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1 INTRODUCTION

The word AVerificationo, when wused in connceftiimend wad hfitcho
ability of the computer code to provide a solution consistent with the physics defined by the

governing partial di fferenti al equation, PDEO6. There are
boundary conditions, and control variables that also affect the accuracy of the code to perform as

stated.

AVerificationo is generally achi evall ebdy fisboelnvcihnngar &8 0 s er «
ABenchmar ko problems are probl ems -férm solutierhar éohwhichhteer e i s a
solut i on has become freasonabl y c ehahdacaleulationa that haverbees u | t of |
perfor med. Publication of the fAbenchmarko solutions in r
credibility to the solution. There are also example problems that hav e been solved and published in

the User Manual documentation associated with other comparable software packages. While these

are valuables checks to perform, it must be realized that it is possible that errors can be

transferred from oneoénsto anotlet Wansegquentyo taret must be taken in
performing the Averificationo process on a particul ar
remembered there is never such a thing as compl ete sof
problems. Rather, it is an ongoing process that establishes credibility with time.

Soil Vision Systems takes the process of Averificationdo n
range of steps to ensure that the SVHEAT software will perform as intended by the theory of
saturated -unsaturated freezing and thawing.

The following models represent comparisons made to textbook solutions, hand calculations, and

other software packages. We at SoilVision Systems Ltd. are dedicated to providing our clients with

reliable and tested softwa  re. While the following list of example models is comprehensive, it does

not reflect the entirety of models, which may be posed to the SVHEAT software. It is our
recommendation that water balance checking be performed on all model runs prior to presentatio n
of results. It is also our recommendation that the modeling process move s from simple to complex
models with simpler models being verified through the use of hand calculations or simple
spreadsheet calculations.
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2 TWO-DIMENSIONAL HEAT TRANSFER

This chapter will verify the ability of SVHEAT to solve two dimensional steady -state and transient
heat transfer models. The results from SVHEAT are compared to publish analytical results as well
as other proven commercial software packages.

Each verification model will begin with a brief description of the model followed by the comparison

of results , then conclusions about the model. All of the verification models presented in this
document are included with the SVHEAT software.

2.1 2D HEAT CONDUCTION

Project: GeoThermal
Model: HeatConduction_2D_WR

This 2D transient model is used to verify the capabilities of heat conduction for simulations (no
convection) using SVHEAT WR by comparing the results with the analytical solutions from Carslaw

and Jaeger (1959). Heat conduction in a solid 1 m square with an initial temperature, To =200 °C,
is simulated after a temperature, s =100 °C, is imposed on all surfaces at time, t = 0. Due to
symmetry, only a quarter of the square (0.5 m 3 0.5 m) needs to be simulated as shown in Figure
1.

0.585

0350
Constant Temperature 100°C

0.500
0450
0.400
0350
0.300
vim 0.250 Initial Temperature (200°C) Constant Temperature (100°C)
0.200
0130

0100

0.050

0.000

-0.050
0050 0660 0850 0100 0150 0200 0250 G300 G350 0400 0450 0500 0.550.575

X (m)

Figure 1 Model settings of the 2D heat conduction problem.

The analytical solution for 2D transient heat conduction can be found in the book by Carslaw and
Jaeger (1959) in the form of
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16(T,- T.)8:2 = (9™ cost2m dox (20 Yoy .,
a =] ~J
p? ro(2m+1)(2n 4 2a 2

where am’ n=

both a and b are equal to 0.5 m.
Table 1 summarizes the material properties used in the model.

Table 1 Details of material properties

Parameters Values Unit
Thermal Conductivity 233280 Jiday-m- °C
Rock Density 2700 Kg/m 3
Specific Heat Capacity 1000 J/ikg- °C
Figure 2 shows the contours of temperature at the time, t =0.25 days.
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Figure 2 The temperature contours at the time of 0.25 days.

Figure 3 and Figure 4, respectively, shows the comparisons between SVHEAT WR results and the
analytical solution for temperature change versus time at the center of the square ( X =y =0m)
and for temperature versus position ( X = y) at a specified time (time = 0.25 days). It can be seen

that the results from SVHEAT WR match up with the analytical solution very well.
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Figure 3 Temperature change versus time at (0, 0).
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Figure 4 Temperature versus position X = y) at 0.25 days.
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2.2 SINGLE -PHASE COUPLED HEAT AND MASS
TRANSFER IN POROUS M EDIA

Project: GeoThermal
Model: avdonin_WR

This SVFLUX and SVHEAT coupling example is used to verify the capabilities of simulating the

convective and conductive heat transport in a single -phase liquid in the axisymmetric system. This
model simulates the injection of cool water into a g eothermal reservoir. In addition to testing the
coupled heat and mass transfer implementation for a single -phase system, the results also

demonstrate that the axisymmetric system is correctly implemented in SVOFFICE WR.

Figure 1 shows the geometry, initial conditions and boundary conditions in the model. The
quadrilateral meshes are used for this simple geometry (1000 m x 200 m) with total 2,121 nodes.

The initial cond itions are a constant absolute pressure of 5 MPa and a constant temperature of 170

°C. The cool water is injected from the left boundary. An Injection boundary condition with an

injection rate of 20 kg/s and an injection temperature of 160 °C is used for i nterpreting this
boundary condition. A constant absolute pressure of 5 MPa and a constant temperature of 170 °C
are set on the right boundary.

Injection

Initial condition

S - Injection Temperature: 160 °C Constant absolute pressure: 5 MPa Constant Pressure: 5 MPa
e Injection rate: 20 kg/s Constant temperature: 170 °C Constant Temperature: 170 °C

Figure 5 Model settings of the singlephase, coupled heat and mass transfer problem.

Table 1 summarizes the material properties used in the model.

Table 2 Details of material properties

Parameters Values Unit
Thermal Conductivity 20 J/s:m- °C
Rock Density 2500 Kg/m 3
Specific Heat Capacity 1000 J/kg- °C
Intrinsic Permeability 1E-12 m?2
Saturated VWC 0.2

As indicated in the FEHM verification report, the flow of a hot fluid in a confined aquifer may be
described by an analytical expression developed by Avdonin in Faust and Mercer (1976).

TR -y S A L
TemG& I Fe B s §a

where
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_r
b
= ﬂ
qr.b’
=95
4pb k
12
&k, [ O
a= w—k o)
¢ &+
erfc is the complimentary error function, 0 is the gamma function, r is the radial coordinate, q is
the injection flow rate, and u is a dimensionless temperature change. The subscripts r, w, t refer to

rock, water and total (rock and water) respectively. The temperature is computed using:
T=T, -u(w ) (® T)

Figure 6 shows the temperature contours at the time 10 ® s. Furthermore, The temperatures versus
radius (r=0 i 1000 m) at the time 10 9 s are plotted and compared with the verified results from
the FEHM validation document in Figure 7, and the results are in good agreement. This example
verifies the ability of SVOFFICE WR in simulating single -phase coupled heat and mass transfer
problem in porous media.

Z(m)

100 200 200 00 300 000 700 00 900
R (m)

Figure 6 Temperature contours at the time 18s.
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Figure 7 Temperature results between SVOFFICE WR and verified resultst the time 10 s.

2.3 WATER -VAPOR MULTIPHA SE HEAT AND
MASS TRANSFER

Project: GeoThermal
Model: DOE_WR

This SVFLUX and SVHEAT coupling example is used to verify the capabilities of simulating the mass

and heat transport in water -vapor two -phase flows and phase change. This model simulates the
fluid discharge fr om a two -phase 2D aquifer. The modeled region has a cold fluid boundary which
provides fluid to the system as discharge occurs through a well. In addition to demonstrating that

the heat and mass transfer problem has been correctly formulated, it also demon strates that phase
partitioning has been correctly implemented in SVOFFICE WR.

Figure 1 shows the geometry, temperature initial conditions, and boundary conditions in the model.

A simple 2D geometry (300 m x 200 m) was simulated. The initial conditions are a constant

absolute pr essure of 3.6 MPa and a temperature field as shown in Figure 1. A production well is
placed at (62.5 m, 62.5 m) with a flow rate of 0.05 kg/s. The cold water is recharged over the

lateral boundary with a constant temperature of 160 °C and a constant absolute pressure of
3.6 MPa.
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Figure 8 Model settings and initial temperature field of the watervapor multiphase problem.
Table 1 summarizes the material properties used in the model.

Table 3 Details of material properties

Parameters Values Unit
Thermal Conductivity 86400 J/day-m- °C
Rock Density 2563 Kg/m 3
Specific Heat Capacity 1010 Jkg- °C
Intrinsic Permeability 2531074 m?
Saturated VWC 0.35

There is no analytical solution for this problem, but the results have been verified with other codes
(Pritchett, 1980) in the FEHM verification document. This transient model is simulated for 10 years,

and Figure 6 shows that the temperatures at (162.5 m, 137.5 m) versus time are plotted and
compared with that from the FEHM verification document. Four different meshing settings are
tested using SVOFFICE WR with 177, 19 89, 9800 and 17553 nodes, respectively. It is found that
the result with coarse meshes (177 nodes) is close to that from the FEHM verification which uses
meshes with 140 nodes. As meshes become finer, the temperature decreases. This model extracts
fluid fr om a closed system, so there is a larger pressure drop with a smaller cell size. Since the
model simulates two -phase pure water flow, a lower pressure means a lower temperature along
the boiling curve. This example verifies the capability of SVOFFICE WR in simulating the water -
vapor multiphase heat and mass transfer problem.
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Figure 9 Temperatures versus time from FEHM verification and SVOFFICE WR using different meshes

2.4 FREE CONVECTION CELL S

Project: GeoThermal
Model: FreeConvectionCells_WR

This SVFLUX and SVHEAT coupled model simulates the free convection cells in groundwater due to
buoyancy -driven flow. Topography and buoyancy are the two main driving forces for groundwater
flow. Topography -driven flow is associated with the differences in elevation of water table that
create differences in potential energy and hence drive fluid flow from high elevation to low

el evation, and i s commonl y ter med firdricen dlavdresulto fiome ct i on o .
variations in fluid  density due to spatial and temporal changes in temperature and salinity, and is

usually named fAfree convectiondo because of the |l ack of ex
Yang et al. (2010) conducted a variety of numerical case studies to investigate the relativ e

importance of topography and buoyancy forces in driving groundwater flow. In this verification

report, only the free convection case is replicated, which implies that there is no topographic effect

and buoyancy is the only driving force for fluid flow. Figure 10 shows the geometry and boundary
conditions in model. A simple 2D geometry (L = 800 m x H = 200 m) is simulated. The boundary
conditions at the top are Consta nt Temperature (20 °C) and Constant Head (200 m), and the
boundary condition at the bottom is Constant Temperature (26 °C). All the other boundaries are no
flow boundary conditions. The Quadrilateral meshes with a total of 1,741 nodes are used.
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Figure 10 Geometry and boundary conditions

A small perturbation (the initial temperature field as shown in
convect ive flow. The initial water table is perfectly flat at the top which implies that there is no
topographic effect. The material properties used in the model are
thermodynamic functions of water properties (density, viscosity and enthalpy) with respect to
pressure (P) and temperature (Te) are implemented in the FEHM solver. The equations for all

properties have
range of temperature (0.001
Rayleigh ( Ra) for this example

been
AC De
is equal to 35  which is larger t

verified

Figure 11) is needed to trigger the

over

O 30§ iA the FEHM validation report.

summarized in  Table 4. The
water
the range of pressur e

The dimensionless

han the critical value 27.1 as given in
the paper by Yang et al. (2010), so the free convection is predicted to occur.

Figure 11 Initial temperature field

Figure 12 and Figure 13 show the temperature distribution and fluid velocity vectors at steady
and SVOFFICE WR. The results are in good agreement, and four

state from Yang et al. (2010)
convection cells can be clear

ly seen in the results.

Table 4 Details of material properties

Parameters Values Units
Thermal Conductivity 2 Jis-m- °C
Rock Density 2630 Kg/m 3
Specific Heat Capacity 800 Jikg- °C
Intrinsic Permeability 1E-11 m?
Saturated VWC 0.1
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Figure 12 Temperature distribution and fluid velocity vectors at steady state from Yang et al. (2010)
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3 PLAN ANALYSIS HEAT TRANSFER

This chapter will verify the ability of SVHEAT to solve two dimensional plan view analysis, steady -
state and transient heat transfer models. The results from SVHEAT are compared to publish
analytical results as well as other proven commercial software packages.

Each verification model will begin with a brief description of the model followed by the comparison
of results , then conclusions about the model. All of the verification models presented in this
document are included with the SVHEAT software.

3.1 PLAN FORCED CONVECTION AR OUND
BURIED CYLINDER

Project: GeoThermal
Model: PlanAnalysis_BuriedCylinderForcedConvection_WR

This steady -state SVFLUX WR and SVHEAT WR coupled model is used to simulate forced convective
heat transfer around a cylinder  buried in soil in 2D plan view analysis . The steady -state solution
was solved for this coupled problem, and the temperature results were compared with the results
from SVFLUX GE and SVHEAT GE. This model verifies the abilities of SVFLUX WR and SVHEAT WR
for simulations in 2D Plan View.

As shown in  Figure 14, the simulation geometry is a 30 m X 10 m rectangle in 2D plan view. A
circle with 1 m radius is located at the center of the r ectangle to represent a cylinder . Constant
Head and Constant Temperature boundary conditions  were used in this model . A Constant Head of
10 m was applied on the left -hand side of the simulation domain, and a Constant Head of 9 m was
applied on the right -hand side. Thi s 1 m head difference  between two boundaries forced water flow
from left to right.  The cylinder was assumed to be impermeable by assigning Zero Flux boundary

conditions on the circle. On the SVHEAT side, a Constant Temper at was eppled on25
both the left and right boundaries to repres ent far field temperature. The boundary condition on
the circlewas a Constant Temper atouepesert & cold cylnder buried un der ground.

The steady -state temperature  field around the cylinder ~ was compared and verified  for this forced
convective heat transfer model .

X (m)

Figure 14 Geometry and boundary conditions from SVFLUX WR

eC
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Table 5 shows the details of the material s used in the model. Soil_2 with low Hydraulic
Conductivity and  high Thermal Conductivity values was used inside the cylinder, and Soil was used
for the rest of simulation domain.

Table 5 Details of material properties

Tabs Parameters Sail Soil_2
New Material Data Type Saturated Saturated
Volumetric Water Content Saturated VWC 0.5 0.5
Hydraulic Conductivity ksat (m/day ) 0.1 1E-6
Thermal Conductivity Constant (J/ 4320 10000
Specific Heat Capacity Constant (J 2520 2520
Rock Density Constant (kg/m"3) 2650 2650
There were no published results for this problem. Therefore, the r esults from the present SVFLUX
WR and SVHEAT WR model were compared and verified by the results from SVFL UX GE and
SVHEAT GE through solving exactly the same model. A total number of 8,911 nodes were used in

the WR solution.  Figure 15 and Figure 16 show the steady -state temperature fields from GE and
WR, respectively, showing a good match . Figure 17 quantitatively = compares the temperature range
plot s from (0, 5) to (30, 5) between GE and WR, and good agreement was achieved. This SVFLU X
WR and SVHEAT WR coupled model verifies the ability of WR for simulations in 2D plan view.

Figure 15 Temperature field from SVFLUX GE and SVHEAT GE


















