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Abstract

Purpose. This study aims to investigate fluid flow and heat transfer within rocks containing boreholes, focusing on the com-
plex mechanisms within hot reservoirs. Non-commercial finite element (FE) software is used to visualize and present the results.

Methods. The study involved the use of FE method with Visual Finite Element Analysis (VisualFEA) software to analyze
the coupled phenomena of fluid flow and heat transfer in a rock sample. Special attention was given to incorporating material
structure and geotechnical analysis in the software, as well as the treatment of cracked elements. In addition, the validation was
done by comparing the current numerical solution using VisualFEA with the numerical solution using ANSY'S Software.

Findings. The study findings highlight the capabilities of VisualFEA software to accurately represent fluid flow, stress, and
heat transfer in borehole-containing rocks. The results include insights into flow direction within the borehole, temperature
distribution, and the validation of the software performance against expected system behavior. The study demonstrates the
effectiveness of VisualFEA in handling complex loading and its ability to visualize multiple flow directions within a 2D
model. The results are presented in the form of contours and curves.

Originality. This study contributes to the field demonstrating the application of VisualFEA software in analyzing fluid
flow and heat transfer in rocks with boreholes. The focus on incorporating material structure, geotechnical analysis, and
treatment of cracked elements adds originality to the study, providing a comprehensive understanding of the coupled
phenomena in hot reservoirs.

Practical implications. The practical significance of this study is in the validation and benchmarking of VisualFEA soft-
ware for studying fluid flow and heat transfer in geotechnical application. The findings can be utilized by geotechnical
engineers and researchers to better understand the behavior of borehole-containing rocks under specific pressure and thermal
loading conditions. The insights gained from this study can be used in decision-making processes related to resource mining,
reservoir engineering, and geothermal energy use.
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1. Introduction processes in geosystems is being extended to provide more
Deep beneath the surface, in the heart of the Earth, there ~ Precise and realistic evaluation. )
is a hidden world of intense heat and pressure. Geothermal Until now, only a few publications have dealt with the

regions are places of constant movement and change, where coupling of thermal, fluid, an_d structural analyses _of the rock.
molten rock and superheated water surge and swirl, carving ~ However, most of the work is based on commercial software
out channels and pathways that stretch for miles. The  and codes. These are either difficult to use or expensive, and
hydrodynamic behavior of a fractured reservoir needs to be  the relevant codes are either not applicable or incomplete.

studied in detail. Therefore, the distribution of pressure and Stresses, strains, and temperatures are examples of scalar
flow in the cracked rock has been presented and simulated ~ data obtained from FEA. Contouring is the most widely used
using different models and codes. The fracture and fluid ~ Method for visualizing scalar data. Therefore, VisualFEA [7]
models have been presented separately [1]-[6]. However, provides easier steps for initiating the geometry and different

the thermocouple study was obscure. On the other hand, the options_for the meshing process. The main objective of Visu-
modeling of complex coupled transient and dynamic  alFEAis to overcome such barriers between the user and the

software [7]. VisualFEA/CBT, which is used in this work, is
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an exceptionally easy-to-use FEA software program with
powerful pre- and post-processing capabilities and a number
of options for analysis. This CBT (computer based training)
version of the software can be used as an excellent educational
tool due to its unique feature of simulating FEA procedures
ranging from element modeling to stress computations [7].

VisualFEA multiphysics program is recommended for
thermal behavior, the combination of solid and fluid mecha-
nics in a solid body. Due to the complexities of simulating
fluid flow, structure, and thermal problems, several steps and
iterations are required. Therefore, critical procedures are
required (Fig. 1a). Nevertheless, the analysis step also con-
tains some intermediate requirements (Fig. 1b).
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Figure 1. Schematic representation of the analysis procedures:
(a) simulation sequence; (b) analysis sequences

VisualFEA [7] has three categories of analysis subjects:
structural analysis, heat conduction analysis, and seepage
analysis (Fig. 1). Structural analysis can be coupled with
either heat analysis or seepage analysis. In coupled analy-
sis, it is necessary to assign two different types of proper-
ties to one model. Moreover, in a coupled analysis of struc-
ture and heat conduction, we specify the heat boundaries by
selecting a surface temperature, convection, heat flux, and
so on. Additionally, the structure analysis treats these con-
ditions as thermal loadings. However, we select the heat
property for the entire volume using variables such as
volume heat, line heat, and insulation.

This work focuses on the modelling of fluid and thermal
applications, where the capability to simulate the system
infiltration and heat flow is needed. The results are visualized
with vectors, arrows, and colors. We present the temperature
distribution, stresses, and flow direction. Mostly, they agree
with the experimental behavior, as well as with previous
simulation works [8]-[12].

Previous work has studied and described the behavior of
notch cracks under the influence of bore pressure using
Franc2D [8]. However, Franc2D [13] has no fluid parame-
ters; the crack propagation behavior was consistent with
experimental results [14], [15]. This is an FE simulator for
solid rock fracturing. The cracking behavior under struc-
tural boundary conditions is simulated in different works
using Franc2D [9], [13]-[15].

So far, the world has developed and distributed numerous
commercial or academic programs for FEA [16]. However,
most of them are not very accessible for many potential users of
the method, due to various reasons: complexity of usage, high
expenses, restricted portability, functional limitations, and so on.
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Until now, there have been only a few publications on the
coupling of thermal fractures, fluids, and structural analysis.
However, most of the work was based on unrealistic assump-
tions, such as constant propagation velocity of secondary
thermal fractures, closed secondary thermal fractures, no
interaction of secondary thermal fractures, etc. [9]-[12]. The
main geothermal energy source is dry, non-permeable rock.

This study proposes the use of FEM to simulate thermal
stresses, creating a fracture surface, fluid flow with a hot
reservoir, and crack growth propagation. This is an inverse
study to estimate the fracture according to fluid flow and
thermal analysis. It is proposed to use VisualFEA to simulate
thermal stresses, creating a fracture surface, fluid flow in a
hot reservoir, and crack growth propagation.

2. Models and boundary conditions

Researchers study geothermal circulation system produc-
tivity at higher flow rates through seepage analysis. There-
fore, we need to consider the flow rate and velocity potential
maps carefully. We investigate the stress analyses structural-
ly as indicators of load distribution and cracking.

We assign the flow boundaries, which represent the con-
fined and open heads, pore pressure, point source, and flux.

Modeling of complex coupled transient and dynamic pro-
cesses in geosystems has increased the need for more precise
validation and evaluation. We visualize the results using vector
data and arrows. This study presents an example of coupling
between fluid flow, thermal load, and solid deformation.

Due to the difficulty in assessing real conditions a few thou-
sand meters underground, the boundary conditions are assigned
virtually. We must assign specific boundary conditions and
make certain assumptions. The isotropic analysis is assumed to
be constant, that is, the heat flow and density are constant. In
this work, structural, thermal, and gradient analyses were con-
ducted. We coupled 3D solid structural analysis with volume
heat. We selected the transient analysis to simulate flow in a
porous medium. Figure 2 shows the rock block quarter ob-
tained with VisualFEA through symmetric geometry.

For realistic results, we recommend using fine meshes.
However, the user experience and iteration process influence
the choice of meshes and their distribution. In structural
problems, the fine meshes are needed only in the location
expected to have a higher stress to avoid the time-consuming
and difficult running (Fig. 2). The mesh-dividing ratio de-
creases towards the curve.

The distribution of heat along the hole is proposed. In this
case, at least one surface on the injection side should be con-
sidered. We need to determine the other two sides, which are
in the direction of heat or fluid flow. The heat flow per unit
area (heat flux, g) has been assigned to the bore surface and to
the boundary. The heat flux per unit area (heat flux) has been
assigned equal to 10 W/m? to the bore curve and 5 W/m? to
the boundary. The hole curve has a temperature of 150°C.
The opposite two surfaces have a convection property with an
ambient temperature of T, and a unity convection constant h.
The bore and the boundaries also define the confined head. In
the meantime, a uniformly distributed load is applied to the
borehole. The structural boundary conditions for the two
surfaces beside the hole are fixed in the x and y directions.
The loading conditions can be combined into one case (Fig. 3).
Additionally, the thermal and flow conductivity coefficients
can be assigned for isotropic or orthotropic systems.
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(@)

Figure 2. FE models, meshes and boundary conditions: (a) quar-
ter geometry; (b) meshes and elements; (c) the boundary
conditions, and load conditions

(@)

Figure 3. Fixities and loading direction: (a) structural boundary;

(b) loading conditions along the hole
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The structural material properties are determined by
Young’s modulus of elasticity and Poisson’s ratio. The iso-
tropic solids with E = 9032e03 Pa and a passion ratio of 0.22
are used. Traditionally, elements are assigned material prop-
erties. Nevertheless, the specified element can have certain
properties and conditions.

Therefore, thermal, linear, bilinear, and hydrostatic loads
can be combined in a single model as needed. After solving
the problem of thermal effects, the analysis can be switched
to structural analysis to leverage the advantages of solid
mechanics properties and conditions. In this work, a thermal
load and uniformly distributed normal load acting on the
bore surface were selected (Fig. 3b). Different visualizations
are supported within FE analysis.

3. Results and discussion

3.1. Simulation of structural and heat analysis

We assign the temperature to the selected meshed surfaces.
The bore wall is simulated at 150°C, while the other ortho-
gonal walls — under convection condition. The ambient tem-
perature is also possible to determine. The hydraulic conduc-
tivity function is defined. Therefore, the conductivity factor
and pore pressure are defined. The heat boundaries are tem-
perature, heat flux, convection boundary conditions, and heat
source [17]. Three-dimensional solid geometry, structure,
volume transient heat, and linear elastic are selected. The
body is considered a volume of heat. The conductivity func-
tion K is equal to 1 (isotropic), that is, it is constant in diffe-
rent directions. The temperature distribution and heat flux
are shown in Figure 4.
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Figure 4. Different results visualization, heat flux to the surface,

temperature distribution, and iso-surface of parallel
planes, T = 150°C

Since there is no precisely similar case in the literature,
validation is done by comparing the current numerical solu-
tion using VisualFEA with the numerical solution using
ANSYS Software. The ANSYS R18.1 software analyzes the
model (Fig.5). The results show that the distribution
achieves an error percentage of 0.01 for temperature and 0.2
for heat flux. Hence, the current FE model using noncom-
mercial VisualFEA has been benchmarked.

3.2. Simulation of structural and heat analysis

It should be emphasized that the geomechanics and stress
patterns can also be simulated using VisualFEA. The Mohr
circle also presents the principal and maximum shear stress-
es. Under the shearing fracturing mode, the maximum shear
and equivalent stress can control the site of cracking (Fig. 6a-
c). On the other hand, the normal stresses in the
x- and y-directions refer to the possibility of flowing in these
directions under the opening fracturing mode Figure 6d.

VisualFEA facilitates volume visualization through iso-
surface rendering, as illustrated in Figure 7a, b, it shows the
flow direction for structure and heat conditions. The head
distribution and velocity vectors for this state were obtained
through flow and heat simulation. The arrows show the
direction of flow along the fractured surface that agrees with
the structural analysis (Fig. 6). The 2D model agrees with 3D
flow and displacement (Fig. 8).

The coupled solution between heat and structural
boundary conditions can illustrate how temperature influ-
ences crack formation through shear stress. An increase in
temperature difference between the hole and the rock leads
to an increase in the shear stress, causing the crack to open,
as shown in Figure 9.

The stress is the key to rock mechanics applications.
Therefore, in the case of hot, dry rock, cryogenic treatment is
used to enhance the cracking network [9], [18].

It is concluded that an increase in the borehole tem-
perature leads to an increase in the developed stress in
fractured rock.

3.3. Simulation of structural and water flow

Reference [10] describes the study of thermal fractures.
However, they did not simulate the fluid flow or heat ex-
change between the cold flow and the hot reservoir.
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Figure 5. ANSYS model: (a) the temperature distribution; (b) the
heat flux

The seepage analysis serves as the basis for determining
the property and boundary of the water flow direction. As
shown in Figure 10, the rendering results display the hydrau-
lic head measurement. In this part of the simulation, the
confined head is selected. A flow path and normal velocity
represent the water flow route (Fig. 10).

Figure 10 illustrates the fluid flow direction (velocity
field) using lines and solid arrows on the surface. We use
vector arrow directions to improve visual comprehension of
the computed results, which are based on the defined conduc-
tivity and pore pressure (Fig. 11). The flow direction is simu-
lated. 2D model agrees with 3D (Fig. 12).

3.4. Coupling of thermal and structural analysis

The interface surface is also possible to incorporate into
the structural properties. We can assign isotropic and ortho-
tropic properties, just like we do with thermal and fluid pro-
perties. The structural boundary conditions are assigned
using fixity in the x and y directions.

However, it is possible to combine the loading
conditions. Therefore, we can combine thermal load, linear
load, bilinear load, and hydrostatic load. The coupling is
based on a structural analysis. A flow path represents the
water flow route.

The fluid flow direction is indicated by line arrows and
solid arrows on the surface (Fig. 13). Moreover, Figure 14
shows the temperature distribution throughout the module.
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The maximum temperature at the hole is simulated. The
borehole surface is heated according to boundary condition,
T =150°C. Hence, the temperature decreases along the rock
block length.

4, Conclusions

VisualFEA is integrated software for FEA, which is an
advanced numerical technique to solve and analyze physi-
cal problems arising in many fields of science and engi-
neering. VisualFEA incorporates all necessary functions for
multiphysics simulations into a single executable code. This
software allows a high degree of thermal simulation and
seepage analysis. But unfortunately, the evaluation of the
current system shows that it has no capability of modeling
multi-physics problems involving fluid, heat, and stress at
the same time. Nevertheless, multiple loading types are
possible to combine.

However, there are special treatments for crack tips; no
real fracturing analysis exists within VisualFEA. VisualFEA
only uses the crack tip element to model the stress distribu-
tion at the crack tip. But it is unable to determine the crack
initiation or propagation. Future work should investigate this
software ability to create an open crack wall and prevent
thermally hydraulic fracture closure. The VisualFEA soft-
ware allows for the investigation of various parameters. You
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can investigate the effects of heat parameters, structural pa-
rameters, and seepage conditions. You can use this code to
solve a wide range of problems, such as elasticity and heat
transfer problems. We incorporate different analysis methods
to visualize the results.

In shearing fracturing mode, the maximum shear and
equivalent stress can control the cracking site. The process
could incorporate both cracking and hydraulic fracturing.
The coupling between structural and thermal analysis has
been conducted. We have coupled the plane strain structural
analysis with 2D plane heat. The transient analysis has been
selected to simulate flow in a porous medium. We introduced
a block of rock containing a borehole.

We propose the distribution of heat around the hole dur-
ing the loading and pumping process. VisualFEA provides
easier steps for initiating the geometry in 2D and 3D, with
different options for the meshing process. The thermal con-
ductivity coefficient in isotopic or orthotropic conditions can
be assigned. VisualFEA has three categories of analysis
subjects: structural analysis, heat conduction analysis, and
seepage analysis. You can combine structural analysis with
either heat analysis or seepage analysis. It is necessary to
assign two different types of properties to one model. The
nodal values computed from the heat conduction analysis,
not the thermal load, specify the temperature distribution in a
coupled analysis of structure and heat conduction. The simu-
lation of fluid flow needs several steps to determine the
boundary conditions, constrain the body, and specify the
pressure inside the crack. The structural material properties
are determined by Young’s modulus of elasticity and Pois-
son’s ratio. Higher flow rates increase the performance of a
geothermal system if the reservoir temperature is known.
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Mopae/l0oBaHHSI Ta eKCILIyaTaliifHi XapaKTepHUCTHKH NOPO/IH i3 cBepAJIOBHHOI0
3a JOIOMOT 010 Bi3yaJIbHOT0 aHAJIi3y MeTO/I0M CKiHYeHHHX eJ1eMEHTIB

M. Mu3yn, A. Ane-Myxrap, A.Jlx. Mamxkun, A. Apagar, E. 'omaa

Merta. BuBueHHS OTOKY PigMHM Ta TEIUIONEpeaadi y mopoaax, Mo MIiCTATh CBEPAJIOBUHM, 3 aKIIEHTOM Ha CKJIQJHI MEXaHI3MHU Y TapsIux
pe3epByapax i3 3aCTOCYBaHHAM MeTOy cKiHdeHHUX eneMeHTiB (MCE).

Metoauka. locnimkenns nepenbadano sukopuctanHs MCE 3 mporpamHuMm 3a6esmedenHsiM  Visual Finite Element Analysis
(VisualFEA) nnst aHai3y 1oB’sI3aHUX SIBUII HOTOKY PiMHM Ta TeIutoniepenadi B 3pa3ky mopoan. OcobnuBa yBara IpuIsuIacs BKIIOYESHHIO
CTPYKTYpH Marepialy Ta T€OTEXHIYHOTO aHami3y M0 MPOrPaMHOrO 3a0C3MEYCHHS, a TaKOXK JOCHIIKCHHIO EIEMEHTIB 3 TpimuHaMu. Kpim
TOTO0, IepeBipKa MPOBOAMIIACS IUITXOM ITOPIBHSHHS IIOTOYHOTO YHCEIBHOTO pillleHHs i3 BUKopucTaHHIM VisualFEA 3 yncenbHUM pilleHHSIM
13 3aCTOCYBaHHAM IporpamHoro 3adesnedeHas ANSYS.

PesyabTaTu. JloBeneHa MOXIMBICTE porpaMHoro 3abe3nedeHHs VisualFEA TouHO BinoOpaskaTu NOTIK PiIMHU, HAPYKECHHS Ta TEILIO-
00MiH y MOpoAax, UI0 MICTATh CBEPAJIOBUHY. Pe3ynbratu BKIIOUAIOTh iH)OPMALIiIO PO HAMPSIMOK MOTOKY BCEPEOUHI CBEPJIOBUHH, PO3IIO-
IIUT TeMIIepaTypH Ta MepeBipKy MPOAYKTHBHOCTI MPOTpaMHOro 3a0e3MeyeHHs] Ha MpeaMeT BiAIOBIAHOCTI OYiKyBaHi MOBENIHI CHCTEMH.
Jocnimkenas neMoHctpye epekTuBHICTh VisualFEA mpu o0poOii ckiamgHMX HaBaHTaXXCHb Ta HOTO 3[aTHICTh Bi3yalli3yBaTH JEKiJIbKa
HaIpsIMKIB MOTOKY Y pamkax 2D-mozerni.

HaykoBa HoBmu3Ha. [laHe TOCIIiPKEHHS IEMOHCTPYE 3aCTOCYBaHHs IporpaMHoro 3adesnedeHus VisualFEA i ananisy motoky pixuHu Ta
TeIuionepeadi B ripChKUX MOPOAax 3i CBEpUTOBUHAMH. AKIICHT Ha BpaxyBaHHI CTPYKTYpH MaTepially, FeOTEXHIYHOMY aHaJIi3i Ta JOCIiIKEeHH]
€JIEMEHTIB 3 TPIIIMHAMH JI0J]a€ OPHTIHAIBHOCTI JOCTIDKEHHIO, 3a0€3MeTyour BCeOidHEe PO3YyMiHHS MTOB’SI3aHUX SIBUII y TapsInuX pe3epByapax.

[pakTuuna 3HAYUMicTb. Pe3ynpTaTin MOKYTh OyTH BHKOPUCTaHI IH)KEHEPaMHU-TEOTEXHIKAMHU Ta JOCTIJHUKAMH IS KPaIoro po3yMiH-
HS TIOBEIIHKH TOPOJH, IO MICTUTh CBEPUIOBHHH, 32 YMOB IIEBHOTO THCKY 1 TEpMIYHOTO HaBaHTaeHHS. OTpHMaHi B XOHi IBOTO HOCIi-
JOKEHHSI 3HAHHS MOXYTh OyTH BHKOPHCTaHI B Ipollecax MPUHHATTS pillleHb, OB’ SI3aHMX i3 BUAOOYBaHHIM KOPHCHUX KOMAJHH, PO3POOKOIO
POMOBHII | BUKOPUCTAHHSIM T'€0TEPMAIIBHOT eHeprii.

Knrwuosi cnosa: cninvhe mooeniogantsi, pyunyeants, MeXanika cipcoKux nopio, ananiz nepexionux npoyecis, VisualFEA
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