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Thesis directed by Associate Professor John S. McCartney

ABSTRACT

The objective of this research was to describe how the transient heat transfer phenomena
influences the results of mechanical integrity tests (MITs) performed on the well of an
underground storage cavern in rock salt. Underground caverns have been developed in salt
deposits throughout the world for the purpose of producing brine and storing compressed air,
hydrocarbons, and waste products; and are a critical underground infrastructure. Despite the
very low permeability of rock salt, limited volumes of stored product may diffuse out of the
cavern. Additionally, underground storage caverns change in size because of salt creep, leading
to difficulties in estimating the volume of product retained in the cavern. The great importance
of these issues create the need to accurately determine if a cavern well has mechanical integrity
and therefore suitable for storage. Although MITs on cavern wells are mandated by both federal
and state governments, a rigorous standardization of testing procedures has not been developed.
Finite element analyses and other numerical methods have been employed to show how local
thermal conditions and test duration influence the results of a typical MIT performed on standard

well sizes, and how the loss of integrity may be masked by the testing conditions.
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1 Introduction

Underground caverns have been developed in rock salt strata throughout the world for the
purpose of producing brine and storing compressed air, hydrocarbons, and waste products. The
low incident (e.g. a reportable leak from or failure of a storage cavern) occurrence rate associated
with storage in rock salt along with low ratios of surface area, construction cost, and
maintenance cost to storage volume when compared with alternative means of storage results in
rock salt being a favored storage medium [Evans, 2008]. Also, intact rock salt has a very low
value of intrinsic permeability (10™° to 10%> m?), which is largely because of its “self-healing”
property [Djahanguiri and Matthews, 1983]. Despite the low permeability of rock salt, limited
volumes of stored products may diffuse into the salt surrounding the cavern. Additionally,
underground storage caverns change in size because of salt creep, leading to difficulties in
estimating the volume of product stored in the cavern [e.g. Van Sambeek et al., 2005; Bérest et
al., 2001]. The great importance of these issues result in the need to accurately determine if a
cavern well has mechanical integrity and therefore suitable for storage; the goal of this research
is to provide insight towards how this may be achieved.

A storage cavern is connected to the ground surface via a cased and cemented well that
typically penetrates through stratigraphic layers that are more permeable than salt. Although
very limited product diffusion from the cavern into the surrounding salt formation may
potentially occur through the rock-salt matrix, most researchers agree the likely path for leakage
to occur from the storage system (i.e. the cavern and associated well) is through the cemented
casing and/or at the casing shoe (bottom of lowermost cemented casing) and therefore tests have
been developed to analyze these regions [e.g. Van Sambeek et al., 2005; Nelson and Van
Sambeek, 2003; Bérest et al., 2001]. The ability of a storage system (Figure 1) to prevent
leakage of the stored product into the surrounding environment is termed external integrity or
tightness [Crotogino, 1995]. The desired degree of tightness, which has no absolute value, of a
storage system is dependent on the economic nature of the stored product and the sensitivity of
the local biological, geological, and hydrogeological environments to the product, as well as the
regulatory environment. An evaluation of tightness is typically required in most countries upon
the commissioning of a storage system and at five year intervals thereafter through a procedure
known as a mechanical integrity test (MIT) [e.g. Gatelier et al., 2008; KDHE, 2005; Nelson and
Van Sambeek, 2003; Van Sambeek et al., 2005]. Although there are several different types of
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MITs that vary with procedure and testing materials, this research is focused specifically on the
Nitrogen/Brine Interface Test (NBT), which is a common testing method especially for large

storage systems typical of the United States Gulf Coast region.

Wellhead
Ground Surface / ' N
» |¢«— Annulus
Injection String >
Cemented
< Casing > Well
_TopofSalt | Casing

Uncased
Borehole {

> Cavem

Figure 1 Generalized description of a storage system (not to scale).

Although the NBT is commonly implemented to assess the integrity of a storage system,
there are very few guidelines outside the state of Kansas [KDHE, 2005] currently in place for
regulating the duration of time between sequenced events that are performed during the test. The
specific objective of this research is to better understand how and to what extent the variation of
time between particular events during a NBT, the well geometry, and the surface temperature
during the NBT may influence test results; this has been accomplished through numerical
modeling of the heat transfer phenomena associated with the NBT on an array of idealized
storage-well geometries with differing surface temperatures and the calculation of theoretical test

results.



2 Background of NBT

Nitrogen gas is a common test fluid used in a MIT because it is inert and readily available in
most locations; its physical properties have also been well studied and documented. The low
viscosity of nitrogen gas allows it to leak through a fracture at a rate 2 to 50 times that of other
commonly stored fluids (typically hydrocarbons); and therefore MITs performed with nitrogen
gas result in a higher degree of sensitivity than would be possible with other typical testing fluids
[Heitmann, 1987].

Determining the integrity of an underground storage system in salt essentially involves
calculating the apparent leak rate from the storage system. The apparent leak rate is the
calculated leak rate from the storage system to the external environment, which may vary
considerably from the actual leak rate, depending on the manner in which the test is executed and
analyzed. The apparent leak rate is calculated during a NBT by determining the change of
nitrogen mass/volume stored in the cased annular (between the injection string and cemented

casing) and uncased borehole regions over the duration of the test.

2.1 Generalized Description of the Nitrogen/Brine Interface Test (NBT)

During a typical NBT, two specific regions of a well are tested (Figure 2) by monitoring the
wellhead pressure, injection string temperature, and nitrogen/brine interface depth (determined
via a logging tool run on a wireline in the injection string) over a measureable time period; the
two specific test areas are: (A) the cemented casing from the casing shoe up to the ground
surface and (B) the casing shoe and uncased borehole region below the casing shoe and above

the cavern roof up to the ground surface.



A) Cemented Casing MIT B) Casing Shoe MIT
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Figure 2 Visual description of the two tests performed during a NBT: (A) the Cemented Casing
MIT and (B) the Casing Shoe MIT (not to scale).

The initial test (during a NBT) of the cemented casing is referred to as the Cemented Casing
MIT, which tests for internal integrity between the injection string and surrounding annulus; this
test is conducted by maintaining the nitrogen/brine interface above the casing shoe and
calculating the rate of change (with respect to time) in the nitrogen mass/volume. The second
test (during a NBT) places the nitrogen/brine interface below the casing shoe and above the
cavern roof; this test is known as the Casing Shoe MIT, which tests for external integrity
between the storage system and the surrounding environment. The focus of this research is on
the accuracy of determining external integrity via a NBT and therefore is focused on aspects of
the Casing Shoe MIT. Although procedures for conducting the NBT (which are typically
composed of the Casing MIT and Casing Shoe MIT) do vary, a generalized sequence of events

and their associated duration are described as:



a) All stored product is removed from the storage system and replaced with saturated brine

(Figure 3). The storage system is then pre-pressurized at rate of about 2.5 psi/min with

saturated brine, which is stored at the surface, to near test conditions (e.g. a pressure

gradient of 0.8 psi/ft at the casing shoe). This step may take several hours to complete

depending on the compressibility of the storage system and typically occurs at least 24

hours prior to the start of the NBT to allow for the cavern pressure to stabilize.

Ground Surface

|—Pressure Anmuius

Brine

N3

Vertical Profile

Figure 3 Schematic of storage system during pre-pressurization with saturated brine.

b) An initial temperature survey (base log) is performed from the surface to 50 ft below the

expected nitrogen interface via a logging tool located in the injection string (Figure 4).
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Tool
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Figure 4 Schematic of storage system during initial temperature log (base log).

Nitrogen is then injected into the annulus between the cemented casing and the injection
string at the average temperature in the injection string determined from the base log.
Nitrogen injection continues until the nitrogen/brine interface is just above the casing
shoe and the location of the nitrogen/brine interface is determined via density logging
tools positioned in the injection string. This process generally takes approximately one to
two hours.

The Cemented Casing MIT is performed for approximately an hour, which consists of
monitoring pressure at the wellhead and running density logs at the start and finish of the

test to monitor the displacement of the nitrogen/brine interface (Figure 5).
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Figure 5 Schematic of storage system during Cemented Casing MIT.

e) After the Cemented Casing MIT has been completed, nitrogen injection into the annular
region resumes until the nitrogen/brine interface is below the casing shoe yet above the

cavern roof (Figure 6). The second nitrogen injection typically lasts less than one hour.
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Figure 6 Schematic of storage system at the end of the second nitrogen injection.

f) The Casing Shoe MIT is then performed for no less than 24 hours. Temperature and
density logs are performed at the beginning and end of the test period to determine a

temperature distribution in the injection string and the displacement of the nitrogen/brine
interface depth in the annulus (Figure 7).
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Figure 7 Schematic of storage system during the Casing Shoe MIT.

2.2 Phenomena that Influence the Apparent Leak Rate

Ostensibly, the calculation of an accurate apparent leak (i.e. an apparent leak that is very near
the actual leak) may appear to be straightforward; however, there are many phenomena such as:
transient heat transfer, salt creep, thermal expansion, rock salt dissolution, adiabatic temperature
increase, surface temperature and pressure variations, Earth tides, which may affect the accuracy
of the apparent leak rate to varying extents. The goal of this report is to describe how the
transient heat transfer phenomena may cause appreciable differences between the calculated

apparent leak rate and the actual leak rate.

2.3 Calculation of the Apparent Leak Rate

The mass/volume of nitrogen in the well annulus may be estimated using (1) the measured
nitrogen annulus pressure at the wellhead, (2) the knowledge of the annular cross-sectional area
as a function of depth, (3) the depth of the nitrogen/brine interface obtained from a logging tool,
and (4) the assumption that the brine temperature in the injection string (obtained from a logging
tool) is representative of the nitrogen temperature in the annular region adjacent to the injection
string. Calculation of nitrogen mass/volume is performed at the start and finish of the test, and
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an apparent leak (if any) may be calculated using the starting and final calculated mass/volume
values between the two logging campaigns. If the temperature of nitrogen in the annulus is well
represented by the brine temperature in the injection string, an accurate leak calculation may be
made; however, if the nitrogen temperature is not well represented by the brine temperature the
apparent leak calculation may have a large value of error relative to the actual leak rate. Also,
large variations in the apparent leak calculations are believed to occur when the temperature of
brine (stored on the surface in a brine pond prior to injection) injected into the storage-system
during prepressurization or the temperature of nitrogen injected into the annulus differ noticeable
from the in situ temperature of the local rock mass, causing the storage system to undergo
significant thermal transients. The focus of this research is to determine how variations of well
geometry and surface conditions (and associated brine and nitrogen injection temperatures)
affect the calculation of an apparent leak.
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3 Technical Approach

In an attempt to further understand the transient nature of the heat transfer phenomena
associated with a NBT, finite element (FE) modeling was employed to simulate the thermal
events during a NBT on a variety of storage well (specifically the well portion of a storage
system above the cavern roof) geometries and surface conditions. The thermal analyses were
then validated via comparisons of temperature logs taken during a recorded Field Test. The
results from the thermal analysis were employed to calculate the apparent and actual leak rates
(at the casing shoe temperature and pressure) associated with each of the simulated scenarios.

3.1 Thermal Modeling Computer Program

The finite element computer program SPECTROM-45 (SPE-45) was used to analyze the
thermal nature of the NBT on the modeled storage wells. The SPE-45 code is part of the
SPECTROM (Special Purpose Engineering Codes for Thermal ROck Mechanics) series of
special purpose finite element programs and is capable of modeling two dimensional conductive
heat transfer and coupled convective-conductive heat transfer in laminar flow [Svalstad, 1989].
SPE-45 is a uses the Galerkin Finite Element Method (GFEM) with eight-noded serendipity

elements to formulate a numerical solutition.

3.2 Equations Implemented by the Thermal Model

Equations 1 through 3 were implemented by SPE-45 to perform the thermal analysis of the
storage system and adjacent strata. The dominant heat transfer mechanisms present, during a
NBT, having thermal effects on the storage well and surrounding strata are conduction and
forced convection. The two-dimensional (axisymmetric) governing equation describing these
heat transfer mechanisms acting on the dynamic fluids present in the storage well is:

(Equation 1)
k 62T+16T+62T VaT_aT
pc\0z2 radr Or? 0z ot
where:
radial coordinate direction

vertical coordinate direction
time

T(r,zt) =  temperature in fluid materials at location (r,z) at time t
k = thermal conductivity of fluid
p = massdensity of fluid
¢ = specific heat capacity of fluid at constant pressure
V,(r) = vertical velocity of fluid at distance r from the axis of symmetry
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Thermally induced (natural) convection was not accounted for during the thermal analysis
because it had been determined to not significantly influence the thermal nature of the system,
the basis for this assumption is provided in Appendix A.

Fluid flows in the well annulus and injection string were modeled by SPE-45 as laminar
vertical flows (i.e. no turbulent flow) through a duct; however, the reduced mean velocity of a
turbulent flow was accounted for and the respective velocity profiles were approximated from

empirical correlations of an annular velocity profile [Meter and Bird, 1961] (Figure 8) and an

axisymmetric velocity profile [Finnemore and Franzini, 2002] (Figure 9); each are quadratic in

nature and have the generalized form of:

(Equation 2)
V,(r) = Von + ar + br?
where:
r = radial coordinate direction
a = linear coefficient
b = quadratic coefficient
Ven = Constant term
V,(r) = vertical velocity of fluid at radial distance r from axis of symmetry
Fluid Velocity Profile in Annulus Fluid Velocity Profile in Injection String
Radial Distance (ft) Radial Distance (ft)
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Radial Distance (m) Radial Distance (m)
Figure 8 Discrete empirical approximation Figure 9 Discrete empirical approximation
of the annular velocity profile (red) of an axisymmetric velocity profile
and continuous quadratic fit (blue). (red) in the injection string and

continuous quadratic fit (blue).

The governing heat transfer equation for static fluid materials in the storage well and all so

materials in and around the storage well is:
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(Equation 3)
0°T 10T N 92T aT
dz®> ror Or?

dt
Where:
r = radial coordinate direction
z = vertical coordinate direction
t = time
D = thermal diffusivity of solid material (k/pc)
T(r,zt) =  temperature in solid materials at location (r,z) and at time t

3.3 Equations Implemented for the Volume Analysis

A finite difference code was developed to employ Equations 4 through 9 and results from the
thermal analysis were implemented to solve for the apparent leak in the modeled storage system.
Nitrogen volume in the storage-well annulus was calculated according to the non-ideal gas

equation [Cengel and Boles, 2006]:

(Equation 4)
PV Ru
M
Where:
P = absolute pressure of gas
V = volume of gas
m = mass of gas
Ry, = universal gas constant
M = molar mass of gas
Z(P,T) = compressibility factor of gasatPand T
T = absolute temperature of gas

The compressibility factor (Z), which is a non-linear function of both temperature and pressure

was determined from [Sage and Lacey, 1950]:

(Equation 5)
Z=AP?+BP+C
where:
P = absolute pressure of gas
A(P,T) = quadratic coefficient that is a function of P and T
B(P,T) = linear coefficient that is a function of P and T
C(P,T) = constant coefficient that is a function of Pand T
Z(P,AB,C) = Compressibility factor that is a function of P,A,B, and C
T =  absolute temperature of gas

Further details on the calculation of the compressibility factor (Z) are given in Appendix B.

Equation 4 may be rearranged to solve for gas density:
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(Equation 6)

P
P=Retr
Where:

P = absolute pressure of gas

R = specific gas constant (R,/M)
T =  absolute temperature of gas
p = mass density of gas (m/V)

Z(P,T) = compressibility of gas

The approximate change of pressure on a gas over a finite vertical distance may be

determined by:

(Equation 7)
P, = P; +pigh
where:
g = gravitational constant

h = vertical distance between point 1 and 2

p; = Mmass density of gas at point 1

P; = pressure of gas at point 1

P, = approximation of gas pressure at point 2

The compressibility factor of a gas at standard temperature and pressure (STP) is equal to
unity, by recognizing this and making reference to STP conditions, Equation 4 may be

manipulated to provide a mass consistent volume calculation by:

(Equation 8)
PV PstpVsTp
- = mR - -
ZT Tstp
where:
Pstp =  standard absolute pressure : 0.101 MPa or 14.7 psia
Tstp =  standard absolute temperature: 293.15 K or 528 R
Vst = volume of gas at Tsyp and Pstp
m = constant mass of gas
R = specific gas constant
P = absolute pressure on gas
V = volume of gas
T =  absolute temperature of gas
Z(T,P) = compressibility factor of gas at T and P

A similar relationship as shown in Equation 8 may be used to calculate the pressure needed

to maintain a mass/volume of gas at a different temperature and pressure:
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(Equation 9)

Plv P2V
ziti = MR=7em
where:
P' = absolute pressure of gas at time 1
T' = absolute temperature of gas at time 1
ZNT'PYHY = compressibility factor of gas at T* and P*
m = constant mass of gas
R = specific gas constant
P2 =  absolute pressure of gas at time 2
T2 =  absolute temperature of gas at time 2
V = constant volume of gas
ZT%P? = compressibility factor of gas at T? and P?

Equation 9 may be used to calculate the pressure on a mass of gas as the temperature varies

in time but the volume of the gas is held constant.
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4 Thermal Modeling Procedure

The thermal modeling performed during this research consisted of simulating 9 wells (one at
a time) each having a unique well architecture and uncased borehole dimension; each of the nine
well/borehole combinations were modeled with two different brine surface temperature
conditions; resulting in 18 different unique FE models. The domain extent of all FE models was
7 meters in the radial direction and 1000 meters in the vertical direction and was composed of

4429 nodes associated with 1400 eight-noded elements.

4.1 Time Domain

A theoretical NBT was developed for implementation into each of the 18 FE models for
thermal analysis. The theoretical NBT (Table 1) accounted for all events that occur during a
typical NBT on a storage system.

Table 1 Description, step number, and duration of events included in the FE
model of a NBT.

Event Description Step Number ~ Event Duration ~ Cumulative Duration

(hours) (hours)

Pre-Pressurization with Brine I 15 15

Initial Stabilization Period I 48 63

Initial N, Injection Il 1.5 64.5

Cemented Casing MIT v 0.75 65.25

Final N, Injection \V 0.5 65.75

Final Stabilization Period VI 24 89.75

Casing Shoe MIT VIl 24 113.75

4.2 Physical Domain

The general well components, adjacent strata, and vertical limits (Figure 10) did not vary
between the 18 FE models; however, the radial limits of the well components and open borehole
were modified between models. The casing system associated with the storage well [Thoms and
Gehle, 1984], and adjacent geology [Kelsall and Nelson, 1983] was typical of that found in the
Gulf Coast region. The storage system was assumed to be axisymmetric about the center line of
the injection string and was therefore modeled as such (Figure 11).

The uniquely dimensioned storage wells and associated casing architecture of the well are
referred to as (in order of increasing radial extent) the Small (Table 2), Medium (Table 3), and

Large (Table 4) wells. The open borehole sizes for each well are referred to as (in order of
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increasing radial extent) Small, Medium, and Large (Table 5) also. The percentage of total well

volume contained in the open borehole of each model is listed in Table 6. The volume of each

well/uncased-borehole combination modeled is shown in Appendix C
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implemented into the finite element

model.

Table 2 Dimensions of the casing system associated with the Small well.

Small Well Inside Diameter ~ Outside Diameter ~ Wall Thickness Length
meter inch meter inch meter inch meter feet
Conductor 0.57 22.50 0.61 24.00 0.02 0.75 20 66
Surface Casing 0.45 17.76 0.47 18.63 0.01 0.44 150 492
Intermediate Casing 0.32 12.70 0.36 14.00 0.02 0.65 450 1476
Production Casing 0.23 8.92 0.24 9.63 0.01 0.35 980 3215
Brine Injection String 0.16 6.28 0.18 7.00 0.01 0.36 1000 3281
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Table 3 Dimensions of the casing system associated with the Medium well.

Medium Well Inside Diameter ~ Outside Diameter ~ Wall Thickness Length
meter inch meter inch meter inch meter feet
Conductor 0.57 22.50 0.61 24.00 0.02 0.75 20 66
Surface Casing 0.49 19.12 0.51 20.00 0.01 0.44 150 492
Intermediate Casing 0.39 15.25 0.41 16.00 0.01 0.38 450 1476
Production Casing 0.32 12.62 0.34 13.38 0.01 0.38 980 3215
Brine Injection String 0.22 8.84 0.24 9.63 0.01 0.40 1000 3281

Table 4 Dimensions of the casing system associated with the Large well.

Large Well Inside Diameter ~ Outside Diameter ~ Wall Thickness Length
meter inch meter inch meter inch meter feet
Conductor 1.03 40.50 1.07 42.00 0.02 0.75 20 66
Surface Casing 0.88 34.50 0.91 36.00 0.02 0.75 150 492
Intermediate Casing 0.72 28.50 0.76 30.00 0.02 0.75 450 1476
Production Casing 0.57 22.50 0.61 24.00 0.02 0.75 980 3215
Brine Injection String 0.37 14.69 0.41 16.00 0.02 0.66 1000 3281

Table 5 Open borehole dimensions for each of the three well sizes.

Well Description Production Casing (ID) Diameter of Open Borehole
Small Borehole  Medium Borehole  Large Borehole
meter inch meter inch meter inch meter inch
Small Well 0.23 8.9 0.32 12.5 0.91 36 1.22 48
Medium Well 0.32 12.6 0.44 17.5 0.91 36 1.22 48
Large Well 0.57 22.5 0.71 28.0 1.25 49 1.89 74

Table 6 Percentage of well volume contained in the open borehole
for each well and borehole size.

Well Description Open Borehole Description

Small Borehole  Medium Borehole  Large Borehole
Small Well 7% 45% 60%
Medium Well 6% 27% 40%
Large Well 4% 15% 30%

4.3 Material Properties

The thermal analyses each included seven materials, each material and the associated
thermophysical properties implemented into the FE models are shown in Table 7. The physical
properties of nitrogen are highly dependent on both temperature and pressure (Appendix D);
however, during the thermal analysis a reference state of 12.5 MPa and 35 °C was used during
the thermal analysis of this research. The temperature dependency of salt thermal conductivity

was neglected during the thermal analysis.
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Table 7 Materials included in FE analysis and associated thermophysical properties.

Material Density (p)  Heat Capacity (c,) ~ Thermal Conductivity (k) Reference

kg/m3 W-hr/kg-K W/m-K
Nitrogen Gas 129 0.337 0.033 [NIST, 2010]
Rock Salt 2160 0.214 5.000 [Kelsall & Nelson, 1983]
Brine (25% NaCl) 1189 0.913 0.575 [Dittman, 1977]
Steel 8009 0.128 865.4 [Ratigan & Blair, 1994]
Caprock 2899 0.238 5.296 [Ratigan & Blair, 1994]
Grout 2323 0.186 2.163 [Ratigan & Blair, 1994]
Overburden 2195 0.222 3.306 [Ratigan & Blair, 1994]

4.4 Material Locations

The modeled materials and their respective geometries in each of the nine modeled well
architectures were dependent on the simulated event (Table 1) and the well architecture. All
modeled material geometries were held constant during a single model except for the materials
present in the annular space between the injection string and production casing, which were
dependent on the simulated event.

During pre-pressurization of the storage system (Step 1) and the initial stabilization (Step I1)
events, the annular space and uncased borehole contained only brine (Figure 12). The annular
region was modeled as containing nitrogen gas from the ground surface to a depth of 970 meters
(10 meters above the casing shoe) and brine in the annular and uncased-borehole regions from a
depth of 970 meters to the lower boundary during the initial nitrogen injection (Step I11) and
Cemented Casing MIT (Step 1V). The final nitrogen injection (Step V), final stabilization period
(Step V1), and Casing Shoe MIT (Step VII) were modeled as having the annular region and

uncased borehole as containing only nitrogen gas.
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4.5 Velocity Profiles

Axis of Symmetry
(AOS)

The brine injection rate for each of the three well sizes was determined by assuming (1) the
injection rate was at a 1 psi/min on the injection string, (2) the storage-system compressibility
was 84.1 m3/MPa (36 bbls/psi), and (3) the injection string dimensions were as described in
Table 2, Table 3, and Table 4. The mean velocity, calculated from the injection rate, was then
used to determine with empirical correlations components of the velocity profiles, which were
quadratic in nature (Table 8).

The velocity profiles of nitrogen during Steps |11 (Table 8) and V (Table 9) were determined
using an assumption of the average velocities in the annulus were respectively 650 and 60 m/hr;
also that the annular dimensions of the wells and uncased boreholes were as described in Table
2, Table 3, Table 4, and Table 5.
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Table 8 Coefficients of the velocity profiles employed during

steps I and Il1.

Well Size *Event Number Veon A B

Small I -1.72E+04 -1.31E+04 3.01E+06
Small 1l 3.56E+04 -7.13E+05 3.53E+06
Medium | -8.66E+03 -3.64E+03  7.23E+05
Medium 1l 4.18E+04 -6.03E+05 2.14E+06
Large | -3.12E+03 -8.12E+02 9.37E+04
Large 1] 6.12E+04 -5.16E+05 1.06E+06

* |: Pre-Pressurization with Brine
I11: Initial N, Injection

Table 9 Coefficients used for quadratic velocity profile of nitrogen during Step V
for each well/borehole size.

Well Size  Uncased Borehole Size  *Event Number Veon A B

Small Small Vv 1.63E+02 -2.84E+03 1.14E+04
Small Medium Vv 1.83E+01 -2.25E+02 4.10E+02
Small Large \Y 1.27E+01 -1.44E+02 2.05E+02
Medium Small V 2.29E+02 -2.89E+03 8.40E+03
Medium Medium \Y 4,67E+01  -4.31E+02 7.46E+02
Medium Large \Y 2.83E+01 -2.56E+02 3.52E+02
Large Small \% 5.19E+02 -3.98E+03 7.14E+03
Large Medium V 1.23E+02 -7.72E+02  9.38E+02
Large Large \ 6.24E+01  -3.47E+02 3.05E+02

*V: Final N, Injection

4.6 In Situ Temperature Distribution

Two different temperature distributions were implemented into the thermal analyses that
represented in situ temperature conditions when the surface temperature was 7 °C (Figure 15)
and 35 °C (Figure 16). The surface temperature values were chosen to represent the yearly
averaged low and high temperature during the coolest and warmest months in the gulf coast
region of the United States [NOAA]. The two distributions were identical from a depth of 10
meters to the lower boundary, but varied in the upper 10 meters depending on the nature of the
simulated surface temperature. A constant temperature of 25 °C was chosen at a depth of 10
meters below the ground surface [SMU Geothermal Database]. Based on the modeled strata,
typical in situ temperature gradients (Table 10) were then applied to obtain a temperature

distribution to be used as a far-field boundary condition [VVan Sambeek et al., 2005].
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In Situ Temperature Distribution
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Figure 15 In situ temperature distribution
when the ground surface
temperature equaled 7 °C.

Figure 16 In situ temperature distribution
when the ground surface
temperature equaled 35 °C.

Table 10 Modeled in situ temperature gradients.

Temperature
Material Gradient
(°C/m)
Overburden 0.03
Caprock 0.016
Rock Salt 0.016

4.7 Initial Conditions

Initial conditions for the thermal analysis were found by applying the appropriate far-field
boundary condition to the domain and solving for the steady-steady temperature distribution. A
constant temperature (Dirichlet) boundary condition (BC) on the upper and right boundaries of
the domain, where the upper BC was either 7 °C (Figure 17) or 35 °C (Figure 18) and the
corresponding in situ temperature distribution was defined at the right boundary. The left and
lower boundaries of the domain were assigned an insulated (Neumann) boundary condition, as
the left boundary represents the axis of symmetry (by definition a zero flux boundary) and the
lower boundary is an artificial boundary (i.e. the true physical domain does not end at the cavern

roof).
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Initial Ternperature Distribution: Surface Temp. =7 degrees C Initial Ternperature Distribution: Surface Temp. = 35 degrees C
U p— g

-100 -100

-200 -200

-300 -300

-400 -400

-500 -500

Werical Dist. (m)
Werical Dist. (m)

-600 -600

-700 -700

-800 -800

-900 -900

-1000
u] 1 2 3 4 5 b 7

Horizontal Dist. (m) Horizontal Dist. (m)

-1000
0

Figure 17 Initial temperature distribution of Figure 18 Initial temperature distribution of
the model domain with of surface the model domain with of surface
temperature of 7 °C, computed by temperature of 35 °C, computed by
SPECTROM-45. SPECTROM-45.

4.8 Boundary Conditions

Two types of boundary conditions were used during the thermal analyses, those were the
Neumann or insulated type (I'y) and the Dirichlet or fixed temperature type (I'p). The locations
where specific boundary conditions were applied are shown in Figure 19, the step number and
the associated boundary condition type are listed in Table 11.

The Lower and Left boundary conditions were maintained as a no flux condition throughout
all thermal analyses. The Right boundary, at a distance great enough that heat variations caused
by injections into the storage well will not affect it (far-field), was fixed temperature values that
are shown in Figure 15 or Figure 16 depending on the nature of the initial surface conditions.
The Upper boundary condition was assigned a fixed temperature to obtain an initial condition
during each thermal analysis, but was then assigned an insulted boundary condition during all
proceeding steps to allow the FE model to determine the surface temperature distribution
resulting from the modeled events.

The Injection String boundary at the wellhead was assigned a fixed temperature, equal to that
of the initial surface temperature, during the initial brine injection (Step I) to simulate brine being
injected from surface ponds at the current surface temperature. The injection string was then
assigned an insulated boundary condition for all following Steps. The Annular boundary at the
wellhead was assigned a fixed temperature during both nitrogen injections (Steps Ill and V).

The fixed temperature value, for both injections, was equal to the calculated average injection
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string temperature at the end of Step 11; this was done to simulate the typical NBT procedure.

The BC on the annulus at the wellhead was assigned an insulated boundary condition when

nitrogen gas was not simulated as being injected.
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Figure 19 Identification of the six boundary condition locations.

Table 11 Type and location of boundary conditions during each step.

Location of Boundary Condition

Step Number

Injection String

Annulus

Right Upper Left
I'n

I'o
r

Lower

I'o

I'n

I'

I'n

I'n

N l—‘N l—‘N
I'

D

I'n

Iy

I'

Iy

I'p

Iy

I'n

I'n Iy I'x
r

I'p

I'n

v

I'n

D N I' I'p

I'p

I'n

Iy

I'n

Iy

I'

Iy

VI

I'n

I'p I'n I'n I'n

I'n

VIl

I'y = Neumann type boundary condition ( constant heat flux)

I'p = Dirichlet type boundary condition (constant temperature)

25



5 Thermal Modeling Results

The results from specific steps of the thermal modeling resulted in oscillations with respect to
both time and space, the nature of these errors are briefly discussed below. The thermal
modeling was performed on 18 unique scenarios, each composed of seven defined steps (Table
1). The results from the Large well with a Large uncased borehole simulated with a brine

surface temperature of 7 °C are shown herein.

5.1 Numerical Oscillations (Wiggles)

Numerical oscillations or wiggles were observed during the transient temperature solution
during the modeling of Steps I and I11 in region of the convected fluid (i.e. brine or nitrogen).
These anomalous values were the result of the flow having a very high Peclét number (i.e. the
ratio of the ‘strength’ of the convective and diffusive processes was very large), which was the
result of the convected fluid material having a high velocity and very low thermal conductivity.
Although the wiggles appear to be completely erroneous, because of the nature of the GFEM,
these values do not result in a global temperature change but rather a redistribution of it within
the convected fluid and thus maintaining a conservation of energy [Gresho and Sani, 1998].

The two regions where wiggles were observed during the thermal modeling were near the
moving heating/cooling front in the convected fluid (Figure 20) and at the nitrogen/brine
interface (Figure 21). The wiggles near the moving front were the result of the steep temperature
gradient caused by the highly convective flow modeled during the thermal analysis. The front
translated spatially with time with the fluid and resulted in wiggles that progressed through the
domain with time. The other occurrence of wiggles, at the nitrogen/brine interface, was caused
by the formation of a steeply graded temperature boundary, just inside of the nitrogen above the
interface. Wiggles here again resulted from a lack of thermal diffusion, which if a higher value
were modeled would act as a temperature smoothing process that acts to prevent the formation of
steep thermal gradients. Consequently, the numerically integrated solution results in sharply

graded wiggles that wane in magnitude with time.
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Figure 20 Identification of 'moving font' in

the injection string during Step | of

the thermal analysis.
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Figure 21 Identification of the

nitrogen/brine interface in the
annulus during Step 111 of the
thermal analysis.

5.2 Step 1

During the initial step of the thermal modeling, brine was simulated as being injected into the
injection string from the surface, with a temperature of 7 °C for a duration of 15 hours (Figure 22
and Figure 23). Brine was also simulated in the annular region, but with a zero velocity (Figure
24 and Figure 25). Numerical error was observed, during the initial two hours of Step I, in the

injection string temperature. The error was in the form of sharp temperature osillations during

the early stages of the step (Figure 23).
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Values in Annulus

Annulus: Large Well w/ Large Uncased Borehole
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Figure 24 Temperature distribution in the
annulus during Step I.

5.3 Step 11
Step Il of the thermal modeling simulated the initial stabilization period of the NBT, during

which only conductive heat transfer was simulated in the injection string (Figure 26 and Figure
27) and annulus (Figure 28 and Figure 29). The average temperature in the injection string at the
end of Step Il (26.3 °C) was calculated and implemented as the temperature of the simulated

nitrogen injections during Steps 111 and V.
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5.4 Step II1
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Step 111 of the thermal modeling simulated brine as static in the injection string (Figure 30

and Figure 31) and the injection of nitrogen into the annulus (Figure 32 and Figure 33) ata

temperature of 26.3 °C (the average temperature in the injections string at the end of Step Il) for

a duration of 1.5 hours. The nitrogen/brine interface was simulated as being at a distance of 970

below the ground surface in the annulus.
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5.5 Step IV
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Step IV of the thermal analysis simulated the 0.75 hour time duration between the two

Figure 33 Continuous temperature values at

nitrogen injections, during which both the brine in the injection string (Figure 34 Figure 35) and

nitrogen/brine in the annulus (Figure 36 and Figure 37) were modeled as being static.
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5.6 Step V
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Figure 37 Continuous temperature values at
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during Step IV.

Step V of the thermal analysis simulated brine as being static in the injection string (Figure

38 and Figure 39) and simulated the second injection of nitrogen into the well annulus (Figure 40

and Figure 41) for a duration of 0.5 hours. During this step the nitrogen/brine interface was

modeled as being at the lower boundary (i.e. the only simulated material in the annulus was

nitrogen gas).
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Figure 41 Continuous temperature values at
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5.7 Steps VI and VII

Steps VI and VII included the final stabilization period (initial 24 hours) and the Casing Shoe
MIT (final 24 hours), both steps simulated the brine in the injection string (Figure 42 and Figure
43) and nitrogen in the annulus (Figure 44 and Figure 45) as being static. The temperature
distributions in the injection string and annulus at the beginning of Step VI and at the steady-
state condition are shown in Figure 46 and Figure 47. The temperature distribution at the
beginning of Step VI, relative to the steady-state temperature distribution, acts as an indicator to
the nature of the transient heat transfer (i.e. will the temperature at a point need to increase or
decrease to reach the steady-state value). The difference between the annular and injection string
distributions at the beginning of Step VI and at steady state are shown in Figure 48, and the sum
of the difference at each time step is shown in Figure 49.

The result data from Figure 46 and Figure 47 indicate that both the injection string and
annular temperature distributions will need to warm to reach the steady-state condition. The data
from Figure 49 indicates by the large positive value that the cumulative annular temperature is
warmer than the cumulative injection string temperature during the 48 hour simulation period.
The cumulative annular temperature distribution also warmed at a faster rate than that of the
injection string during the initial 3 hours of Step VI (indicated by the positive slope); then from 3
to 48 hours the cumulative injection string temperature began to warm faster than that of the

annular(indicated by the negative slope).
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Figure 42 Temperature distributions in the
injections string during Steps VI
and VII of the thermal analysis.
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Figure 44 Temperature distribution in the
injections annulus Steps VI and VII
of the thermal analysis.
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6 Validation of Thermal Model

Validation of the thermal modeling method applied in this research was done by utilizing the
temperature logs, site conditions, well geometry, and a chronological list of procedures
performed during a NBT on a well owned by a private company. The generic name “Field Test”
will be used as a preface in this document when referring to all items pertaining to this obtained
data. The Field Test information was implemented into the current thermal modeling scheme

and the modeling results were compared to the actual temperature logs of the Field Test.
6.1 Field Test Data

The geometry of the casing architecture associated with the Field Test well is described in
Table 12 and the radial extent of the uncased borehole is shown in Table 13. The annular
volume of the Field Test well as a function of depth below the ground surface is shown in Figure
50. The temperature distributions recorded in the injection string during the Field Test (Figure
51) were used to assume an in-situ temperature distribution that was be 4 to 6 °C warmer than
the final temperature log taken during the Field Test. The duration of Steps I and Il of the NBT
(Table 14) of the modeling procedure are unknown and were assumed during the validation
process. All material properties were assumed to be consistent with those values listed in Table
1.

Table 12 Geometry of casing architecture of the Field Test well.

Field Test Well Inside Diameter ~ Outside Diameter ~ Wall Thickness Length
meter inch meter inch meter inch meter feet
Conductor 0.57 22.50 0.61 24.00 0.02 0.75 20 66
Surface Casing 0.49 19.12 0.51 20.00 0.01 0.44 150 492
Intermediate Casing 0.39 15.25 0.41 16.00 0.01 0.38 450 1476
Production Casing 0.32 12.62 0.34 13.38 0.01 0.38 975 3199
Brine Injection String 0.22 8.84 0.24 9.63 0.01 0.40 980 3215

Table 13 Uncased borehole radial extent of the Field Test well.

Well Description Production Casing (ID) Diameter of Uncased Borehole
meter inch meter inch
Field Test Well 0.32 12.6 0.80 315
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Table 14 Modeled sequence of events and corresponding time durations
simulated during thermal analysis validation.

Event Description

Step Number

Event Duration

Cumulative Duration

(hours) (hours)
Pre-Pressurization with Brine | 15 15
Initial Stabilization Period 1 16 31
Initial N, Injection 1l 15 325
Cemented Casing MIT v 0.75 33.25
Final N, Injection \% 0.5 33.75
Final Stabilization Period VI 21 54.75
Casing Shoe MIT VIl 24 78.75

6.2 Results of Thermal Modeling Validation

The temperature distribution in the injection string of the Field Test well at the start and

finish of the Field Test Casing Shoe MIT appear to be in good agreement with the modeled

results of the Field Test. The temperature distributions from the Field Test temperature logs and

the modeled values are shown in Figure 52. The error between the modeled and actual data was

likely caused by a poor approximation of the assumed in-situ temperature distribution and a

deviation between the actual and assumed material properties implemented into the modeling

procedure.
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Modeled Values versus Field Data
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7 Nitrogen Volume Analysis

A volume analysis was performed by implementing the results of Steps VI and VII from the
thermal modeling of the 18 scenarios. The analysis was performed by calculating the actual
volume of nitrogen in the annulus; this was done using the initial temperature distribution in the
annulus at the start of Step VI. An apparent volume of nitrogen in the annulus was calculated
using the temperature distributions in the injection string of the thermal model. By comparing
the actual and apparent volume calculations, the error between the apparent to actual values was
determined. The relative change of the apparent volume of nitrogen with time was also
calculated, and is referred to as the apparent leak rate. The actual leak rate simulated during this

procedure was maintained at zero.

7.1 Constant Volume Calculation

A finite difference scheme was developed that implemented Equations 4 through 9 to
calculate a constant incremental volume of nitrogen gas in the storage-well annulus, this was
done by assuming (1) the nitrogen/brine interface depth was equal to that assumed during the
thermal modeling, (2) the pressure gradient at the casing shoe was 0.018 MPa/m (0.8 psi/ft), and
(3) the temperature distribution in the storage well annulus was equal to that computed by the
thermal model. Using the temperature distribution in the annulus, as calculated from the thermal
model, and assuming a constant incremental volume of nitrogen in the annulus with respect to
time, the incremental change of pressure (also with respect to time) in the annulus was calculated

using Equation 9 (Figure 53).
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7.2 Apparent Volume Calculation

By implementing a similar scheme as was used for the constant volume calculation, an
apparent volume calculation was made (Figure 54). The apparent volume calculations were
made by implementing the following assumptions: (1) the nitrogen/brine interface depth was
equal to that assumed during the thermal modeling, (2) the incremental pressure in the annulus
was equal to the pressure resulting from the constant volume calculation, and (3) the temperature
distribution in the injection string was equal to the temperature distribution determined from the
thermal model. Also, the difference between the actual and apparent volume of nitrogen in the

annulus was calculated with respect to time (Figure 55)

39



Large Well, Large Open BH, Surface Temp: 7 °C

. qot Large Well, Large BH, Surface Temp: 7 °C 1 640 24000

2891 : Cod1a17e 620/ 3900

600 13800

Volume Difference| 3700

N 2 Volume at STP (bbl)

—
E
o
=
»
i @ ss0r @  Test Begin
o E ® TestEnd 43600
=
E’—‘: 285 1.7925 ‘U‘j 3,5 3500
@ [ Apparent Vol of Ny in Annulug |00 ° z“‘
£ : : £ o
: Lo 3400
2 2gsf.| © TestStan (StanofStepVl) |l Lo 7Ee2 2 5 540 5
>N ®  Test Finish (Finish of Step VIl : > 2 =
= 283t ©  Steady State Verification Loy Fra = % 520 L 3300 g
B T B & [ =
282F i 17736 e 500 73200 5
281 fe id17873 8100
: A 480 ; ‘ : .
e FE I T P 0 10 20 20 40 50

i i i i
5 0 15 M 25 30 35 40 45 Time (Hour)

. Figure 55 The difference of apparent and
actual volume calculations from the
analysis of Step VII on the Large
well with a Large uncased
borehole.

Figure 54 Actual and apparent volume
calculations from the analysis of
Step VII on the Large well with a
Large uncased borehole.

Theoretically, at some time after the final nitrogen injection, the temperature distribution in
and around the storage well will reach steady state, at this time the temperature distribution in the
annulus and injection string should be very nearly identical. When the temperatures in the
injection string and annulus are nearly identical, the apparent volume and actual volume of
nitrogen in the annulus should also be nearly identical. Through implementation of the thermal
modeling results, calculated at steady-state, apparent and actual volumes of the nitrogen were
calculated and used as a method of verification for the volume analysis.

The change of annular pressure at the wellhead associated with the all volume calculations
are shown in Appendix E. An extended duration thermal model was also performed and the
associated volume analysis, which shows the apparent volume calculation for a 240 hour (10
day) period beyond the start of Step VI, is shown in Appendix F.

40



8 Apparent Leak Rate Analysis

Apparent leak rates were calculated using the results from the volume analyses. The
calculated apparent leak rates were based on a 24 hour period between volume measurements; as
this is the industry standard for the duration of time between logging campaigns. The apparent
leak rate, which is the relative change in the apparent volume, was calculated for each modeled
scenario using the temperature and pressure at the casing shoe in the model; this was done in
attempts to stay consistent with common testing practices. The temperature and pressure values,
implemented for the apparent leak rate calculation, were observed in the injection string and

annulus respectively.

8.1 Large Well

The apparent leak rates were calculated from the 48 and 240 hour volume analysis results
and are illustrated in Figure 56 and Figure 57. The simulated surface temperature conditions
were observed to have a large influence on the apparent leak rate calculations, as the rates
corresponding to simulations with a 35 °C surface temperature were more than an order of
magnitude less than those simulations performed with a surface temperature of 7 °C. The
variations of the leak rate results calculated for the Large were correlated to similar variations
observed in the sum of the temperature distribution (Appendix G.1). The maximum apparent
leak calculated for the Large well was 268 m3/year and the minimum was — 47 m3/year (an
apparent gain); both of these observed values occurred well before the standard 24 hour
stabilization period. The maximum and minimum leak rates observed at the end of the standard
24 hour stabilization period were 67 and 0.6 m3/year respectively, these were shown by
calculations on the Large well with a Large uncased borehole modeled having a surface
temperature of 7 °C and a Small uncased borehole modeled with a surface temperature of 35 °C.

The common trend observed from the apparent leak analysis of the Large wells, most notably
when modeled with a 7 °C surface temperature, is the initial increase of the apparent leak rate
shortly thereafter followed by a decrease. This trend was attributed to the annular temperature
distribution initially warming at a much faster rate than the injection string followed by an
increased rate in the warming of the injection string temperature distribution; this is illustrated in
Figure 120, Figure 122, and Figure 124 of Appendix G.1.
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8.2 Medium Well

The apparent leak rate results of the Medium well modeled for a 48 and 240 hour duration
are shown in Figure 58 and Figure 59. The results from the Medium well fall within a much
closer range than those calculated from the large well; the maximum and minimum apparent leak
rate values were 11 and — 7 m3/year respectively, with both of these values occurring at the start
of the stabilization period. The maximum and minimum observed values at the end of the
standard 24 stabilization periods were 7 m3/year from the Medium well with a Large uncased
borehole modeled with a 7 °C surface temperature and -1 m3/year from the Medium well with a
Small uncased borehole modeled having 35 °C surface temperature.

The apparent leak rate trends for the Medium well appear to be separated into a dichotomy
dependent on the simulated surface temperature conditions. Wells modeled with 35 °C surface
temperatures have a relatively smaller apparent leak rate and less variability of the leak rate than

wells modeled with 7 °C surface temperatures.
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Figure 59 Apparent leak rates for a Medium
well with various uncased borehole
dimensions and surface
temperature conditions, over a 240
hour period.

8.3 Small Well

The apparent leak rate results of the Small well modeled for a 48 and 240 hour duration are

shown in Figure 60 and Figure 61. The maximum and minimum apparent leak rate values were
8 and — 3 m¥/year. The maximum and minimum apparent leak rates were observed at a time of
48 and 2 hours from the start of the initial stabilization period.

The apparent leak rate results from the Small well are similar in booth size and magnitude to
those of the Medium well. The reason for the similarities of apparent leak rates may be traced
back to the similar annular and injection string temperature distributions at the start of the

stabilization period (Appendix G.2 and G.3)
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8.4 Influence of Surface Conditions

Apparent leak results from all models simulated with surface temperatures of 7 °C have been
illustrated in Figure 62 and adjacently Figure 63 shows all but the Large wells simulated with the
same surface conditions. Apparent leak rate results from all models simulated having a 35 °C
surface temperature are shown in Figure 64, while Figure 65 includes all models except for the
Large wells simulated having the same surface conditions.

The apparent leak rate values calculated for the Large well with a 7 °C surface condition are
much greater than all other values; this was caused by the much larger initial variation between
the annular and injection string temperature (Appendix G.1) and the significantly greater well
volume (Appendix C.1).

All wells, regardless of size, were calculated as having an apparent leak rate closer to zero
when simulated with the warmer (35 °C) surface condition. The maximum and minimum values
calculated from the Small and Medium wells with a 35 °C surface temperature were 2.5 and -4
m3/day, while the maximum and minimum values calculated from the same wells but with a

modeled 7 °C surface temperature were 10 and -7 m3/day.
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The absolute value of the calculated apparent leak rate for all well sizes simulated with both
surface temperatures (7 and 35 °C) are shown with a 24 hour final stabilization period (Figure
66) and a 216 hour final stabilization period (Figure 67). Absolute apparent leak rate values
were greater (farther from the actual leak rate of zero) in wells simulated with having a cooler, 7
°C, surface temperature after a 24 and 216 hour final stabilization period than in wells simulated
with a warmer, 35 °C, surface temperature.

The cause for the increased values of absolute apparent leak rates in wells simulated having a
7 °C surface temperature is (1) the injection temperature of the brine during prepressurization

will be colder and create a greater difference between the injection string and the in-situ
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temperature distributions and (2) the temperature that nitrogen is injected at, which is the

calculated linear temperature average in the injection string, will be colder and thus require a

greater temperature change to reach steady state. These two causes result in the injection string

and annular temperature distributions requiring a greater time period to reach steady state and the

volume of nitrogen requiring a greater change between the initial injection volume and the steady

— state volume; each of these resulting in larger error of the calculated apparent leak rate.
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9 Conclusions

The objectives of this research were to more thoroughly understand how and to what extent
the variation of the time between the beginning of the final stabilization period (Step V1) and the
start of the Casing Shoe MIT (Step VII), well geometry, and surface conditions during a NBT
influence the calculated apparent leak rate results. The objectives of this research were
accomplished through finite element modeling of the thermal phenomena associated with the
NBT on an array of idealized storage-well geometries having surface temperatures of 7 and 35
°C. The thermal modeling results were then implemented into an apparent leak rate analysis that
calculated the nature and magnitude of the corresponding apparent leak rate.

The conducted research revealed that well volume (a function of the well and uncased
borehole sizes) and surface temperature conditions have a significant influence on both the
magnitude and nature of the apparent leak rate. The well volume influences the nature (i.e.
either positive or negative) of the apparent leak rate by creating a reduced thermal gradient
between the injection string and the adjacent strata, which slows the rate of conductive heat
transfer; the well volume also influences the magnitude of the apparent leak by defining the
volume of nitrogen stored in the annulus.

Other observed conclusions were:

e All wells modeled with the colder (7 °C) surface temperature consistently had
apparent leak rates that deviated farther from the actual leak rate, which was zero,
than the same wells when modeled with the warmer (35 °C) surface temperature.

e All wells modeled with a Small uncased borehole had a significantly more accurate
apparent leak rate results than when modeled with a Medium or Large uncased
borehole.

e As the modeled well volume decreased, simulations modeled with 7 °C surface
temperatures showed more sustained negative apparent leak rates (i.e. an apparent
gain of nitrogen volume).

e More accurate test results may be obtained by injecting nitrogen gas that more closely
represents the temperature in the injection string; this may be done by injecting
nitrogen at the volumetric temperature average rather than the linear temperature

average.
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Appendix A: Assumption of Natural Convection

The onset of natural convection (buoyancy driven flow) is characterized by the dimensionless
Rayleigh number (Ra). When the Rayleigh number is below a calculated critical value, heat
transfer occurs dominantly in the form of conduction, and when the Rayleigh number is greater
than the critical value the dominate heat transfer mode is natural convection. The equation for
the Rayleigh number, which is the product of the Grashof and Prandtl numbers, is:

(Equation 10)

3
Ra = gBATL
vD
where:
Ra(r,z) = Rayleigh number at position (r,z)
g = constant of gravitational acceleration
B =  coefficient of expansivity
v = kinematic viscosity
D = thermal diffusivity
AT = temperature contrast between walls
L = gap widthin annulus

For annular enclosures, the critical Rayleigh number is [Weidman & Mehrdadtehrarnfar, 1985]:
(Equation 12)
H
Rac =300

where:

Ra, = critical Rayleigh number
H = gap height in annulus

L = gap widthinannulus

Using parameter values that were consistent with this research a maximum Ra value of
approximately 300 and a Ra,, of 8x10° was calculated using the temperature values at the casing
shoe. Because the maximum value of Ra was much less than the Ra., the influence of natural
convection on the thermal modeling was neglected. This assumption is also reinforced by the
observation of an appreciable temperature gradient with depth as observed in the Field Test
temperature logs; this gradient would not be nearly as prevalent if natural convection was the

dominant mode of heat transfer in the annulus.
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Appendix B: Calculation of Compressibility Factor (Z)

To allow for computer application, the compressibility factor (Z) is fit to a curve over three
pressure ranges in the form of:
Z=AP*+BP+C
The constants A, B, and C were then made to fit the correct curve over a give pressure range.
The results are as follows:
For: 500 < P <4000
A =1.679393x10" — 6.2243x10™° T + 8.0385x10*T? — 3.5472x10*°T?
B =-3.122x10™ + 8.488x10'T — 5.37x10°T?
C=10
For: 4000 < P <8000
A=0
B =2.2817x10™ - 4.066x10'T + 2.3x10'°T?
=—0.0956 + 2.5x10°T — 1.5x10°T?
For: P > 8000
A=0
B =2.2042x10™ — 3.515x10°'T + 1.815x10™°T?
=-0.1573 + 2.438x10°°T — 1.4x10°T?

P = pressure (psi)

T = temperature (R)

These data resulted in accuracy over the entire range of +1%

These data were obtained from: NOWSCO Technical Manual, 1980 and Bruce & Sage,
1950
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Appendix C: Storage Well Volumes

The volume in the storage well consists of two distinct areas: (1) annulus between the
cemented casing and injection string that is above the casing shoe and (2) volume between the
outer diameter of the uncased borehole and the injection string that is below the casing show and
above the cavern roof. The volume of all modeled storage wells included in this research will be

illustrated herein.

C.1 Large Well

Volumes of the Large well with different uncased borehole sizes are shown in Figure 68
through Figure 70.
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Figure 68 Volume of Large well with a
Large uncased borehole.
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Figure 69 Volume of Large well with a
Medium uncased borehole.
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C.2 Medium Well

Volumes of the Medium well with different uncased borehole sizes are shown in Figure 71
through Figure 73.
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C.3 Small Well

Volumes of the Medium well with different uncased borehole sizes are shown in Figure 74
through Figure 76.
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Appendix D: Variability of N2 Properties

The thermophysical properties of nitrogen change noticeable with varying values of
temperature and pressure. The modeled thermophysical property value for nitrogen and typical
upper and lower limits of values encountered during a NBT are illustrated for specific heat at
constant pressure (Figure 77), density (Figure 78), Prandtl number (Figure 79), thermal
conductivity (Figure 80), thermal diffusivity (Figure 81), and viscosity (Figure 82).
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Figure 77 The Variation of specific heat Figure 78 The Variation of density with
(Cp) with temperature and temperature and pressure.
pressure.
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Appendix E: Wellhead Annular Pressure during a NBT

The following pressure versus time values were calculated during the volume analysis

portion of this research project.
E.1 Large Well

The wellhead annular pressure results for the Large well (Figure 83 through Figure 88)
modeled with three different uncased borehole (BH) sizes and two different brine surface

temperatures are shown:

Large Well, Large Open BH, Surface Temp: 35 °C
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Figure 84 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Large well
with a Large uncased borehole
simulated with a surface
temperature of 35 °C.

Figure 83 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Large well
with a Large uncased borehole
simulated with a surface
temperature of 7 °C.
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Large Well, Medium Open BH, Surface Temp: 35 °C

Large Well, Medium Open BH, Surface Temp: 7 “C 16.4 2378
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Figure 86 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Large well
with a Medium uncased borehole
simulated with a surface
temperature of 35 °C.

Figure 85 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Large well
with a Medium uncased borehole
simulated with a surface
temperature of 7 °C.
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Figure 88 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Large well
with a Small uncased borehole
simulated with a surface
temperature of 35 °C.

Figure 87 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Large well
with a Small uncased borehole
simulated with a surface
temperature of 7 °C.

E.2 Medium Well

The wellhead annular pressure results for the Medium well (Figure 89Figure 83 through
Figure 94) modeled with three different uncased borehole (BH) sizes and two different brine

surface temperatures are shown:
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Medium Well, Large Open BH, Surface Temp: 35 °C
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Figure 90 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Medium
well with a Large uncased borehole
simulated with a surface
temperature of 35 °C.

Figure 89 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Medium
well with a Large uncased borehole
simulated with a surface
temperature of 7 °C.
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Figure 92 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Medium
well with a Medium uncased
borehole simulated with a surface
temperature of 35 °C.

Figure 91 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Medium
well with a Medium uncased
borehole simulated with a surface
temperature of 7 °C.
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Medium Well, Small Open BH, Surface Temp: 7 °C
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Figure 93 Nitrogen pressure at the wellhead

annulus calculated during the

volume analysis of the Medium

well with a Small uncased borehole

simulated with a surface

temperature of 7 °C.

E.3 Small Well

Absolute Pressure at Wellhead, F,, (MPa)
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Figure 94 Nitrogen pressure at the wellhead

annulus calculated during the
volume analysis of the Medium
well with a Small uncased borehole
simulated with a surface
temperature of 35 °C.

The wellhead annular pressure results for the Small well (Figure 95Figure 83 through Figure

100) modeled with three different uncased borehole (BH) sizes and two different brine surface

temperatures are shown:

Small Well, Large Open BH, Surface Temp: 7 °C
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Figure 95 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Small well
with a Large uncased borehole
simulated with a surface
temperature of 7 °C.
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Figure 96 Nitrogen pressure at the wellhead

annulus calculated during the
volume analysis of the Small well
with a Large uncased borehole
simulated with a surface
temperature of 35 °C.
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Small Well, Medium Open BH, Surface Temp: 7 °C
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Figure 97 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Small well
with a Medium uncased borehole
simulated with a surface
temperature of 7 °C.
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Figure 99 Nitrogen pressure at the wellhead

annulus calculated during the
volume analysis of the Small well
with a Small uncased borehole
simulated with a surface
temperature of 7 °C.
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Figure 98 Nitrogen pressure at the wellhead
annulus calculated during the
volume analysis of the Small well
with a Medium uncased borehole
simulated with a surface
temperature of 35 °C.
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wellhead annulus calculated during
the volume analysis of the Small
well with a Small uncased borehole
simulated with a surface
temperature of 35 °C.
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Appendix F: Extended Duration Volume Analysis

The results shown below are similar to that discussed in the ‘Volume Analysis’ section but
with an extended duration of 240 hours (10 days) instead of only 48 hours which were previously
displayed.

F.1 Large Well

The modeled actual and apparent volume results for the Large well ( through) modeled with

three different uncased borehole (BH) sizes and two different brine surface temperatures are

shown:
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Figure 102 Actual and apparent volume

Figure 101 Actual and apparent volume calculations at STP for the Large

calculations at STP for the Large .
well with Large uncased borehole well with Large uncased borehole

modeled with a surface temperature modeloed with a surface temperature
of 7 °C. of 35 °C.
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Figure 103 Actual and apparent volume Figure 104 Actu_al and apparent volume
calculations at STP for the Large caIcuIa_tlons at .STP for the Large
well with Medium uncased well with Medium uncased
borehole modeled with a surface borehole modeled with a surface
temperature of 7 °C temperature of 35 °C.
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Figure 105 Actual and apparent volume Figure 106 Actu_al and apparent volume
calculations at STP for the Large calcula_t|ons at STP for the Large
well with Small uncased borehole well with Small uncased borehole
modeled with a surface temperature modeled with a surface temperature

of 7 °C. of 35 °C.

F.2 Medium Well

The modeled actual and apparent volume results for the Medium well (through) modeled

with three different uncased borehole (BH) sizes and two different brine surface temperatures are
shown:
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calculations at STP for the Medium .
well with Large uncased borehole well with L_arge uncased borehole
modeled with a surface temperature modeled with a surface temperature
of 7°C of 35 °C.
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calculations at STP for the Medium . .
well with Medium uncased well with Medium uncased
borehole modeled with a surface borehole modeled with a surface
temperature of 7 °C temperature of 35 °C.
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Figure 111 Actual and apparent volume

calculations at STP for the Medium
well with Small uncased borehole
modeled with a surface temperature
of 7 °C.
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Figure 112 Actual and apparent volume

calculations at STP for the Medium
well with Small uncased borehole
modeled with a surface temperature
of 35 °C.

The modeled actual and apparent volume results for the Small well (through) modeled with
three different uncased borehole (BH) sizes and two different brine surface temperatures are

shown:
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Figure 113 Actual and apparent volume

calculations at STP for the Small
well with Large uncased borehole

modeled with a surface temperature
of 7 °C.
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Figure 114 Actual and apparent volume
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Figure 117 Actual and apparent volume ’ calculations at SQIF')P for the Small
calculations at STP for the Small

well with Small uncased borehole well with Small uncased borehole

modeled with a surface temperature modelfd with a surface temperature
of 7 °C. of 35 °C.
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Appendix G: Difference Between Annular and Injection
String Temperature Distributions

The difference between the annular and injection string temperature distribution provides
insight into the transient heat transfer phenomena that occurs during Steps VI and VI of a NBT.
Instances where the annular temperature is almost uniformly greater than the injection string
temperature also so a large initial jump in the sum of the difference between the annular and
injection string difference and an increased initial apparent leak rate. Other common instances
occur where the annular and injection string temperature difference is not uniform or of very

small magnitude; these instances have an apparent leak rate that is relatively small or negative.

G.1 Large Well with Surface Temperature of 7 °C

The distribution of the temperature difference between the annulus and the injection string of
the Large wells simulated with a surface temperature of 7 °C and the sum of the temperature
difference with respect to time is illustrated by Figure 119 through Figure 124. The Large wells
modeled with a 7 °C surface temperature all show a large initial increase in the value of apparent

leak, this correlates well with the large initial increase in the sum of the temperature difference.

Sum of Temperature Difference: Large Wel wf Large Uncased Borehole
800 . T . T T T T T T

Temperature Difference: Large Well w/ Large Uncased Borehole 1440

Taon~ Tlnj,slrlng F)
Gh 0 4 7 1 14 18 22 25 29 3 7EO 71404
00} 328 01 1368
| 7ol {1332
_ 0 Start of Step vi| 7856 & o
E 30| Steady State 94 £ 720 Q1296 =
8 8 g £
£ 400 11312 € 2 7 1280 2
3 3 = £
@ @ = =
g -500[ --1640 £ 'C BED 1224 g
‘% -600| IRTY - -
3 - - 8 60 {1188
2 e
£ 700 2297 B
2 a Ga0| {1152
-800 -2625
fzri] {1116
-900 1-2953 : : : :
500 i 1 1 i 1 i 1 Il i 1080
-1000 ; H i 3281 0 5 0 15 20 25 30 35 40 45 80
0 5 10 15 Time (hour)

Tann~ Tlnj‘ String 89
Figure 119 Temperature difference
distribution of Large well with

Large uncased borehole.

Figure 120 Sum of the temperature
difference during Steps VI and VII
of a Large well with Large uncased
borehole.
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Temperature Difference: Large Well w/ Medium Uncased Borehole
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Figure 121 Temperature difference
distribution of Large well with
Medium uncased borehole.
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Taon~ Tlnj,slrlng F
9 0 9 18 27 3
Q — %
=100 --328
_ -200 Start of Step VI 656
% 3000 Steady State 984
8
£ 400} 1312
5
w
g -500F 1640
[
HEJ -600 - 1969
& -700 2297
a
-800 -2625
900} --2953
—
-1000 : y ; ;3281
s 0 5 10 15 20
T T °C)

Ann~ 'inj. String

Figure 123 Temperature difference
distribution of Large well with
Small uncased borehole.
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Figure 122 Sum of the temperature
difference during Steps VI and VI
of a Large well with Medium
uncased borehole.
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Figure 124 Sum of the temperature
difference during Steps VI and VII
of a Large well with Small uncased
borehole.

G.2 Large Well with Surface Temperature of 35 °

The difference between the annular and injections string temperature profiles and the sum of

the difference with time is shown for Large wells that were modeled having a surface
temperature of 35 °C (Figure 125 through Figure 130).
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Temperature Difference: Large Well w/ Large Uncased Borehole SUTOOf Temperattljre D|fferenc'e: Large W?” w/ Large L‘Jncased Borehole
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Temperature Difference: Large Well w/ Small Uncased Borehole
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The difference between the annular and injections string temperature profiles and the sum of

the difference with time is shown for Medium wells that were modeled having a surface

temperature of 7 °C (Figure 131 through Figure 136).
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Temperature Difference: Medium Well w/ Medium Uncased Borehole

Tamn~ TInJ.StrIng °F)
69 0 9 18 27 3§ 4%
-100 / 328
. 200y Start of Step VI 656
E aggb o Steady State 984 =
g ' g
£ -400} 1312 €
5 5
@ @
£ -5001 1640 g
g i
= H =
g B00F 1568 g
g 2
@ o
w -700f -2297 &
a [=]
-800 : -2625
900 b ff ] 2983
-1000 - i . i s -3261
-5 1] 5 10 15 20 25
Tamn~ Tlnj‘ String C)

Figure 133 Temperature difference
distribution of Medium well with
Medium uncased borehole.
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Figure 135 Temperature difference
distribution of Medium well with
Small uncased borehole.
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Figure 134 Sum of the temperature
difference during Steps VI and VI
of a Medium well with Medium
uncased borehole.
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Figure 136 Sum of the temperature
difference during Steps VI and VII
of a Medium well with Small
uncased borehole.

G.4 Medium Well with Surface Temperature of 35 °C

The difference between the annular and injections string temperature profiles and the sum of

the difference with time is shown for Medium wells that were modeled having a surface
temperature of 35 °C (Figure 137 through Figure 142).
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Figure 137 Temperature difference Figure 138 Sum of the temperature
distribution of Medium well with difference during Steps VI and VI
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uncased borehole.
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Temperature Difference: Medium Well w/ Small Uncased Borehole
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Figure 141 Temperature difference
distribution of Medium well with
Small uncased borehole.
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G.5 Small Well with Surface Temperature of 7 °C

The difference between the annular and injections string temperature profiles and the sum of

the difference with time is shown for Large wells that were modeled having a surface

temperature of 7 °C (Figure 143 through Figure 148).

Temperature Difference: Small Well w/ Large Uncased Borehole
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Figure 143 Temperature difference
distribution of Small well with
Large uncased borehole.

Figure 144 Sum of the temperature
difference during Steps VI and VII
of a Small well with Large uncased
borehole.
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Temperature Difference: Small Well w/ Medium Uncased Borehole Sum of Temperature Difference: Small Well w/ Medium Uncased Borehole
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Figure 145 Temperature difference Figure 146 Sum of the temperature
distribution of Small well with difference during Steps VI and VI
Medium uncased borehole. of a Small well with Medium
uncased borehole.
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Figure 147 Temperature difference
distribution of Small well with
Small uncased borehole.

Figure 148 Sum of the temperature
difference during Steps VI and VII
of a Small well with Small uncased
borehole.

(.6 Small Well with Surface Temperature of 35 °C

The difference between the annular and injections string temperature profiles and the sum of

the difference with time is shown for Large wells that were modeled having a surface

temperature of 35 °C (Figure 125 through Figure 130).



Temperature Difference: Small Well w/ Small Uncased Borehole
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Figure 149 Temperature difference

distribution of Small well with

Large uncased borehole.

Temperature Difference: Small Well w/ Small Uncased Borehole
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Figure 151 Temperature difference

distribution of Small well with

Medium uncased borehole.
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Sum of Temperature Difference: Small Well w/ Large Uncased Borehole
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Figure 150 Sum of the temperature
difference during Steps VI and VII
of a Small well with Large uncased
borehole.
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Figure 152 Sum of the temperature
difference during Steps VI and VII
of a Small well with Medium
uncased borehole.



Temperature Difference: Small Well w/ Small Uncased Borehole Sum50f TemperatLllre leferenc'e: Small W?” w/ Small l‘Jncased Borghole
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Figure 153 Temperature difference
distribution of Small well with
Small uncased borehole.

Figure 154 Sum of the temperature
difference during Steps VI and VII
of a Small well with Small uncased
borehole.
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