal conductivity was set to 0.140 W/mK.

Effect of fluid density on pyrolysis

This section simulates the effects of fluids with densities of 20 kg/m?, 50 kg/m?,
80 kg/m?, 110 kg/m?, and 140 kg/m® on the pyrolysis performance of oil shale when other con-
ditions remain constant.

The figs. 2 and 3 suggest that under simulated conditions, when the fluid density is
low, the heat transfer received by production wells is minimal, and most reservoirs fail to attain
the ideal pyrolysis temperature. For a fluid with a density of 140 kg/m?, the pyrolysis pore areca
and the pyrolysis swept area are, respectively 1627.42 m? and 6063.79 m?, which are 28.33%
and 24.83% higher than those of a fluid with a density of 20 kg/m*. However, in comparison a
fluid with a density of 110 kg/m?, the pyrolysis pore area is only 1.3% larger and the pyrolysis
swept area is merely 2% greater.
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Figure 2. Temperature clouds with fluid densities of (a) 20 kg/m? and (b) 140 kg/m?at 1000 days
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Figure 3. Effect of fluid density on pyrolysis pore area / pyrolysis swept area;
(a) pyrolysis pore area and (b) pyrolysis swept area

Effect of fluid viscosity on pyrolysis

This subsection simulates the effects of fluids with viscosity of 3.8:10~ Pa-s,
4.8-10%Pa-s, 5.8:107Pa-s, and 6.8-1075 Pa-s on the pyrolysis performance of oil shale, all other
conditions being constant.

Figure 4 demonstrate that with a decrease in viscosity, the range of fluid pyrolysis
broadens, and the reservoir temperature escalates more rapidly. This is attributable to the re-
duced resistance experienced by the heating medium at lower viscosities, thereby facilitating
improved flow within the reservoir. As viscosity increases, each index continues to rise at an ac-
celerating rate. According to the image and development trend, the pyrolysis effect of oil shale
reservoir is more sensitive to viscosity when the viscosity is higher, and the sensitivity becomes
weaker when the viscosity decreases. In general, viscosity, as an important physical property
parameter of fluid, has a certain influence on pyrolysis when the range of change is low. In the
case of other physical properties being the same, low viscosity fluids should be preferred to
enhance the flow of fluids in the formation.
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Figure 4. Effect of fluid viscosity on pyrolysis pore area / pyrolysis swept area;
(a) pyrolysis pore area and (b) pyrolysis swept area

Effect of fluid thermal conductivity on pyrolysis

This section when other condition is constant, simulates the coefficient of thermal
conductivity is 0.7 W/mK, 1.4 W/mK, 2.1 W/mK, and 2.8 W/mK fluid influence on the effect
of oil shale pyrolysis.
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The fig. 5 illustrate that higher thermal conductivity corresponds to increased fluid
conductivity, resulting in greater pyrolysis pore area and pyrolysis swept area. Non-etheless, at
1000 days, the pyrolysis pore area and pyrolysis swept area for a fluid with a thermal conduc-
tivity of 2.8 W/mK were 1503.97 m? and 5783.90 m?, respectively. In comparison a fluid with
a thermal conductivity of 0.7 W/mK, the pyrolysis pore area and pyrolysis swept area were
higher by 19.81 m? and 58.94 m>. In conclusion, during the pyrolysis of oil shale, variations in
fluid thermal conductivity have minimal influence on the thermal recovery process.
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Figure 5. Effect of fluid thermal conductivity on pyrolysis pore area/pyrolysis swept area;
(a) pyrolysis pore area and (b) pyrolysis swept area

Conclusion

Through the sensitivity analysis of fluid properties, it is found that the heat transfer of
fluid in oil shale is dominated by thermal convection. In order to improve the pyrolysis effect,
density and viscosity should be considered first, and fluids with high density and low viscosity
are preferred. Although the thermal conductivity has a certain impact, the impact is relative-
ly small in the case of suitable density viscosity, the medium with high thermal conductivity
should be preferred.

Nomenclature

¢, —specific heat, [Jkg 'K ]
k  —permeability, [m’]

T —temperature, [°C]

Vs — pyrolysis pore area, [m?]

Greek symbols

1 — viscosity of the fluid, [P -s]
po — density, [kgm]

$o — porosity, [-]
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