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ABSTRACT

Knowledge of flow patterns in fractured rocks is important in

understanding hydrology and contaminant transport. Methods of locating

flow zones based on geophysical measurements are unreliable because of a

lack of correlation between fracture density and hydraulic conductivity.

In this work, analysis of data from natural temperature profiles, long-

term heating tests, and three-hole recirculation thermal tracer

experiments in saturated fractured granite indicates that temperature

measurements can be used to identify local flow paths and flow directions

in fractured systems. However, adequate controls on background noise and

sufficient supplementary information must be incorporated into the testing

procedure. Although thermal tracer tests at the Oracle site were

inconclusive due to insufficient heat input, the use of heat as a tracer

to define larger-scale flow patterns is found to be potentially useful in

situations where ample supplies of warmer or cooler water are available.
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CHAPTER ONE

INTRODUCTION

1.1 Background 

The use of temperature for gaining information about hydraulic and

transport properties of saturated fractured rock was the focus of this

study. Central to this task was the interpretation of a series of

temperature tests carried out by researchers from The University of

Arizona Department of Hydrology and Water Resources at what is known as

the Oracle test site, located northeast of Tucson, Arizona.

Knowledge of flow patterns in fractured rock systems is important

in understanding hydrology and contaminant transport. Unfortunately,

fractured systems are generally characterized by a degree of complexity

and uniqueness that has so far precluded development of a generally

accepted analytic methodology. Whenever possible, many different tests

are carried out in fractured systems, and a conceptual model of the flow

system is developed based on the integrated outcome of these tests. The

process is expensive, time consuming, and therefore often impractical in

applied situations.

This report examines the use of temperature differences for

identifying fluid-conducting fractures and possibly for determining flow

velocities. Such information is important, since experience has shown

that the existence of fractures does not unequivocally imply that flow

takes place. Interconnection with other water-bearing fractures on a

scale allowing general flow through an otherwise impermeable matrix is
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required (de Marsily, 1985). Jones et al. (1985) found no correlation

between fracture densities and log-hydraulic conductivities from single-

hole packer tests at the Oracle site. In addition, knowledge of the

location of highly-conducting fractures is necessary for successful

implementation of hydraulic as well as chemical and heat tracer tests.

One advantage of using temperature for this purpose is a relatively low

cost and ease of implementation.

1.2 Relative Merits of Chemical and Heat Tracer Tests 

Tracers are used to label water in such a way that detection of the

tracer away from the point of introduction will give insight into

characteristics of chemical transport in the medium, including porosity,

dispersivity, velocity, and flow paths. Conservative tracers do not

interact with the solid medium, while nonconservative tracers do. A

nonconservative tracer may chemically react with or sorb into or onto the

medium. In the case of heat, diffusion into the matrix results in a loss

of energy in the fluid, making it a nonconservative tracer. If the matrix

of a fractured medium is porous, the distribution of all tracers will be

influenced by advection-diffusion into the matrix to a greater or lesser

degree depending upon factors such as hydraulic conductivity and porosity

of the matrix blocks, fracture-matrix surface area, and residence time.

Within matrix blocks of low-permeability fractured systems, diffusive

transport is usually dominant (Grisak and Pickens, 1980; Neretnieks, 1980;

Grisak and Pickens, 1981; Neretnieks, 1983; Neretnieks, 1985).
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Many chemical tracers have been successfully used in field

experiments, but their utility is often impaired by difficulties which

can arise in sampling and analyzing. Chemical tracers may pose health

hazards to experimenters or consumers of the affected water. In addition,

chemical tracers are not easily removed from ground water, making repeated

testing difficult.

The use of temperature differences to label water for tracing

experiments may be a practical alternative. Modern devices allow for

rapid, safe, accurate on-site determination of temperatures without

disturbing the flow system by extracting samples. After the initial

investment, there is little additional cost, in contrast with chemical

tracers which can be expensive to obtain and analyze. In addition,

thermal testing could be repeated as often as needed with minimal down

time required to allow the system to return to its initial condition.

There are some disadvantages in attempting to label water with

temperature differences. First, energy will invariably move down the

temperature gradient, conducting through rock as well as through water.

Transient heat loss to the matrix by diffusion complicates the

interpretation of heat tracer tests in cases where the assumption of

instantaneous thermal equilibrium cannot be made. Parameters of the

system such as surface area of matrix-fracture interface of the flow

region would have an important effect on interpretation of temperature

breakthrough curves used to estimate dispersivities. In addition, since

the density and viscosity of water are affected by changes in temperature,

hydraulic conductivity will be altered in direct proportion to ulp, where
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11= dynamic viscosity and p density. Figure 1.1 illustrates variations

in kinematic viscosity of water at atmospheric pressure over the range of

temperatures observed in the Oracle site experiments. Furthermore,

abnormal flow patterns can result from effects of buoyancy when

temperature gradients are large. Buoyant forces are a function of density

changes in response to changes in temperature, expressed as the

coefficient of volumetric thermal expansion, T. The value of GT varies

from 0.000275°K-l at 27°C to 0.000435°K -l at 47°C. Effects on flow resulting

from these temperature-dependent properties must be understood and

accounted for.

As discussed above, heating tests in fractured rock may provide a

relatively inexpensive, easily repeatable means of gaining information

about fracture connectivity and fluid flow velocities in a medium not

easily characterized using traditional hydrologic methods. Therefore,

interpretation of such tests depends in part on an ability to determine

the effects of each mode of heat transfer as nearly as possible.

1.3 Investigations at the Oracle Site 

Investigations at the Oracle site were undertaken to study flow and

transport through fractured rocks and to evaluate techniques for

determining hydrologic and transport properties of fractured rocks (Jones

et al., 1985). Work performed at the site included geophysical and

temperature logs and hydraulic, tracer, and flowmeter tests. The tracer

tests used heat as well as chemical tracers for labeling water.

Integration of the temperature test data with other available information
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and formation of a conceptual model that incorporates the essential

physical features of the system is an important goal of this work.

In addition to background temperatures in boreholes under static

conditions, temperature data at the Oracle site were recorded in

conjunction with nine chemical tracer tests under diverging and

recirculating flow conditions, three short- and long-term heating tests

under natural flow conditions, eight induced temperature tests (five hot

and three cold) under diverging and recirculation flow, and some of the

flowmeter experiments (Silliman et al., 1985). The present work attempts

to reach the most consistent possible interpretation of data from

background temperature profiles, one of the heating tests under natural

flow and three of the induced heat recirculation experiments. The latter

tests are deemed to be the best in terms of type, quality, and

availability. Temperature data from some of the other tests will

occasionally be cited.

Interpretation of temperature data requires understanding of the

coupled processes of heat transfer and fluid flow. Temperature influences

hydraulic gradients through its effect on mass density and affects fluid

mobility through both density and viscosity. Conversely, fluid motion

alters temperature gradients and therefore heat transfer rates. As will

be seen in the next chapter, the coupling of heat transfer and fluid flow

results in a nonlinear problem that requires the simultaneous solution of

several equations describing the state of the system. In all but the

simplest cases of initial conditions, boundary conditions, and geometries,
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direct analytic solutions are not available, and numerical solution

techniques must be employed. Computer models are used for this purpose.

A model developed by G. S. Bodvarsson at Lawrence Berkeley

Laboratory (LBL) to simulate heat and mass transfer in saturated fractured

or porous systems was used in our analysis. This model, PT (Pressure-

Temperature), uses the Integrated Finite Difference Method (IFDM) to

create a system of equations that describes transport in the discretized

flow region. PT is a distributed-parameter model and, therefore, allows

for representation of systems with spatially-varying properties such as

zones of high permeability embedded in low-permeability rock masses.

Bodvarsson (1982) detailed the development of PT, its verification and

validation against field data from several geothermal systems.

Interpretation of the Oracle site test data that follows is based on both

analytic methods and modeling with PT.

1.4 Earlier Investigations 

An overview of the Oracle site tracer and flowmeter testing was

given by Silliman et al. (1985). Flynn (1985) provided a description of

the thermal tests carried out at the Oracle site and a preliminary review

of the data. Jones et al. (1985) reported on geology and results of

geophysical and hydraulic testing at Oracle. Interpretation of one heat

tracer test using PT was the subject of research by Leo (1988). A

selective review of literature found to be relevant to interpretation of

the Oracle temperature tests follows.
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Analytic solutions for temperature of a hotter or colder fluid

injected into a porous medium were developed by Lauwerier (1955), Avdonin

(1964), Gringarten and Sauty (1975), and Dunn and Nilson (1982).	 An

analytic solution for temperature of injected fluid as a function of time

and distance traveled in a wellbore was derived by Ramey (1962).

The effect of thermal gradients on fluid in a long tube was approached

from a theoretical point of view by Hales (1937).	 Gretener (1967)

reported on field studies of temperature instabilities in boreholes very

close in size to those at Oracle, and he compared his findings with the

theoretical behavior predicted by Hales. Drury et al. (1984) summarized

work on the use of temperature logs for interpreting flow patterns in

boreholes intersecting fractures.

On a larger scale, temperature variations were associated with

regional flow in porous aquifers by Stallman (1963), Bredehoeft and

Papadopulos (1965), Ziagos and Blackwell (1981), Smith and Chapman (1983),

and Woodbury and Smith (1985). Sorey (1971) determined vertical flow

rates in semi-confining beds, applying the solution of Bredehoeft and

Papadopulos (1965). Studies of the movement of injected water in the

Ogallala aquifer as detected by temperature variations in observation

wells were reported by Keys and Brown (1978). Mansure and Reiter (1979)

used an energy balance approach to obtain information about seepage

through a semi-confining layer between two aquifers.

With the advent of the energy crisis in the early 1970's, research

intensified in efforts to expand use of energy stored in underground

aquifers. Gringarten and Sauty (1975) developed an analytical model of
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the thermal effects at the production well when cooler or warmer water is

introduced to a recharge-discharge well pair (doublet). In Germany,

Werner and Kley (1976) conducted a field experiment and developed a

theoretical model of the feasibility of storing heated water underground

for later extraction and use as an enerr'v source. Sauty et al. (1979)

further developed theories of heat transfer in saturated porous media

through their mathematical studies of several hot water storage

experiments in France, and applied their theories to both heat storage by

a single well and geothermal energy production. Sauty et al. (1982a) and

Sauty et al. (1982b) document the continuation of that work.

Concurrently, Aquifer Thermal Energy Storage (ATES) research in the

United States centered around an experimental test site operated by the

Water Resources Research Institute of Auburn University in a sand and clay

aquifer near Mobile, Alabama. Experimental results and modeling studies

arising	 from	 the	 Mobile	 site	 are	 documented	 by	 Molz et	 al.	 (1978),

Papadopulos	 and	 Larson	 (1978), Molz	 et	 al. (1979; 1981),	 Tsang	 et	 al.

(1981),	 Doughty	 et	 al.	 (1982), Molz	 et	 al. (1983), Parr	 et	 al.	 (1983),

Molz	 et	 al.	 (1983a,b),	 and	 Buscheck	 et	 al. (1983). Tsang	 and	 Hopkins

(1982) provided an overview of ATES projects in several countries. Faust

et al. (1982) summarized theory, including the analytic solutions for heat

and mass transfer most commonly used for validating codes, and numerical

techniques used to simulate ATES scenarios. Miller (1985) detailed a

feasibility modeling study of storage of heated water in the Franconia-

Ironton-Galesville aquifer system in Minnesota.
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Geothermal reservoirs have also been the subject of considerable

research. These systems are conceptualized by some as equivalent porous

media subject to continuum theory and by others as fracture systems of

simplified geometries for the purpose of examining heat transfer

processes. Bodvarsson (1969) derived solutions for temperature

distribution in an impermeable rock mass containing a single planar

fracture and a series of such fractures subject to linear flow injection

of fluid of varying temperature. Solutions for temperature distribution

resulting from radial flow of injection water at different temperature in

porous media and in a single fracture bounded by impermeable rock were

given by Bodvarsson (1972). Theory and modeling approaches to one- and

two-phase geothermal reservoirs were summarized by Witherspoon et al.

(1977). Heat transfer in geothermal systems was studied by Cheng (1978).

Bodvarsson and Tsang (1982) presented analytical and numerical studies of

the advancement of a thermal front in a system of equally-spaced

horizontal fractures subject to continuous radial injection at constant

temperature. Pruess (1983) used analytic solutions to study heat transfer

between a porous rock matrix and fractures and applied a numerical scheme

based on the multiple interactive continua (MINC) method to simulate the

effects of double porosity. An analysis of the effect of preferential

flow paths resulting from vertical fracturing and heat transfer

implications was presented by Pruess and Bodvarsson (1984). Using a

porous medium approach, Rahman et al. (1984) investigated the effect of

varying reservoir thickness, well separation, injection rates, and initial

conditions on movement of the temperature front between a well doublet.
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Another group of studies relevant to this work are those concerned

with the buoyant and viscous effects of nonisothermal flow. Combarnous

and Bories (1975) presented a thorough review of theoretical,

experimental, and numerical descriptions of hydrothermal convection in

porous media for horizontal and inclined rectangular geometries heated

from below. The effects of buoyant flow due to heat transfer from a

vertical cylinder and from a vertical flat plate embedded in a saturated

porous media were defined mathematically and investigated numerically by

Minkowycz and Cheng (1976) and Cheng and Minkowycz (1977). Natural

convection resulting from a concentrated heat source in an infinite medium

was characterized by Bejan (1978). Poulikakos and Bejan (1983) carried

out numerical studies of the effects of varying permeability and thermal

diffusivity in vertical and horizontal layers on natural convection in a

rectangular box heated from the side. Experiments investigating

convective heat transfer from a cylindrical heat source in a finite

cylindrical glass bead medium are reported by Reda (1986a). The effects

of variable permeability horizontal layering on natural convection under

the same experimental geometry are documented in Reda (1986b).

The references cited above provide a rich theoretical and

observational background concerning the nature of coupled heat and mass

transport in ground water. Due to the experimental nature of the

temperature testing at the Oracle site and the absence of previous work

of this kind, interpretation of the test results required a broad

approach. Since no phenomenon could be ruled out based on previous

experience, all possible mechanisms had to be considered.	 While the
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published literature on processes involving coupled heat and mass

transport is very large, these were found to be most valuable and

pertinent to the present study.

1.5 Scope of Study 

This is a study of the relationship between temperature and fluid

flow in a particular saturated fractured rock mass. It is an extension

of work by Leo (1988), which examined in depth one of the recirculation

tests performed at the Oracle test site. This work takes a broader view

of the temperature testing at the Oracle site than was made by either

Flynn (1985) or Leo (1988). It includes analyses of natural temperature

profiles, long-term heating tests, and heat tracer recirculation

experiments, including a large amount of data not included in previous

studies of temperature tests performed at the Oracle site. A preliminary

study of all available temperature data was made prior to narrowing the

analysis to the tests described in this report. Broadening the scope of

the study to include all available temperature information proved to be

extremely helpful in formation of an understanding of the behavior

observed. Particularly valuable was the familiarity with the similarities

and differences in patterns of thermal behavior of the system under

different stresses that was gained in the course of the studies of the

individual tests.

Data from each of three types of experiments, natural temperature,

long-term heating, and heat tracer recirculation, are presented herein,

together with a discussion of heat and mass transfer mechanisms that could
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have contributed to the observed results. Analysis of the mechanisms

identified is performed using correlation with results obtained by other

types of testing and analytic, semi-analytic, and numerical methods.

Conclusions about the conceptual model of the system are reached, based

on integration of the temperature studies and other tests. Finally,

recommendations are made regarding the application of temperature testing

in the future.
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CHAPTER TWO

THEORY

A mathematical description of subs, .ace heat and mass transport

derives from conservation of mass and energy together with constitutive

relationships describing the macroscopic properties of the fluid and

medium. The approach used in this analysis is based on the assumption

that flow in the fractured system can be described as that in an

equivalent macroscopic continuum. All physical quantities represent

averages over a Representative Elementary Volume (REV). The question of

whether or not the REV concept is meaningful in the context of fractured

media is the subject of debate. For example, there are questions about

the scale at which an REV should be defined in fractured rock, and whether

it can be defined at all. In the following discussion, it is assumed that

on the scale of the tests under investigation it is possible to describe

the local flow system as a heterogeneous configuration of equivalent

porous media.

2.1 Equation of Mass Conservation 

Conservation of fluid mass in a fixed control volume of rock may be

expressed as follows:

I I 1, )% dV +	 pf(Tif • fl) dA -	 Gf dV = 0
V

(2.1)
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where

pf = fluid density

A = surface of control element

V = volume of control element

= fluid flux vector

h- = unit vector normal to surface, pointing outward

Gf = fluid source term

t = time

For the case of single-phase, chemically-homogeneous, compressible,

nonisothermal flow, in a porous medium:

where

aPf . S s aP

dt	 g	 - Pf25(5T aTt

Ss = specific storage: Ss = pf g 0 (Pr + PO

0 = porosity

Pr = compressibility of rock matrix: p r . 1 [ aV v 
v[ aP 1-1-

v, = volume of void space
p f = compressibility of wate— 131f= 1.. ../!"1_

[Pf aP T

(2.2)

ot = total thermal expansivit • „ - _1(0
-	 P LaT_Pg = acceleration due to gravity

T = temperature

P = pressure
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Darcy's law for flow in porous media may be applied when the flow regime

lies within the appropriate range of validity. It can be expressed as:

= -K Vh	 (2.3)

with
— =
K	 kpfg/p,, hydraulic conductivity tensor

k = intrinsic permeability tensor

= dynamic viscosity

h = P/(pfg)+ z; hydraulic head

z = elevation above datum

Substitution of Equations (2.2) and (2.3) into Equation (2.1) results in:

fIL SgsaaPt -pfOoldV+	 rpkVP- 134
f A L /-‘

I fly GfdV = 0
-     

• T1 dA    

(2.4)

2.2 Equation of Energy Conservation 

Performing an energy balance on the same control volume as above,

an expression for conservation of energy is:

IV pm Cm 	dV +	 41, • ri dA

(2.5)

_
+	

A
(pf crci-f ET).  dA	 fiv Gh dV = 0
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where

pm cm = specific heat capacity of the medium:

Pm cm = Opt cf + ( 1 - 0 )Pr Cr

C r = specific heat of the rock

cf = specific heat of the fluid

Pr = density of the rock

Gh = energy source term

= conductive heat flux vector

= difference between temperature on the boundary and

average temperature inside the volume

The second term in Equation (2.5) represents heat transfer across

the surfaces of the control volume by diffusion, energy exchange by direct

molecular interaction. In heat transfer, this process is known as

conduction. Conduction is always present when a thermal gradient exists.

Fourier's law provides an expression for conductive heat flux:

= - ?VT	 (2.6)

where

A. = effective thermal conductivity of the medium

While effective thermal conductivity may be determined by any of

several methods (Combarnous and Bories, 1975), the parallel model is
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widely used in the literature. It is also the method used by the model

PT. Although thermal conductivity is a tensorial quantity, in the absence

of flow it is usually taken to be isotropic in porous media, which reduces

it to a scalar quantity. Effective thermal conductivity in a porous

medium is defined by the parallel model as:

x,	 +(i -ø)
	

(2.7)

where

= thermal conductivity of the rock

Xf= thermal conductivity of the fluid

In the presence of flow, kinematic dispersion arising from

heterogeneity in the velocity field will be superimposed on diffusive heat

transfer. An increased effective thermal conductivity with directional

components related to the velocity field results. The degree of thermal

dispersion at a specific site depends on characteristics of the velocity

and temperature fields.	 Criteria for determining the importance of

kinematic dispersion are not well established.	 Sauty et al. (1979)

reported finding that thermal dispersivity and chemical dispersivity at

a site were comparable, but other authors (Bear, 1972) suggest that this

is the case only when Peclet numbers are very large. While thermal

dispersion was not explicitly included in the simulations by Leo (1988),

he reported performing a sensitivity analysis in which increasing thermal

conductivity by orders of magnitude did not change his conclusions.
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The third term in Equation (2.5) represents heat transfer by

advection across the boundaries of the control volume. This is heat

transfer by bulk physical movement of the fluid and the energy it

contains. It should be noted that advection parallel to isotherms will

not result in temperature distributions different from those that would

result from diffusion alone, and that the thermal effects of advection

will be maximum when streamlines are normal to isotherms.

The term convection is used to refer to processes in which the

combined effects of diffusion and advection are present. Natural

convection exists when diffusion is combined with fluid movement driven

by the buoyant forces that result when gravity acts on spatially-varying

fluid densities. Forced convection results when the effects of diffusion

and fluid movement in response to externally-applied pressure gradients

are superimposed. Mixed convection describes processes characterized by

both natural and forced convection.

The relative importance of the effects of diffusion and advection

on heat transfer in a given system may be characterized by the thermal

Peclet number, N pe (Domenico and Palciauskas, 1973):

Npe . Li
cc

(2.8)

where

Xa = thermal diffusivity: a = PC

v = average pore velocity

L = a characteristic length



35

2.3 Temperature in the Subsurface 

Streamlines of conductive heat flux in a homogeneous sphere with a

hot core and a cooler surface would be perpendicular to concentric

spherical isotherms. Temperature distribution would be described by the

heat diffusion equation:

where

DT _ ID 2T  + 2 ai
—

l
at	 (lUar2 	r arl

(2.9)

r = radial distance from the center of the sphere

Although a spherical geometry requires a three-dimensional	 (3-D)

description, at large radii flux through a volume having a relatively

small dimension in the radial direction may be expressed as one-

dimensional in the form of Equation (2.6). Assuming that at the time

scales under consideration heat flux from the earth's core to the surface

is fixed and that there are no internal sinks or sources, the steady state

temperature distribution expressed by Equation (2.6) will be a linear

function of position. This linear change of temperature with depth from

the surface is observed in temperature logs of boreholes that extend below

a zone influenced by surface temperatures and conditions, the depth of

which varies with local conditions. The slope of the linear variation of

temperature with depth near the earth's surface is known as the geothermal

gradient. A world average value of 0.025 °C m -l is commonly cited (Drury et

al., 1984) for the geothermal gradient, corresponding to an average

crustal heat flux of about 0.006 W m -2 at the surface.
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When conduction is the sole heat transfer mechanism, the geothermal

gradient will be constant in a medium having the same thermal conductivity

throughout. An assumption of this work is that thermal conductivity of

the Oracle granite is homogeneous and isotropic. While thermal

conductivity is definitely not homogeneous on a scale that would separate

fractures from matrix blocks, the previously discussed use of effective

thermal conductivity on REV scales makes possible the assumption of

homogeneity. The isotropic assumption is based on the fact that no

evidence suggesting anisotropy of thermal conductivity in saturated

granitic rocks was found, either in the field or in the literature.

Since a constant geothermal gradient is expected under a purely

conductive heat transfer regime in a homogeneous medium with constant

thermophysical properties, deviations from a constant gradient in the

presence of ground water flow may be attributed to the influence of

advection on heat transfer in the medium.

2.4 Temperature Measurements in Boreholes 

Temperatures measured in boreholes may be taken as representative

of temperatures in the surrounding medium in the absence of vertical flow.

A potential source of thermal mixing in the borehole identified by Hales

(1937) is the formation of cells of circulating fluid resulting from

natural convection. Hales identified a theoretical relationship between

thermal gradient in the borehole and properties of the fluid, medium, and

borehole that enabled calculation of the critical gradient at which
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localized instabilities would be expected to arise. The relationship may

be expressed as (Gretener, 1967):

(

AT) . gaTT +  v 

AZ CRIT g (TT a4

(2.10)

with

a = radius of the borehole

B = constant (216 for a tube where z >> 2r)

V = kinematic viscosity: v = —

Applying Hales' formula to the Oracle site wellbores, the critical

gradients are found to be between 1.6 x 10 -3 °C m -l and 4.3 x 10 -4 °C m -1 .

Measured thermal gradients at the site were 0.021°C m-1 .

Comparisons between the presence of temperature instabilities

identified in the field with the critical thermal gradient predicted by

Hales were made by Gretener (1967) and Sammel (1968). Both Gretener and

Sammel found that temperature anomalies produced by unstable conditions

do arise when the critical gradient predicted by Hales' formula is

exceeded. In some cases, instabilities were found to arise at gradients

as much as an order of magnitude smaller than the theoretical critical

gradients (Sammel, 1968). Two wells in Texas examined by Gretener (1967)

showed temperature fluctuations ranging from 0.01°C to 0.07°C. Periods of

temperature fluctuation were found to be near 15 minutes, with evidence

of longer period disturbances. Any shorter period fluctuations present

were believed to have been damped out by the temperature measuring
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devices. The wells studied by Gretener, with diameters of 0.224 m and

0.127 m, are very close in diameter to the wells included in this study

(see Table 3.1). The average thermal gradients in those wells were 0.035°C

m-l and 0.039°C m -1 . Positive correlations of 0.90 and 0.83 were found to

exist between amplitude of temperature fluctuations and magnitude of the

thermal gradients at different points in the two wells.

Since the average thermal gradient at the Oracle site is lower than

that in the Texas wells studied by Gretener (1967), the magnitude of the

temperature fluctuations due to convective instability in most of the

wells at Oracle is expected to be on the low end of those identified in

that study. However, as will be seen in Chapter Four, data from the site

show that elevated thermal gradients were found in some lengths of the

Oracle site boreholes, and higher temperature fluctuations could be

expected in those places.

Recognizing that convective cells on the order of a few borehole

diameters in vertical amplitude may occur is important for two reasons.

First, the temperature fluctuations arising from natural convection in

the wellbore are a source of noise in the data. Whether or not this noise

component is important depends in large part on the resolution of the

temperature sensors used and the magnitude of the temperature differences

that are deemed significant for the purpose of the research. Second, the

net effect of a series of convective cells in a wellbore is the

transmission of thermal energy upward in the well. Depending on the

magnitude of the convective heat transfer, this could result in wellbore

temperatures higher than those in the surrounding medium. The researcher
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analyzing temperature data from wellbores should be aware of the possible

influence of natural convection.

In summary, it is clear that a mathematical description of combined

heat and mass transfer can be attained by simultaneous solution of the

equations of conservation of energy and mass. As will be seen in Chapter

Five, this task can be accomplished numerically by linking the two

equations through the appropriate physical properties such as density and

viscosity and solving for pressure and temperature.
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CHAPTER THREE

SITE INVESTIGATIONS AND CONCEPTUAL MODEL

3.1 Field Site Description 

As shown in Figure 3.1, the Oracle field site is located at the

north end of the Santa Catalina Mountains, about eight km southeast of

the village of Oracle, Arizona. The distance from Tucson by road is

approximately 60 km. This location is underlain by a Precambrian pediment

of coarse-grained biotite quartz monzonite known as the Oracle granite.

Weathering of the bedrock at the site has extended to 12-20 m below land

surface (BLS). Beneath the weathered zone, the granite is dense with

primary porosity near 0.03. Flow of ground water in such rock is

generally considered to be confined mainly to fractures.

A detailed geology of the site was reported by Banerjee (1957).

The west-northwest trending Mogul fault is located 1.6 km from the site

(Figure 3.2). The area is also intersected by coarse-grained diabase and

pegmatite dikes that generally trend north-northwest. Jones et al. (1985)

presented geologic details of the immediate field-site location including

fracture characteristics, statistics, and relationships between fractures,

hydraulic data, and geophysical logs performed at the site.

Surface elevation at the site is about 1295 m above mean sea level,

with an average depth to water of about 10-12 m. Figure 3.2 shows area

water table contours constructed by Winstanley (1985) using data from

existing wells. The natural horizontal hydraulic gradient at the site is

approximately .03, with a downgradient bearing of about 78°.
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Figure 3.1.	 Topographic map of northern Santa Catalina Mountains (after
Jones et al., 1985).
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Figure 3.3.	 Arrangement of boreholes at the Oracle field site (after
Jones et al., 1985).
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Table 3.1.	 Dimensions	 of	 boreholes	 at	 the	 Oracle	 field	 site	 (after

	

Barackman,	 1986).

Hole	 Relative Elevation	 Total Depth 	 Casing Depth*	 Casing Dam.	 Nominal Hole Diam.
No.	 d Top of Casing

(m)	 (m)	 (m)	 (cm)	 (cm)

M-1 0.00 91.4 17.7 20.3 17.7m -32.3m
.3m-91.4m

20.3
17.1

H-2 +0.31 91.4 18.0 12.7 11.4

H-3 +0.72 91.4 17.7 17.8 17.1

H-4 +1.29 87.8 13.1 12.7 10.8

H-5 +0.56 76.2 18.6 12.7 11.4

H-6 +0.69 76.2 19.2 12.7 11.4

H-7 +1.36 76.2 20.1 12.7 11.4

*All depths measured from top of borehole casings.
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After abandoning borehole H1 460 m north of the site because

fracturing was too extensive, eight boreholes were drilled at the final

site in two phases. Boreholes Ml, H2, H3, and H4 were completed in

February 1981, while boreholes H5, H6, H7, and H8 were completed in

December 1982. Cores were obtained from upper portions of borehole M1

and all of boreholes H4, H7, and H8. All holes were cased through the

weathered granite and left open below. Layout of the eight boreholes

drilled at the Oracle site is shown in Figure 3.3, and borehole dimensions

are listed in Table 3.1.

3.2 Early Field Site Investigations 

Geophysical Surveys

Geophysical surveys were carried out at the site by W. S. Keys and

K. Hollett, both of the U.S. Geological Survey. These included neutron,

caliper, single-point resistivity, natural gamma, interval acoustic

velocity, and acoustic televiewer logs. Results of the geophysical logs

were presented in Keys (1981) and summarized by Jones et al. (1985).

Borehole inclination was measured by A. Ramirez of Lawrence Livermore

National Laboratory, who found that all of the boreholes except MI

deviated less than 2° from vertical. M1 was found to deviate approximately

3.4° from vertical, resulting in a displacement of the bottom of the hole

5.2 m to the west relative to the top of the hole (Hsieh et al., 1983).

Jones et al. (1985) identified six major fracture sets on the basis

of groupings in stereographic projection plots of orientation data

gathered from surface mapping, cores and thin sections out of boreholes
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M1 and H4, and acoustic televiewer logs. Figure 3.4 displays the

resulting set distribution as a lower-hemisphere stereographic projection

of normals to mapped fracture planes. Three nearly orthogonal sets,

primary 1, primary 2, and the cross joints were attributed to early stages

of intrusion of the magma that became the Oracle granite. These are

believed to comprise the primary fracture set. The remaining three sets

appeared to have originated during later geologic events and are secondary

features. No correlation was found between fracture density and measured

hydraulic conductivity (Jones et al., 1985). In spite of a tendency for

vertical boreholes to undersample vertical features, acoustic televiewer

logs revealed a large number of vertical and near-vertical fractures in

all four holes logged and particularly extensive vertical fracturing in

boreholes H3 and M1 (Hsieh et al., 1983).

A highly-permeable zone of major fracturing interpreted as a fault

zone was found to connect boreholes Ml, H2, H3, and H4 in the lower parts

of the holes (the other four boreholes did not penetrate this zone).

Figure 3.5 shows a tentative attempt to correlate the geophysical logs,

acoustic televiewer logs, core and chip samples, and hydraulic tests

between boreholes Ml, H2, H3, and H4.

Hydraulic Testing

Single and cross-hole hydraulic testing was carried out in 1982 and

1983 using both pressure injection with packers and open-hole slug

methods. Theory and results of the hydraulic testing are reported in

Hsieh et al. (1983), Hsieh and Neuman (1985), Hsieh et al. (1985), Depner



Figure 3.4.	 Stereonet showing areal distribution of fracture sets (after
Jones et al., 1985).
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(1985), Neuman et al. (1985), Jones et al. (1985), Neuman (1987) and

Neuman and Depner (1988).

The presence of a highly-conductive fault zone that intersected the

lower portions of the tested boreholes necessitated placement of a packer

in each borehole above the fault before performing the open-hole slug

tests. Hydraulic conductivities computed from the open-hole tests for Ml,

H2, H3, and H4, were between 1.0 x 10 -8 m s -1 and 3.0 x 10 -8 m s -1 (Hsieh et

al., 1983). Values of specific storage were of questionable validity.

Hsieh et al. (1983) attributed this to insensitivity of the solution to

specific storage (the type curves for small specific storage values are

very similar in shape and close together).

Results of steady-state analysis of constant pressure injection

tests and pressure-slug tests over intervals in H2 showed an abrupt

increase in hydraulic conductivity in the 79.6 m to 83.4 m interval

(Hsieh, 1983, p. 82), but it was not possible to compute a reliable value

for that interval due to leakage past the packers. Values of hydraulic

conductivity were consistent between these tests and the open-hole slug

tests. Some difficulty was encountered in securely packing off highly-

fractured intervals. Depner (1985) provided corrected hydraulic

conductivity values for selected intervals where leakage around packers

occurred. The leakage-corrected hydraulic conductivities representing

average values over 3.4-4.0 m packed-off intervals in all boreholes except

H8 are listed in Appendix A.

Cross-hole injection tests showed that away from the fault zone,

the fractured granite at the Oracle site could be considered to behave as
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a nearly uniform, anisotropic medium on the scale of tests at the site.

This was determined on the basis of type curve matching and fitting of a

hydraulic conductivity ellipsoid to the square roots of the directional

diffusivities that resulted from data analysis (Hsieh et al., 1985).

Interpretation of the cross-hole testing showed that principal directions

of the hydraulic conductivity tensor were strongly influenced by the

fracture sets identified by Jones et al. (1985). A weighted least squares

fit to the data showed hydraulic conductivity ratios of 7:3:1. The

results of this analysis are given in Table 3.2.

The minimum principal hydraulic conductivity identified by the

cross-hole test analysis, 2.2 x 10 -8 m s -1 , is very near horizontal.	 It

lies within the range of values from the single-hole tests. This is

consistent since all of the boreholes are near vertical; therefore, the

single-hole radial flow tests sample primarily horizontal hydraulic

conductivities. It was found that the near-vertical fractures identified

by Jones et al. (1985) as primary set 2 are most influential in

controlling flow direction and magnitude.

Taking the geometric mean of the principal values of hydraulic

conductivity listed in Table 3.2 results in a value for effective

hydraulic conductivity at the site of 6.2 x 10 -8 m s -1 . A more recent

analysis by Neuman and Depner (1988) of the single and cross-hole packer

test data using a geostatistical approach suggests that it may be possible

to interpret values of hydraulic conductivity obtained from single-hole

packer tests as being locally scalar realizations of a process which is

statistically anisotropic over volumes larger than those sampled by the
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Table 3.2.	 Principal hydraulic conductivities, principal directions
and specific storage calculated by weighted least squares
(from Hsieh et al., 1985 b)

Principal Hydraulic	 Principal directions
Conductivity, m s -1 	Bearing	 Plunge

1.6	 x	 10-7 750 390

6.9 x	 10 -8 247° 51°
2.2	 x	 10 -8 342° 4°

Calculated specific storage = 5.1 x 10 -6 m-1
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tests.	 The previous authors arrived at estimates of effective scalar

equivalent hydraulic conductivity based on the single-hole test data that

were in close agreement with the values from the cross-hole tests.

The geostatistical interpolation techniques of kriging and

conditional Monte Carlo simulation were used to estimate distribution of

log-hydraulic conductivity between boreholes at the site (Jones et al.,

1985). The resulting distributions agreed favorably with an image of

hydraulic conductivity distribution generated by Ramirez (1986) using

electromagnetic crosshole geotomography.

Connection between M1 and H2

The nature of the connections between M1 and H2 and between H3 and

H2 will later be seen to be of importance in formulating a conceptual

model of the system and interpreting the thermal recirculation tracer

tests. For this reason, qualitative results of a hydraulic test performed

on 1/29/81 are now discussed. The test involved pumping well H2 at a

variable rate and monitoring water levels in wells H3 and Ml. As shown

in Figure 3.6, water levels in well M1 closely follow those in H2. In

spite of the fact that M1 and H3 are nearly equidistant from H2 at the

level of the permeable zone, water levels in H3 are much less responsive

to hydraulic changes in H2. This is the only test data of any kind

located to date in which response to perturbations in H2 was recorded in

both H3 and Ml.

Results of the single-hole packer tests illustrate the local

variations of hydraulic conductivity found in the wellbores at Oracle.
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This information was instrumental in defining the intersections of the

wells with the fault zone and the probable patterns of flow within the

system. Hydraulic conductivity values from the single-hole tests were

used in the numerical modeling of flow during the heat tracer

recirculation tests.

3.3 Flowmeter, Chemical and Thermal Tracer Efforts 

During 1984 and 1985, investigations at the Oracle site turned to

the use of chemical tracers and heat and borehole surveys using a heat-

pulse flowmeter developed by A. Messer of the University of Arizona

(Messer, 1986). Appendix B provides a chronological summary of tests

documented by Silliman et al. (1985). Chemical tracer tests are typically

used to determine values of kinematic porosity and dispersivity in-situ.

The main objective of both the heat-pulse flowmeter surveys and the

temperature tests was the development of means of locating conductive

fractures. The possibility that the temperature tests would eventually

lead to additional information about advective or dispersive properties

was not explicitly considered in the design and performance of these

tests.

Heat Pulse Flowmeter Tests

Borehole flowmeters are used to detect and quantify vertical flows

in boreholes. Diverging flow tracer tests at the Oracle site with maximum

injection rates of 5.7 1 min -1 had resulted in observed vertical flow

velocities in adjacent boreholes ranging fr -n 0.4 cm s -l to less than 0.002
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cm s -1 (Silliman et al., 1985). Since these velocities are generally below

the reliable detection limit of conventional impeller-type flowmeters,

another measurement device was needed. The previous authors reported that

a heat-pulse flowmeter developed by A.E. Hess and F.L. Paillet of the U.

S. Geological Survey (Hess, 1982) was field tested at the site in March

1985. The meter operated by measuring the travel time of an induced heat

pulse during its advection by vertical flow in a borehole. Vertical flow

in the surveyed borehole was induced by injection into packed-off

intervals in a nearby borehole.

Subsequently, work was begun by Messer on modifications of the U.

S. Geological Survey meter aimed at extending the lower range of

measurement of the device. The resulting flowmeter proved to be

successful in detecting zones of inflow and outflow in surveyed boreholes.

Details of the development and results of field studies of natural and

induced flow in boreholes using this improved heat-pulse flowmeter are

given in Messer (1986). Flow zones were identified by injecting into a

packed-off interval in one well and monitoring response to the diverging

flow field that resulted in a nearby well. Injection zones were chosen to

include high- permeability zones in the boreholes identified by the

hydraulic and geophysical tests. Several important results came out of

the flowmeter studies. First, results showed that vertical flow through

individual boreholes was sensitive to the imposed flow field. This is

illustrated in Figure 3.7, where we see that injection into two different

boreholes resulted in very different patterns of flow response in borehole
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H6. This illustrates the strong dependence of flow patterns in the system

on the direction and magnitude of imposed gradients.

The most important result of the flowmeter surveys was their ability

to locate zones of high permeability and give some indication as to the

degree of hydraulic connection between wells. The vertical flow response

in M1 to injection over the interval 74.4 m to 79.6 m in H3 is illustrated

in Figure 3.8. A major inflow between 84 m and 85 m in M1 is indicated,

with lesser inflows and outflows possible at points above that. Injection

in the same H3 interval produced the response shown in Figure 3.9 in well

H2. Major inflow is seen to occur into H2 at 80 m. Outflow from H2

appears to take place just above 60 m and again above 30 m. Fractures

participating in flow into H3 from H2 were located by filling H2 to

overflow and maintaining it at constant head.	 The resulting flow is

plotted in Figure 3.10.	 Significant inflow is shown to occur

approximately between 75 m and 78 m. Flowmeter tests carried out by the

U. S. Geological Survey showed some outflow in the bottom three meters of

both boreholes H6 and H7 when H3 was held at a reduced water level

(Silliman et al., 1985). However, the injection flowmeter test results

in H6 displayed in Figure 3.7 suggest that a good connection does not

exist between the lower parts of H6 and either M1 or H3. The most

permeable zone in H6 identified by these flowmeter surveys is near the 30-

meter level.
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Chemical Tracer Tests

A total of nine diverging and recirculation chemical tracer tests

were reported by Silliman et al. (1985). Conservative, nonradioactive

tracers were used, and temperatures were monitored during each test,

although most of the temperature data were not available for examination.

Systems for injecting into packed-off intervals and point sampling in

boreholes were developed. Barackman (1986) provided details of equipment,

procedure, and results of the five diverging chemical tracer experiments.

Numerical simulation of data from one of the tests is reported by Aikens

(1986). Zhang and Neuman (1985) presented an analysis of three two-well

nonrecirculating and one single-well divergent tracer tests. The last

authors determined a value of 0.03 for the product of porosity and

thickness in the fault zone between wells M1 and H2.

Qualitatively, the chemical tracer tests reinforced conclusions from

the heat-pulse flowmeter, hydraulic tests, and geophysical logs. In all

of the tests reported by Barackman (1986), injection in wells M1 and H3

resulted in breakthroughs in H2 that were detected first by the multilevel

sampler nearest to the fracture at 80.3-80.5 m, and later at samplers

above that point as tracer moved up the borehole. Injection in H3

resulted in initial breakthroughs in M1 over a 4 m interval between

approximately 80 m and 84 m. A good connection between boreholes M1 and

H2 was verified in test C-NT-D-2 by the rapid water level response of H2

to injection at relatively low pressures in Ml. An injection rate of 5.7

1 min -1 resulted in 110 kPa of pressure in the packed-off M1 interval

between 80.8 m and 86.1 m. Borehole H2 overflowed after 30 minutes. As



61

Barackman (1986) pointed out, the rise in H2 in the first 30 minutes

accounts for approximately 45% of the volume injected into M1 up to that

time. No leakage past the packers was apparent. This was in contrast

with test C-NT-D-1 run previously from an interval of 74.7 m to 80.0 m in

MI, in which a lower injection rate (3.8 1 min -1 ) caused pressures of 800

kPa to develop in the packed-off interval, and significant leakage past

the bottom packer was indicated. Water level data from C-NT-D-1 were not

available. Travel time from initial injection to the first detected

tracer in H2 was two hours and 40 minutes in test C-NT-D-1. Travel time

from initial injection to first detection was 40 minutes during test C-

NT-D-3 and was presumably close to that value during C-NT-D-2.

The chemical tracer tests with injection in H3 between 73.8 m and

79.1 m encountered problems attributed to inadequate mixing in the

interval. It was believed that this was the result of further evidence

of flow exiting H3 from a smaller length of borehole than was the case in

Ml. An injection rate of 5.7 1 min -1 , identical to the previous tests,

resulted in pressures of 276 kPa in the packed-off interval in H3. The

more than doubled pressure indicates that the permeability-area product

in the vicinity of the injection interval in H3 is less than half of the

permeability-area product of the M1 injection interval tested in tests C-

NT-D-2 and C-NT-D-3. Injection into H3 resulted in the overflowing of H2

after 200 minutes. At the 200-minute mark, Barackman (1986) calculated

that 44% of the total volume injected into H3 was accounted for by the

rise of water levels in boreholes H2, Ml, H6, H7, and H3. Comparing this

to the response of H2 to injection in Ml, it is clear that MI and H2 share
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a more exclusive and direct connection than H3 and H2. Further evidence

of this is illustrated in Figure 3.11. Although M1 is further away from

H3 and its larger casing diameter contains 2.6 times more water per meter

than H2, the rate of rise of the latter two boreholes is almost identical

when injection occurs in H3 (Barackman, 1986).

Temperature Tests

As previously mentioned, the primary goals of the tests involving

temperature measurements were identification of flow-bearing fractures

where they intersected boreholes and obtaining information about the

degree of fracture interconnection between boreholes. Detailed

information about temperature sensing and recording instrumentation can

be found in Flynn (1985) and Silliman et al. (1985). The temperature-

measuring devices used were thermistors, each consisting of a Teflon-

insulated metal oxide disc having a negative temperature coefficient of

resistance. Figure 3.12 diagrams the thermistor probes which were used.

Known resistors were built into the circuitry to provide a continuous

check for possible electronic drift or thermistor deviation from the

normal calibration curve. Problems can arise as a result of changes in

environmental temperature, AC voltage, or frequency. No information

about the response of these known resistors during any of the tests was

found.

Two methods were used to collect temperature information. In some

of the tests, discrete measurements were taken using a single thermistor

that was moved up the borehole and allowed to equilibrate at each level
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before a reading was made. Single thermistor probes were suspended in

the borehole by an electrical cable connecting the thermistor to a data

control unit that excited the thermistor and recorded its response. A

weight was suspended 41 cm below the probe to keep the cable taut. The

single thermistor apparatus is shown in Figure 3.13. Analysis of

thermistor probe stability by Silliman determined that precision of

relative changes in temperature measured by the single probe unit was

+0.005°C (Silliman et al., 1985).

A multiple thermistor string was designed to allow nearly

simultaneous recording of temperature measurements over a length of

borehole without disturbing the flow field in the hole. As documented by

Flynn (1985), 20 thermistors were connected to a control unit and the data

logger described above by way of a 183 m long cable. The components of

the multiple thermistor string are illustrated in Figure 3.14. Individual

thermistors were positioned at intervals ranging from 0.61 m to 1.52 m

apart, spanning a total of 18.90 m. To minimize undesirable hydraulic

effects that could result from pumping, such as vertical flow in the

borehole, an inflatable rubber packer was designed to allow the cable to

pass through its center. The packer was movable and could be positioned

at any depth above the waterproof housing that protected the thermistor-

cable connections. Again, a weight was attached to the end of the string

to keep the cable taut. A set of 20 thermistor readings could be made by

the computer-controlled data collection system in about 1.5 minutes.

Precision of relative changes in temperature measured by the multiple
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Figure 3.13.	 Components of single thermistor probe used in measurement
of background temperature profiles (after Flynn, 1985).
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string (after Flynn, 1985).



6 8

thermistor string was determined to be +0.01°C. Absolute temperatures

could not be compared between different thermistors.

The thermal tracer tests relied on detecting temperature changes

resulting from movement of water that had been cooled or heated relative

to ambient temperatures in the boreholes. Water was cooled in a 0.68 m 3

trough and a 1.14 m3 water trailer. Diurnal cooling achieved an 8°C

temperature differential from borehole ambient. Ice baths were also used

to cool water. A 1.22 m long tubular heater with an output rating of 6

kw was used to raise water temperatures for the heat tracer testing. A

diagram of the heater is shown in Figure 3.15.

Temperature measurements were made to record natural thermal

profiles under natural flow conditions, induced heat transport under

natural flow conditions, natural temperature anomalies under forced flow

conditions, and induced heat transport under forced flow conditions.

Results of the natural temperature profiling are discussed in Chapter

Four.

Induced heat transport under natural flow conditions was the subject

of three tests. The best data were obtained from the third test, carried

out between 4/24/85 and 4/26/85. That test involved heating in H6 at 74

m (the bottom of the hole) for 48 hours and temperature monitoring with

the single thermistor string in nearby wells. Results of this test,

hereafter known as the long-term heating test, are presented and discussed

in Chapter Seven.

Some natural temperature-forced flow temperature measurements were

made in conjunction with the heat pulse flowmeter tests using the single
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thermistor probe. Other measurements were recorded using a 5-thermistor

string that was incorporated with the air lift sampling device used in

the chemical tracer tests. Messer (1986) and Barackman (1986) both

reported an observed temperature response in M1 when 5.7 1 min -1 was

injected into the 74.4 m to 79.6 m interval in H3. The temperature

profiles of M1 shown in Figure 3.16 clearly show evidence of inflow

beginning just above 85 m, with vertical flow upward resulting in warmer

temperatures in the borehole above that point. This correlates well with

results of the flowmeter survey between these two holes (at a lower

injection rate) displayed previously in Figure 3.8. The observed

relationship between vertical flow in boreholes and increases in

temperature will be seen to be fundamental to interpretation of the heat

tracer recirculation tests discussed in Chapter Eight.

Temperature measurements taken with the 5-thermistor string are

available from chemical tracer tests C-NT-D-1 and C-NT-D-2, both of which

involved injection into M1 and monitoring in H2. Plots of the temperature

changes observed are shown in Figures 3.17 and 3.18. Although the

magnitude of the temperature response in both tests is similar, there are

significant differences that provide insight into the nature of the

hydraulic connection between M1 and H2.

The greatest temperature change in test C-NT-D-1 (Figure 3.17),

+0.12°C, is seen at 76.2 m in H2 after continuous injection at 3.8 1

min -1 (800 kPa) had taken place for 8.5 hours between 74.7 m and 80.0 m in

Ml. The same temperature change was observed in H2 at 79.2 m during test

C-NT-D-2 after 15 minutes of injection at 5.7 1 min -1 (110 kPa) in M1
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between 80.8 m and 86.1 m (Figure 3.18). This indicates considerably

greater flow rates into H2 during the second test compared to the first,

if we attribute the changes in temperature to vertical flow in the

wellbore. These results agree with earlier indications from the flowmeter

and chemical tests that the zone of highest permeability intersecting MI

occurs between 80.0 m and 85.0 m. A noticeable difference between these

tests is the response of the thermistor at 79.2 m. Temperatures at this

thermistor experienced a small decrease early in the first test and then

remained fairly steady (Figure 3.17). A thermistor at the same level

experienced a rapid increase in temperature early in the second test. Its

temperature remained elevated for the 25-minute duration of the data we

have to work with (Figure 3.18). These results suggest that inflow to H2

occurred above 79.2 m during the first test, but below during the second.

If this is the case, it may be possible to infer connections between

boreholes by injecting into different intervals in one and monitoring

thermal response in surrounding boreholes using the geothermal profile as

a source indicator. The results of these natural temperature-forced flow

tests are important to the present study because they show definitively

that temperature changes of the magnitude observed in the heat tracer

recirculation tests can be produced solely by inducing flow in the system

without the addition of energy from external sources.

Silliman et al. (1985) described a total of eight induced

temperature tests carried out at Oracle. Two of these tests were

diverging flow experiments, where heated or cooled water was injected into
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H2, and temperature changes were monitored in Ml. Since results of these

two tests were unavailable, they were not included in this analysis.

The remaining six induced temperature-induced flow tests consisted

of introduction of thermally-labeled water (five hot, one cold) into well

MI by injection and/or downhole heating, pumping from well H3, and

temperature monitoring with the 20-thermistor string in well H2 at 5- to

15-minute intervals. Water removed from H3 was returned to Ml, giving

rise to the description of this method as a recirculation test.

Recirculation tests have two primary advantages over purely-diverging

(injection) or converging (pumping) methods. First, the reintroduction

of water to the system by way of the injection well helps prevent

dewatering of the system, which can be a problem in low-permeability

settings. Second, the combined influence (superposition) of an increased

head at the injection well and a decreased head at the pumping well

magnifies the hydraulic gradient, increasing fluid velocities and

shortening travel time between those points. Recirculation also allowed

for the establishment of a constant head in well MI in some of the heating

tests. This constant boundary condition facilitated the modeling and

evaluation of the results of those tests.

Although recirculation complicates chemical tracer tests because of

mass and energy balance considerations, thermal experiments would not be

as sensitive to this for two reasons. If the purpose of the thermal

testing is to locate conductive fractures, not to determine porosities

and dispersivities, an energy balance is not required to reach this

simpler goal and mixing is no longer a problem. In addition, use of
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thermistors in all of the holes, recording temperatures continuously at

short intervals in time and space, would allow substantially more

information, accurate and on-the-spot, about the distribution of energy

in the system than is possible to obtain about chemical tracers using

state-of-the-art chemical sampling techniques. The recirculation tests

will be discussed in detail in Chapter Eight.

3.4 Conceptual Model of the Study Site 

The site investigations summarized above make it possible to

identify qualitatively, and to some extent quantitatively, the physical

features controlling hydraulic behavior of the system. Subsequent

interpretation of temperature data will be influenced by this conceptual

model in that the data will be determined to be consistent with the model

or not based on our knowledge of the physical laws governing heat and mass

transfer. Inconsistency between observed temperature behavior and the

conceptual model mandates revision of the model until all salient behavior

of the system is accounted for.

Large-Scale Hydraulic Characteristics

A view of the large-scale hydraulic characteristics of the site is

based on results of the cross-hole packer tests and the application of

stochastic methods to the single-hole and cross-hole packer test results.

Analysis of the cross-hole tests conducted at the Oracle site (Hsieh et

al., 1985) showed that the system may be hydraulically characterized in

the manner of a porous medium with a hydraulic conductivity that is
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uniform and anisotropic.	 Hsieh et al. (1985) identified near-vertical

fractures with an east-northeast orientation as the most influential in

controlling flow at the site.

The stochastic analysis of Neuman (1987) and Neuman and Depner

(1988) suggested that an REV for the rock mass studied at the Oracle site

must have dimensions of at least 50 m and possibly more. This volume is

larger than that sampled by hydraulic tests at the Oracle study area. The

investigators above (Hsieh et al., 1985; Neuman and Depner, 1988) have

determined, by independent methods, values of effective scalar equivalent

hydraulic conductivity for the site that lie between 4.3 x 10 -8 m s -l and 6.9

x 10 -8 m s -1 .

Local Hydraulic Characteristics

Local hydraulic characteristics describe the flow system on a sub-

REV scale. At the Oracle site, temperatures, water levels, packer tests,

flowmeter, and chemical tracer tests all provide information about

characteristics of the fractured system on a local scale.

Hydraulic conductivities at the Oracle site were seen to vary by

orders of magnitude within short vertical distances in wellbores. The

reader is referred to Appendix A for a listing of single-hole packer test

results in all boreholes. A high-permeability zone intersecting wells Ml,

H2, and H3 was identified using the geophysical data (Jones et al., 1985)

and the single-hole packer tests. Flowmeter surveys later confirmed the

location of this zone and established that it formed a dominant hydraulic

connection between those wells. The zone was found to intersect M1 in the
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interval below 80.0 m and above 85.0 m. Throughout its length, M1 was

found to intersect more highly-permeable zones than any of the other

wells. As Figure 3.8 illustrates, flow patterns in M1 as determined by

the flowmeter proved to be more complex than in the other wells surveyed

(Messer, 1986).

The highest permeability interval identified by the single-hole

packer tests in H2 was between 80.8 m and 84.6 m. Flowmeter tests with

injection in H3 located significant inflow at 80.0 m in H2 and lesser

degrees of outflow between 60.0-52.0 m and 28.0-25.0 m (Figure 3.9).

Furthermore, during the chemical tracer tests with injection in H3,

breakthrough in H2 was detected first at 80.5 m (Barackman, 1985, p.45).

A sampler at 82.0 m collected no tracer in a similar test (Barackman,

1985, p. 47). When injection was located in Ml, chemical samplers at 80.5

m and 78.9 m showed nearly simultaneous initial breakthrough times

(Barackman, 1985, p. 41). Based on the results of the chemical testing,

this author suggests that the most permeable connection between M1 and H2

is a multiple fracture zone above 80.5 m extending at least to 78.9 m.

It is unfortunate that no flowmeter surveys in H2 with injection in M1

were reported. The connection between H2 and H3 appears to be limited to

a narrow interval of H2 very close to 80.5 m. Neither the chemical tests

or the flowmeter surveys provide any indication of flow below the 80.5 m

level in H2.

Single-hole packer tests located a high-permeability zone in H3

between 74.7 m and 78.5 m. This zone was identified by flowmeter surveys

as the location of considerable inflow when H2 was filled to overflow, as
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shown in Figure 3.10. As Appendix A shows, other zones of high

permeability were identified by the single-hole packer tests higher up in

H3, but no additional information is available linking those zones with

flow between H3 and either H2 or Ml.

Evidence that M1 and H2 are connected by a zone of higher

permeability than are H2 and H3 comes primarily from water level

information. Figure 3.6 illustrates this clearly. Water levels observed

during the chemical tracer tests show similar behavior, where injection

in Ml resulted in overflowing of H2 after 30 minutes, but injection at the

same rate in H3 at higher pressures did not cause overflow in H2 until 200

minutes had passed (Barackman, 1986). Although this behavior is dependent

on the interval in which injection took place, in both instances injection

was located in the interval identified by flowmeter surveys as the primary

connection between the wells involved. Overflowing of H2 in response to

injection in M1 and H3 shows that vertical flow occurs in H2 under

conditions of elevated heads in either M1 or H3.

While insufficient information is available to quanitify the

possible differences in the connections discussed above, it is worthwhile

to note that the single-hole packer test results show a hydraulic

conductivity in H3, at the level identified as the connection with H2, an

order of magnitude lower than that in H2 at the location of the inferred

connection. A reduced permeability in part of the connection between H2

and H3 would have the effect of slowing flow throughout the entire

connection. Alternatively, flow from H2 would be diverted into more

permeable flow channels that do not intersect H3.
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Based on the single-hole packer test results, well H4 does not

appear to intercept the permeable zone discussed in relation to wells Ml,

H2, and H3.	 No other information about H4 is available to indicate

otherwise.	 The same is true for H5, H6, and H7, all of which are

shallower than the others (see Table 3.1).

The characteristics of the conceptual model described above will be

seen to be important in the interpretation of the temperature tests

discussed in later chapters.
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CHAPTER FOUR

THERMAL GRADIENT LOGGING RESULTS AND INTERPRETATION

Natural temperature profiles under natural flow conditions were

measured in all boreholes on more than one occasion using the single-

thermistor string apparatus. A summary of natural temperature log data

from the Oracle site is provided in Table 4.1. This summary was compiled

by the author from a field notebook kept by Flynn during the time when

temperature testing was being carried out at the Oracle site. This field

notebook is the source of all temperature data discussed in this chapter.

To the author's knowledge, all but three of these data sets are previously

unreported.

4.1 Sources of Noise in Natural Temperature Data 

Data from the natural temperature profiles listed in Table 4.1 could

be affected by variations in testing procedure from test to test, such as

allowing thermistors different lengths of time to reach equilibrium at

each level before recording temperatures, lowering the thermistor cable

into the well at different rates, or moving it up and down at the bottom

of the well or anywhere in between. It is also possible that some of the

tests are affected by difficulties with the measuring apparatus, since the

field notes indicate that changes were made in the measuring apparatus

between some of the logs and, in some cases, the readings were steadier

than others. Convection currents as sources of noise were discussed in

Chapter Two. Gretener (1967) identified the effect of varying surface
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Table	 4.1. Natural	 temperature	 profiles	 at	 the	 Oracle	 site.

Date Wells Comments

6/15/84 All	 wells Measurements at 3.0 m
intervals;	 Entire well;
No tests 1 month previous.

6/25/84 M1 0.3 in	 intervals;
34.4 in -	 bottom;
No testing 1 mo. 	 previous.

10/17/84 H2 0.3	 -	 1.5 in	 intervals;
39.6 in	 -89.3	 m;
No tests 3 mo.	 previous.

10/26/84 M1,H2,H3 1.5 m intervals;
Entire well;	 No tests
3 mo.	 previous.

12/7/84 H4 0.61	in	 intervals;
72.5	 -	 86.3 m;
No tests 4 mo.	 previous.

12/7/84 H5,H6,
H7,H8

0.3 m	 intervals;
66.4 m	 -	 74.4 m;

4/24/85 M1,H2,H3,
H5,H7,H8

0.61	 -	 15.2 m	 intervals;
30.5 in -	 bottom;
Start of long-term
natural-flow heat tests;
flow testing as recent
as 2 weeks previous.
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temperature on change of resistance in copper wires as a source of drift

in his borehole temperature measurements. In the following analysis,

efforts were made to identify external sources of noise in the temperature

data when comparing the profiles. This is necessary if one wishes to

identify temperature changes that reflect actual changes in state of the

borehole fluid. Additionally, confidence is greater in measurements that

can be confirmed by repetition of the procedure.

4.2 Determination of Geothermal Gradient 

In accordance with the theory discussed in Chapter Two, Section 2.3,

the local geothermal gradient was identified by fitting a line to the

linear portion of the plot of the measured temperatures. The results are

shown in Figures 4.1-4.8. All of the profiles exhibited gradients of

0.021°C m -1 to 0.023°C m -1 (Note: the 12/7/84 profiles were excluded from

this analysis because they sampled too short a length of the borehole).

This variation is within the measurement error of + 0.005°C. A geothermal

gradient of 0.021°C m -l will be used as the basis of identifying temperature

anomalies, since ten of the 16 profiles had that slope. 	 Flynn (1985)

reported thermal gradients increasing with depth in all holes.	 After

examination of Figures 4.1-4.8, this author does not agree with that

conclusion.

4.3 Discussion of Natural Temperature Plots 

Some of the observed temperature profiles for individual wells do

exhibit variation from date to date. For example, four profiles of H2 are
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Figure 4.6.	 Natural temperature profile of H6 on 6/15/84.
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shown in Figures 4.1a-d. Each profile is plotted together with a line

showing the geothermal gradient for comparison. Good agreement is seen

between the two profiles observed in October 1984. Both profiles show

temperatures elevated above the geothermal gradient in the lower portion

of the borehole. Temperatures above 40.0 m were not recorded in H2 during

the 10/17/84 survey. Therefore, the October data are considered by this

author to be representative of borehole conditions at the time because the

results were repeated when the measurements were repeated.

The June 15 log of H2 shows elevated temperatures in the lower

borehole, but it also includes five areas of local deviation from the

geothermal gradient further up the well that do not appear on any of the

other logs of H2. This pattern of unrepeated deviation occurs in all six

of the wells for which there are logs to compare with the June readings.

It is possible that flow conditions at the site were considerably

different during the June readings than the others, but no additional

information was located to confirm this possiblity. The question of

whether the anomalies in the June 15 profile of H2 represent zones of

inflow and outflow, as theory would suggest, cannot be answered based on

available information. Temperature logs of M1 made on 6/15/84 and 6/25/84

(Figures 4.2a,c) show a six-meter difference in the location of the

interval of increased temperatures near the bottom of the borehole. Plots

of the June 15 logs for all wells are provided in this chapter (Figures

4.1a, 4.2a, 4.3a, 4.4, 4.5a, 4.6, 4.7a. and 4.8a), but no attempt to

interpret them was made because this author felt that they contained too
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many unexplained irregularities that were not observed at other times in

the system.

The April 1985 profile of H2 plotted in Figure 4.1d was taken at

the start of the long-term heating test. The profile shows very little

deviation from the geothermal gradient. This is true of all of the wells

profiled at the time except for M1 (Figures 4.2d, 4.3c, 4.5b, 4.7b, and

4.8b), which showed more deviation on that date than on any of the other

dates it was logged (Figures 4.2a-d). The differences between the April

readings and earlier readings may be attributable to the fact that induced

flow tests had been carried out at the site (from M1) 14 days earlier.

Profiles taken 24 hours and 48 hours after the 4/24/85 measurements showed

no change in relative temperatures along the boreholes (those data will

be discussed in Chapter Seven). The demonstrated reproducibility of the

April data allows for a high degree of confidence in those measurements.

Figures 4.3a-c show three temperature profiles of H3. The October

and April logs are virtually identical. Slightly elevated temperatures

are found near the bottom of the well, but the deviation from the

geothermal gradient is not as great as was seen in M1 or H2. The June

logs of H4 and H6 are plotted in Figures 4.4 and 4.6. Two profiles of H5

are shown in Figures 4.5a-b, and profiles of H7 and H8 are plotted in

Figures 4.7a-b and 4.8a-b, respectively. The April plots of H5, H7 and

H8 show temperature profiles that closely follow the geothermal gradient,

indicating little or no vertical flow in those wells or in the surrounding

medium. These three wells are all about 15.2 m shallower than Ml, H2, and

H3.
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4.4 Interpretation of Natural Temperature Plots 

A significant number of the natural temperature profiles of H2 and

MI (Figures 4.1a-d and 4.2a-d) show elevated temperatures in the lower

parts of the boreholes. This suggests that vertical flow is occurring in

the wells in an upward direction with inflow from the bottom or near the

bottom of the holes and outflow between the 60 m and 70 m levels (Figures

4.1b and 4.2b). The lack of abrupt temperature changes in the profiles

suggests that water is entering the wells in thermal equilibrium with

fluid at the inflow level (streamlines follow isotherms). A distinct exit

point is not indicated. Although the flowmeter surveys did not detect

flow as deep as 85.0 m in H2, they were conducted with injection in nearby

holes so that the natural background flow patterns were disturbed.

Moreover, the flow rates induced by injection were much greater than any

background flow that may have been occurring. Natural flow present could

have been obscured by induced flow, or the natural flow rates may have

been below the detection limit of the flowmeter.

Another possible interpretation is that throughout the formation

near these wells, fluid below the permeable fault zone indicated in Figure

3.5 tends to move upward into the zone, and then more or less

horizontally. Movement of fluid from deeper levels into a fault zone

would tend to increase temperatures in that area. Drury et al. (1984,

pp. 166-167) discussed a very similar situation they encountered in a

layered aquifer in Canada. In the case described by the previous authors,

the thermal profile of a 370 m deep well showed a smooth curve with a

maximum deviation from the geothermal gradient of about 0.4°C extended over
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a 50-m portion of the borehole. After applying the solution of Bredehoeft

and Papadopulos (1965), Drury et al. (1984) determined the anomaly to be

the result of flow in the formation having a vertical component

corresponding to a vertical flow rate of approximately 4 m yr -1 . An

increase in slope of the geothermal gradient above the permeable zone

would likely be observed if this was occurring on more than a very

localized level. Such an increase is not observed in any of the well

logs, but this could be attributed to the fact that the wells are not

deep enough to see what the thermal gradient looks like below the zone of

elevated temperatures. If the vertical flow is not occurring over a large

enough area, such as into a more permeable planar fault, the heat will be

diffused and dispersed, and the effect on the overall geothermal gradient

will be negligible.

The October 26 logs of H2, Ml, and H3 (Figures 4.1b, 4.2b, and 4.3b)

show above-normal temperatures starting around the 34-m level and

continuing up to the water table in each well. A reversal of the

geothermal gradient is observed in those three wells at approximately the

12-m level. The average depth to water in the three wells that day was

9.7 m. It is believed that these anomalies near the surface reflect the

influence of the relatively warm Arizona climate. At the Oracle site, the

12-m level is in the vicinity of the transition between weathered rock and

bedrock. A decrease in thermal conductivity of the matrix would be

expected as it grades from dense bedrock to a more fragmented and

chemically-altered condition nearer the surface. The more permeable

weathered zone would also be more likely to be transmitting water, and
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energy with it. These factors could have an influence on the change of

thermal gradient at that depth. Reversals of the geothermal gradient near

the surface are not uncommon in well temperature logs. Drury et al.

(1984) reported a reversal of the geothermal gradient occurring near the

60 m depth in central and eastern Canada. The phenomenon there was

attributed to a climatic warming at the turn of the century.

The October 17 log of H2 (Figure 4.1c) shows a temperature anomaly

near the 67 m level that may indicate a zone of fluid exchange between

the borehole and the medium. The 6/15/84 and 10/26/84 profiles (Figures

4.1a and 4.1b) also show some indication of anomalies at that level.

Flynn (1985) identified several zones of inflow in Ml, H2, and H3 on the

basis of temperature anomalies (Figure 4.9). The data plotted in Figure

4.9 are the same data plotted in Figures 4.1b (H2), 4.2b (M1), and 4.3b

(H3). The magnitude of these anomalies is very close to the magnitude of

potential background noise discussed earlier. Furthermore, the anomalies

do not show up in the same locations if at all during repeated logs of the

wells in question. For these reasons, no attempt is made here to

correlate small-scale deviations from the geothermal gradient with inflow

or outflow.

4.5 Conclusions 

Sources of external noise in the temperatures recorded in a borehole

were found to be of potential importance when analyzing the natural

temperature profile data from the Oracle site. This is because many of

the variations in the data are of the same magnitude as the noise would
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be if present. A lack of data from continuous logging at one level made

it impossible to identify more precisely sources of external noise that

were present. For these reasons, use of natural temperature logs to

locate inflow and outflow zones in boreholes under static conditions with

the available data was determined to be inconclusive. Continuous

temperature logging at stationary points is useful for determining the

presence of temperature fluctuations due to localized convection cells and

is recommended for inclusion in future tests of this kind.

Consistent trends in some of the natural temperature well logs

indicate that upward flow may occur in a zone above the bottom of wells

H2 and M1 under natural flow conditions (Figures 4.1 b and c, 4.2 b,c,

and d). Whether this flow occurs in the wellbores alone or in both the

wellbores and the formation is not clear. Although flowmeter surveys did

not locate flow in H2 at the levels of increased temperature below 80.5

m, vertical flow rates in the wellbore below the detection limit of the

flowmeter could have caused the elevated temperatures. Deepening of M1

or H2, or addition of another, deeper well in their vicinity would be

helpful in gaining insight into the observed phenomena. In any case, the

pattern of increased temperatures is. in agreement with the conceptual

model of a high-permeability zone in the affected parts of M1 and H2,

and/or the medium they penetrate. H3 may be slightly affected by this

flow pattern, but substantially less so than M1 and H2 (Figure 4.3b). The

reduced influence on H3 reinforces our conceptual model of a lower

permeability around H3 than around M1 or H2.
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The ability to compare natural temperature logs repeated in wells

at different times allows for detection of consistent trends in the data

that might otherwise be attributed to external influences. Multiple

natural temperature logs of the same well using identical testing

procedures at different times are therefore recommended. Thermal

conditions in the wellbores of H2 and M1 were seen to change between

October and April (Figures 4.1 b, c and d; 4.2 b and d). The author

attributes this to changes in local flow patterns caused by injection

tests conducted prior to the April logs. Well H3 did not appear to have

been affected by the April tests (Figures 4.3b,c). It appears that in

some cases, natural temperature profiles, taken before and after hydraulic

testing, may be used to determine when the system has returned to natural

flow conditions.

In summary, natural temperature profiles obtained at the Oracle

field site have shown agreement with the conceptual model outlined in

Chapter Three and can be a useful tool in identifying patterns of flow in

fractured rocks in some situations.
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CHAPTER FIVE

NUMERICAL MODEL

As discussed in Chapter One, numerical modeling is a useful tool for

studying the behavior of physical systems more complex than those for

which analytic solutions are available. Modeling was used for three

phases of the present study: the long-term heating test analysis, a study

of natural convection around a heated cylinder in a porous medium bounded

above and below, and the heat tracer recirculation test analysis.

5.1 Description of Numerical Model 

The numerical model PT was used for all simulations. This code was

developed by G.S. Bodvarsson from an earlier Lawrence Berkeley Laboratory

program, CCC (Conduction-Convection-Consolidation) (Lippman et al., 1977).

PT was developed to investigate one-, two-, or three-dimensional problems

of coupled or uncoupled heat and mass transfer in heterogeneous,

anisotropic, nonisothermal liquid-saturated porous systems. PT allows for

consideration of the following physical effects: (1) temperature

dependence of heat capacity, viscosity, and density of the fluid, (2) heat

convection and conduction in the system, (3) heterogeneity of thermal and

hydraulic properties, (4) anisotropy of thermal and hydraulic

conductivities, (5) regional ground-water flow, (6) heat loss to confining

beds, and (7) one-dimensional matrix consolidation.

Three major conditions must be met in the system for application of

the model to be valid. These are that fluid movement in the system is
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described by Darcy's law, that thermal equilibrium between the rock and

the fluid is reached instantaneously, and that changes in enthalpy

resulting from viscous dissipation, fluid compressibility, and

acceleration are negligible.

PT formulates a system of equations describing transient heat and

mass transfer in a discretized flow region using the Integrated Finite

Difference Method (IFDM). This method was apparently first introduced by

MacNeal (1953), and descriptions of the approach can be found in

Dusinberre (1961), Edwards (1972), Sorey (1975), and Narasimhan and

Witherspoon (1976). An important benefit of IFDM is its ability to handle

irregular grids. Complexities in boundary geometry and internal

heterogeneity can thereby be accommodated.

The IFDM is similar to the Galerkin finite element method (FEM) in

that an exclusive subdomain is associated with each nodal point. Figure

5.1 illustrates a typical subdomain, or element, and the notation

associated with it. A summation of fluxes across the boundaries of the

subdomain is performed, and transient response of the element is

calculated according to approximations to Equations (2.1) and (2.5). A

restriction arising from the finite difference approach is that it can

approximate gradients only normal to a given surface. This precludes

application of IFDM when gradients tangential to interfaces are important.

Several authors point out that maximum accuracy is achieved in the IFDM

when interfaces between elements are perpendicular to the line joining the

two nodal points. Furthermore, for highest accuracy, the interface should

intersect the connection at the arithmetic mean for cartesian coordinates,



Figure 5.1.	 Typical node-connection network and nomenclature (after
Bodvarsson, 1982).
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logarithmic mean for cylindrical radii, and the geometric mean of

spherical radii (Edwards, 1972; Narasimhan and Witherspoon, 1976; Aziz and

Settari, 1979).

The equations that result when IFDM is applied to Equations (2.1)

to (2.7) are:

Mass Balance

	pon r pop	 _ E (kpfA
(v 0

L	 At	 At] m	 in,rn  

Pm - Pn 	 Ti gpggl + (GOnn
Dnm + Dm,n

(5.1)   

and

Energy Balance

X n
(PmCm4 A-rn —	

(A) 	
(Tm - Tn) + (Gh \nn

At	 in 	n.m + Dm , n — (5.2)

+(
pf cf A k)

4	 i (T
m 	Tn )

n,m  
Pm - Pn 	

TlgPgg
Dn, m + Dm, n  

where Dn , rn and Dm4,indicate respective distances from connected nodal points

n and m to the interface. Total compressibility of the system, Ot, is

defined as (Or + 13 ). The quantity ig is the direction cosine of the angle

between the vertical and the outward normal of element n and m.

Permeability and thermal conductivity are evaluated using the harmonic

mean:

Drun + D m ,n
kin,n = kmK) 	

km Dn ,m + kn Dm , n
(5.3)
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Xm,r1 = ;‘-m
Dn,m Dm.n

(5.4)
Xm Dn.m + Ân Dm,n
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This method ensures continuity of flux between the nodes (Aziz and

Settari, 1979). Density at the interface is calculated as a weighted

arithmetic average:

pn,m =
Dn,m pm + Dm,nPn

D n , m + D am,
(5.5)

except in the gravity term, where fluid density is determined assuming

linear variations in temperature and pressure between nodes:

1
Pg = —

2 
(Pn + Pm) (5.6)

Temperature at the interface between elements n and m is calculated using

an upstream weighting factor:

Tn,rn = d Tn + (1 - d)Tm 	(5.7)

where n is the upstream node. The upstream weighting factor, d, must be

between 0.5 and 1.0 for unconditional stability.

Further details about solution techniques and establishment of

boundary conditions in the model may be found in Bodvarsson (1982) and

Leo (1988).
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5.2 Truncation Error and Consistency of Irregular Grids With IFDM 

Settari and Aziz (1972, 1974) reported local inconsistencies that

could arise when finite difference approximations were applied to

irregular grids. This raised a question about the consistency and

accuracy of results obtained using IFDM. A Taylor series analysis of the

truncation error showed that the IFDM is consistent, with truncation

errors of 0(Ax) and 0(At). This analysis is presented in Appendix C.

The low order of the spatial truncation error is a result of the fact that

IFDM approximates only first-order partial differential equations (PDE's).

Finite difference methods that approximate second-order PDE's on regular

grids give rise to spatial truncation errors of 0(Ax 2 ). Settari and Aziz

(1972, 1974) showed that second order approximations on irregular grids

can exhibit local inconsistencies under certain circumstances. They

showed that using irregular block-centered grids leaves open the

possibility that these inconsistencies will occur, whereas use of point-

centered grids eliminates the potential for inconsistency. Inconsistent

approximations may fail to converge, or may require more nodes than

consistent approximations to attain a solution of equal accuracy. Figures

5.2a,b show schematically the differences between block-centered and

point-centered grids.

The most notable difference between these methods of grid

construction is that in the point-centered method, grid points, or nodes,

are not necessarily located at the center of their respective blocks, or

elements. Instead, after the nodes are placed on the grid, the boundaries

between them are drawn in so that the boundary is positioned at the
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Figure 5.2a.	 Block-centered grid and boundary placement conventions
(after Aziz and Settari, 1979).
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Figure 5.2b.	 Point-centered grid and boundary placement conventions
(after Aziz and Settari, 1979).
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appropriate mean between each pair of connected nodes (Narasimhan and

Witherspoon, 1976). Another difference is the placement of nodes on the

boundaries of point-centered grids. 	 . Is facilitates assignment of

boundary conditions.	 Additional details about the relative merits of

these two grid types can be found in Aziz and Settari (1979). The latter

authors advocated the use of point-centered grids for all numerical

methods based on finite differences. The Taylor series analysis in

Appendix C shows that a consistent formulation is achieved when either

point-centered or block-centered grids are used with IFDM. Placement of

the boundary between nodes at the optimal mean ensures maximum accuracy

of the solution (Narasimhan and Witherspoon, 1976).

All of the grids used for simulations described in this work were

developed from the point-centered approach. Grids in cartesian and

cylindrical coordinates were generated with the use of programs written

for the purpose. Those programs are designed specifically to output the

input files required by PT. The irregular grid used for the heat tracer

recirculation tests was developed by Leo (1988) and is described in

Chapter Eight. While it is not always possible to adhere strictly to the

requirements of the point-centered approach for irregular grids in

practice, one should come as close as possible.
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CHAPTER SIX

CODE VERIFICATION

Reliable interpretation of data from the Oracle heating tests based

on numerical approximation using PT depends on appropriate definition of

the problem to be simulated and correct use of the model. Although the

code PT had been tested for numerical accuracy, or verified, previously

(Bodvarsson, 1982), it was felt that a verification exercise would provide

valuable experience in using the model, as well as allay any concerns that

for one reason or another it was not working properly. The purpose of

this exercise was to gain confidence in PT by comparison with analytic

solutions. Two phases of verification were carried out. The first phase

tested the code's ability to solve the energy balance equation alone, with

no mass flow. Subsequently, a second phase provided verification that PT

was solving problems of combined heat and mass transport correctly.

One software-dependent problem was encountered when calculating the

analytic solutions on the computer. When library subroutines were used

to solve for the special mathematical functions, such as the error

function and the incomplete gamma function, it was necessary to verify

that the arguments of the functions were always within the range of

validity of the approximation used by the subroutine to ensure accurate

solutions. It is sometimes necessary to use different approximations for

a given function, depending on the nature of the argument. Tables from

Abramowitz and Stegun (1964) were used to check output from the function

libraries. Integration routines were checked using graphical methods.
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6.1 Verification for Heat Conduction 

In the first phase, heat conduction verification, output from PT

was compared with analytic solutions chosen as broadly representative of

the long-term heating tests carried out at the Oracle site under natural

flow conditions. A cylindrical geometry was used.

In cylindrical coordinates, the diffusion equation becomes:

where

1T a 2T 	1 ai
r a r 	= a at

a = thermal diffusivity:
pc

(6.1)

Heating in the long term, natural flow tests were regulated to

maintain temperatures in the borehole near the heater close to 60°C

(+10°C). For this reason, the analytic solution chosen represents con-

stant temperature boundaries both at the well interface and at infinity,

or:

B.C.: T(0,t) = T.

T(00,t) = O.

I.C.:	 T(r,O) = O.

Solutions resulting from the above boundary conditions can be found

in the literature for early times (Carslaw and Jaeger, 1959) and late

times (Ritchie and Sakakura. 1956).

Carslaw and Jaeger developed the early time (T = cct/a2 < 0.02)

solution and arrived at:
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(6.2)

where

r = radius

a = radius of constant temperature interface

T, = constant temperature at r = a

T = temperature at r,t

Ritchie and Sakakura (1956) found the late-time solution (T = at/a 2 >

100.0) to be:

I- = 1 + 2 In p I c-, 1 +	
[-

	 - 1) (In p - 1) If l + In p I i -2 ]
T o

+ —14T (12-)2 ( [2plin p - 3 ) - 8p2(In p - 2) + 6 In p -13] Ii 1 + (6.3)

+ [16p2 (In p - 1)+ 16 - 26In 13] li2 + 32In p Ii3 ) + • • •

where

p = ria

a = eY

1 = Euler's constant, 0.57722...

(of )

I4x) . —1 ./.—	 ezx zv- 1 (In z)b dz
21d

with x = 4 -r /a2

-00
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I vb (x) may be represented by a series as documented in the Appendix of

Ritchie and Sakakura.

The two solutions were programmed. All runs of the early-time

analytic solution and PT were carried out on a CYBER 205 at the John von

Neumann Computer Center in Princeton, New Jersey. Late-time solution

output was obtained on a personal computer at The University of Arizona.

Output was used for tabulated and graphical comparison of dimensionless

temperature (T/To ) versus dimensionless time (T sat/a 2 ) with PT.

Program PT was used in the mode for which only the energy balance

in the system is calculated (no mass flow). The constant temperature

boundary at the wellface was imposed with the use of a large external

source node characterized by a specific heat and density many orders of

magnitude greater than that of the other nodes. This node was connected

by a very short connection to the well interface node, and both nodes were

initialized to the constant temperature required. Representation of the

outer boundary was accomplished by placing the outer node far enough from

the well that it did not experience temperature change during the problem

time. Thus, smaller grids were adequate at the early times, but had to

be enlarged for the late-time solutions.

A summary of input parameters is listed in Table 6.1. These same

parameters, where applicable, were used in the analytic solutions. Note

that porosity was set to be effectively zero. The solutions represent heat

transfer by conduction through a homogeneous, isotropic, nonporous solid

medium with constant thermal conductivity, specific heat, and density.
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Table 6.1.	 Parameters used in the st y of radial	 heat conduction.

Interior
Nodes

Source
Node

Thermal	 conductivity,	 (W m-1°C -1 ) 3.5 3.5

Density,	 (kg m-3 ) 2640.0 1.0E+20

Specific heat,	 (J	 kg -1° C -1 ) 820.0 1.0E+20

Porosity 1.0E-12 1.0E-12

Permeability,	 (m s -1 ) 1.0E-10 1.0E-10

Initial	 temperature,	 To ( °C) * 0.0 39.0

node at well interface initialized to 39.0

Well radius, a =.08 m
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The analytic solutions assume a homogeneol ; medium and do not account for

multiple component systems.

Four different node-centered grids were used for the simulation,

each consisting of a single line of nodes with element boundaries located

halfway between connected nodes. Initial efforts at matching the analytic

solutions with a 22-node grid that spanned a total distance of 144 meters

were successful only for the late-time solution. Increased

discretization, first with 33 nodes over a distance of 144 meters for the

late times, 114 nodes over 12 meters for the early times, and later 166

nodes over 144 meters for all times, were input to the program. The

spacings were determined by a progressive refinement of the grid in areas

where the error was greatest. A summary of the spacings of each of the

grids is provided in Table 6.2.

PT solves for temperature distribution at time intervals determined

on the basis of specified maximum allowable changes of temperature and

pressure within a single timestep. In addition, maximum and minimum

limits on time increments may be explicitly imposed. All of the early-

time solutions were limited to timesteps of no greater than one second,

while late-time solutions were limited by a maximum allowable temperature

change of 0.1°C during a timestep. It was found that allowing larger

temperature change (i.e., 10°C) and therefore larger timesteps resulted in

significant error. This was only tried with the 166-node grid, but

allowing large time increments more than negated the gain in accuracy

achieved by adding nodes. The 33-node grid with small time increments was
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Table 6.2. Internodal distances of four radial grids (m).

Boundary node

22 nodes 33 nodes

1	 x	 (1.0E-06) 1	 x	 (1.0E-06)

Interior nodes 1 x (8.0E-02) 1 x (8.0E-02)
4 x (1.6E-01) 4 x (1.6E-01)
2 x (3.2E-01) 2 x (3.2E-01)
1 x (4.8E-01) 1	 x (4.8E-01)
2 x (6.4E-01) 2 x (6.4E-01)
1 x (1.6E+00) 14 x (8.0E-01)
1 x (3.2E+00) 1	 x (1.6E+00)
2 x (4.0E+00) 4 x (1.6E+01)
4 x (1.6E+01) 2 x (3.2E+01)
2 x (3.2E+01)

Boundary node

114 nodes 166 nodes

1	 x	 (5.0E-06) 1	 x	 (5.0E-06)

Interior nodes 24 x (5.0E-03) 30 x (1.0E-03)
20 x (1.0E-02) 18 x (5.0E-03)
36 x (2.0E-02) 20 x (1.0E-02)
4 x (8.0E-02) 36 x (2.0E-02)
2 x (2.4E-01) 4 x (8.0E-02)
4 x (3.2E-01) 2 x (2.4E-01)

22 x (4.0E-01) 4 x (3.2E-01)
22 x (4.0E-01)
5 x (8.0E-01)
5 x (1.6E+00)
5 x (3.2E+00)

13 x (8.0E+00)
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considerably more accurate than the 166-node grid when the latter was used

with large timesteps.

The accuracy of PT output was dependent on the combination of node

size and time. For close agreement with the analytic solution at early

times, it was necessary to space nodes near the well very closely and to

use small timesteps. At later times, it was possible to obtain acceptable

accuracy from larger node spacings and timesteps. Table 6.3 presents a

sample of results from the different grids. TVARY is an input variable

in PT that restricts timesteps if the change of temperature is too large

within a given timestep. If TVARY is exceeded, the program will halve the

current timestep and repeat the calculations. DELTMAX is an input

variable in PT that sets a maximum limit on timestep size.

A consistent scheme will converge to the true solution as node

spacings and timesteps are refined. With the 166-node grid, agreement

between the analytic and numerical solutions was found to be improved over

that of fewer node grids in most, but not all, cases. With grid spacing

refinement and smaller timesteps, the PT solution appeared to be

converging to the analytic solution. However, the PT solution was not

converging uniformly with grid refinement. Results at later times showed

oscillation about the analytic solution for the different grids, and in

one case appeared to be diverging (see r/a = 150 at time = .21772E+08

seconds). No explanation has been found for this apparent

incongruity.

Table 6.4 summarizes sample output from the analytic solutions and

the PT solution with the 166-node grid over a range of times.
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Table 6.3. Dimensionless comparison of analytic solution with PT output
from three grids (T/1-0 ).

Early time

TVARY = 0.1 °C
DELTMAX = 1 second

r/a = 2.0
	

r/a = 10.0

Time =	 10 seconds	 (T	 =.252621E-02)

Analytic .41915E-44 .34057E-3483
22 nodes .10235E-02 .63938E-18
114 nodes .43967E-14 .17419E-107
166 nodes .46960E-21 .16320E-149

Time = 20 seconds	 ( T =.505243E-02)

Analytic	 .18209E-22 .21042E-1742
22 nodes .20449E-02 .14607E-16
114 nodes .47315E-11 .38182E-99
166 nodes .24045E-14 .10211E-120

Time = 80 seconds CT =.202097E-01) 

Analytic .46485E-06 .12718E-436
22 nodes .81295E-02 .10836E-13
114 nodes .33831E-05 .11281E-76
166 nodes .15855E-05 .73828E-80

Late time 

TVARY = 0.1 °C
DELTMAX = 10 12 (default)

r/a=2.	 r/a=10.	 r/a=60.	 r/a=150.

Time =	 .21772E+08 seconds	 ( T 	=.550075E+04)

Analytic .85594 .52157 .15922	 .21378E-01
22 nodes .85797 .52274 .15499 .23992E-01
33 nodes .85915 .52667 .16089 .25002E-01
166 nodes .85572 .52090 .15873 .26190E-01

Time = .19004E+09 seconds (T = .254996E+05) 

Analytic .87540 .58610 .26570 .11248
22 nodes .87649 .58487 .25754 .10210
33 nodes .87700 .58654 .25974 .10213
166 nodes .87521 .58554 .26513 .11191



119

Table 6.4.	 Comparison of dimensionless temperature output at two
dimensionless radii.	 166 node grid.

(at/a2 )

T/To

	

r/a =	 1.125
	Analytic	 PT

T/To
r/a =10.00

Analytic	 PT

Early time
.253E-02 742E-01 .749E-01 .000E+00 .000E+00
.505E-02 202E+00 .201E+00 .000E+00 .000E+00
.758E-02 292E+00 .292E+00 .000E+00 .000E+00
.101E-01 358E+00 .357E+00 .000E+00 .190E-99
.126E-01 407E+00 .407E+00 .000E+00 .605E-93
.152E-01 446E+00 .446E+00 .000E+00 .977E-88
.177E-01 478E+00 .477E+00 .000E+00 .173E-83

Late time
.100E+04 .970E+00 .970E+00 .423E+00 .422E+00
.200E+04 .973E+00 .973E+00 .467E+00 .467E+00
.350E+04 .974E+00 .974E+00 .499E+00 .498E+00
.550E+04 .976E+00 .975E+00 .522E+00 .521E+00
.850E+04 .977E+00 .977E+00 .542E+00 .541E+00
.180E+05 .978E+00 .978E+00 .573E+00 .572E+00
.255E+05 .979E+00 .979E+00 .586E+00 .586E+00
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Figures 6.1 and 6.2 are graphical comparisons of the early- and

late-time analytic solutions with the numerical solution obtained using

the 166-node grid. Figure 6.3 shows the two analytic solutions and the

PT solution over a range of time, including intermediate times at which

neither analytic solution is valid.

Comparison of output from PT with analytic solutions shows that PT

properly calculates heat conduction for the case described above. The PT

solution converges to the analytic as node size and timesteps are made

smaller. Areas of the grid where large gradients occur require small grid

spacings so that a reasonable approximation of gradients can be made.

Rapidly-changing gradients make smaller timesteps necessary. At later

times, when gradients are changing more slowly or not at all, larger

timesteps may be used.

The tests conducted at the Oracle site were on the scale of hours

or days in time. Simulating those experiments requires appropriately-

sized node spacings and timesteps. Nodal spacings on the order of 10 -3 to

10 -5 are necessary near the wells. This could present a computer memory

constraint, particularly when using a two- or three-dimensional grid.

The tabulated and graphical comparisons show that the solutions are

most disparate at extremely early times (t « 1 second). Further

refinement of time and spatial discretization would bring the numerical

solution closer to the analytic solution at very early times.

Finally, we see that PT coincides with both analytic solutions over

their ranges of validity and gives a smooth and continuous solution over

the entire range of times investigated.
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6.2 Heat and Mass Transport Verification 

The second phase of code verification entailed matching PT output

with an analytic solution for both heat and mass transfer. The analytic

solution used was published by Avdonin (1964) and is widely used as a test

for numerical models. The Avdonin solution solves for heat and mass

transport in porous media in either cartesian or cylindrical coordinates.

This solution allows for horizontal conduction and advection in the

receiving formation and vertical conductive heat loss to confining beds

resulting from steady injection of a fluid with a step change in

temperature at t = O. An English language summary of the solution for

both cartesian and cylindrical coordinates may be found in Mercer et al.

(1982).

In cartesian coordinates, the flow of a hot incompressible fluid

through a confined aquifer is described by the coupling of the equations

for diffusive heat loss to impermeable confining beds:

	xr
a2u	au

= Pr C —

	

aZ 2 	r at

for z > 0, t > 0

and advective-conductive transport in the aquifer:

a2u	 au 2 au	 au= pm Cm —Xm 	  VwpwCw—+–kr7-,–	 atax2	 ax b dZ

(6.4)

(6.5)

for z = 0, x > 0, t > 0



subject to:

B.C.:	 U(0,t) = I,	 z = 0,	 t > 0; lim U = 0
X2 + Z2 -4

I.C.:	 U(x,0) =0	 x> 0

where

	U	 = (T - To )/(T i - To )

To = temperature of confining beds and initial

aquifer temperature

T 1 = injection fluid temperature

• = average intergranular (pore) velocity

• = specific heat

	b	 = formation thickness

subscripts:

	r	 = rock

W = water

• = medium (rock and water)

Assumptions incorporated into the Avdonin solution are:

(1) Constant hydraulic and thermal parameters (porosity,

specific	 heat,	 thermal	 conductivity,	 thickness,

density).

(2) Injection rate is uniform and steady-state flow

resulting from injection exists has been reached (no

regional background flow).

	(3)	 Formation and confining beds are of infinite extent.
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(4) Vertical convection and conduction in the formation are

negligible.

(5) Confining beds experience no convection, and horizontal

conduction in them is negligible.

One result of the assumed lack of vertical conduction or advection

in the formation is that the resulting temperature field is depth-

averaged; that is, the formation has effectively infinite thermal

conductivity in the vertical direction. Since there is heat loss at the

upper and lower boundaries, in practice temperatures actually will vary

with z. The importance of this assumption varies with thickness of the

aquifer, the injection flow rate, distance from the injection boundary,

and aquifer thermal diffusivity.

Solution forOne-Dimensional Flow

The analytical solution for Equations (6.4) and (6.5) subject to

the boundary and initial conditions listed above is:

1

Ubc,T)	 {exp{- (s y 	 )21 erfc (OE s_2
77VC	 2sii	 2)114 s'

(6.6)

where

x	 t .  4X rnt  . y	 cw Pw . a = 
Xr Cr Pr 

b	

=	 ,
4 Xrn 	Xm cm Pm)

Q is the volumetric injection flow rate, and s is a dummy variable of

integration.



Solution for Radial Flow

The radial flow solution analogous to Equation (6.6) is:

1
u(0),T) . - (0	 I—)2y	 lexp ( 	 0)2  1 erfc (a s fill  ds 

qv) 4 t	 H	 4 t s /	 t 211.7i /1 sv+ 1
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(6.7)

where

Qcwpw
V = 	

4 TC b krn

and r is the radial coordinate.

Both of the above solutions were programmed and run on the CYBER

205 at the John von Neumann Supercomputing Center. The integrals were

calculated using an adaptive Gaussian quadrature subroutine, DO1AJF, from

the NAG Fortran Subroutine Library. As a check, an attempt was made to

match the programmed solution for one-dimensional flow with a graphed

solution in Faust and Mercer (1979). This effort was unsuccessful. Using

energy balance considerations it was then determined that the graphed

solution could not have resulted from the input parameters listed in the

paper. The one-dimensional analytic solution was then compared to output

from PT with good results. The parameters used for this exercise were

taken from Faust and Mercer (1979) and are listed in Table 6.5. Results

are plotted in Figure 6.4.

Results of the coupled heat and mass transfer verification confirm

that PT is properly solving problems of heat and mass transfer subject to

the assumptions listed above.



Table 6.5 Parameters Phase II verification.

Avdonin Solution

5

3 2
1010.0
2500.0

0 6
4180.0
990.0
32.0

1644.0
2198.0

0 2
20.0

12E-06

Rock thermal	 conductivity	 [W m-i oc-ii

Rock specific heat	 [J	 kg -1 °C -1 ] 	
Rock density	 [kg m -2 ] 	
Water thermal	 conductivity 	
Water specific heat 	
Water density 	
Medium thermal	 conductivity 	
Medium specific heat 	
Medium density 	
Porosity	 [	 ] 	
Formation thickness	 [m] 	
Injection	 flow rate	 [ms sec -1 ] 	
Injection temperature	 [°C] 	 40.01
Initial	 temperature of system 	 80.19
Relative integration accuracy 	 1 0E-13
Absolute integration accuracy 	 1 0E-09

PT solution

Medium thermal	 conductivity 	 32.0
Rock specific heat 	 1010.0
Rock density 	 2500.0
Water specific heat 	 4180.0
Water density 	 990.0
Water viscosity	 [kg m -1 sec -1 ] 	 4 71E-04
Water density 	 990.0
Permeability	 [m2 ] 	 3 738E-10

Node spacing: x„. 1 = 1.1 x x n ( x l = 2.0E-05)
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Mass injection rate [kg sec -1 ]	 5  07E-03
Specific enthalpy of injected water [J kg -1 ]..
	 1 .308E+06

Dimensions of grid 	 1 m x 20 m x 1187.5 m
Number of nodes 	 159
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CHAPTER SEVEN

LONG-TERM HEATING TEST ANALYSIS

This chapter describes an investigation into the possible

contribution of conduction to the temperature changes observed in a long-

term heating test near Oracle, Arizona. An explanation of why conduction

was originally thought to be the dominant mode of heat transfer at the

site is given, together with comparisons of data and model predictions of

maximum possible conduction effects. A discussion of the results follows.

A 48-hour natural flow induced heat test was conducted at the Oracle

field site between 4/24 and 4/26/85. This experiment was carried out by

Silliman (Leo, personal communication) to investigate the use of heat as

a tracer for locating fluid-bearing fractures at the site under natural

flow conditions. Temperature changes were monitored in boreholes

surrounding the heated well at the start of the test and at two later

times. This report presents data from these tests formally for the first

time.

7.1 Long-Term Heating Test Procedure 

The long-term heating experiment was centered around borehole H6.

The 6-kw heater was lowered to the bottom of H6 and heating commenced

until temperatures at the bottom of the heater reached the 60-70°C range.

Thereafter, the heater was operated as necessary to maintain the bottom

of H6 as near 60°C as possible, except for being off between midnight and

morning. Over the 48-hour span of this test, the heater was on for a
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total of 17.92 hours as shown in Figure 7.1. No record of temperatures

in the heated borehole was found. Temperature was monitored at all

surrounding boreholes except H4 (the borehole layout is shown in Figure

3.3).	 The distance between H6 and the six observation holes ranges

between 7.8 m and 10.8 m.	 Measurements were taken using a single

thermistor, lowering it to the bottom of each hole, then raising the

thermistor in the borehole and allowing it to equilibrate at each new

level before taking readings. Data from three separate sets of readings

are available; the first at the start of the test and the others at

approximately 24-hour intervals.

7.2 Long-Term Heating Test Results 

Figures 7.2a-f are plots of the data collected during the three sets

of readings. Figure 7.3 shows first and last readings from four of the six

observation wells plotted together (two wells were omitted for clarity).

Several points are obvious from these plots.	 All wells showed similar

rises in temperature.	 Second, each well showed a temperature rise of

consistent magnitude along the entire borehole length.	 Third, radial

distance from H6 does not seem to affect the magnitude of the change in

temperature at the observation holes. Fourth, in the course of the

experiment, there appears to be little or no disturbance to the static

thermal profile anomalies that fingerprint each borehole.
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7.3 Rationale for Modeling as Conduction 

Chapter Three summarized values of hydraulic conductivity determined

by different methods at the Oracle site. Hsieh et al. (1985) arrived at

a value for effective equivalent isotropic hydraulic conductivity of 6.2

x 10 -8 m s -1 . Multiplying this value by 0.03, the natural hydraulic gradient

at the site (downgradient in east-northeast direction), we find that

natural flow in the granite matrix should have a specific flux of about

1.92 x 10 -9 m s -1 . If we take porosity to be .03, pore velocities would be

two orders of magnitude greater. It would require 180 days for a molecule

of water to move one meter at that average rate. Larger porosities would

result in lower pore velocities. Knowing this, and that the observation

well nearest the heater during these tests was more than 7 m distant, it

appears unlikely that advection through the matrix could serve as an

important mode of heat transfer outside of a major fault zone at the

Oracle site.

If heated water was following preferential flow paths, it could

travel much faster. However, the data show a temperature increase of

constant magnitude at all levels of each of the six observation wells

monitored in this test. This rules out heat transfer by advection along

preferential flow paths, which would result in more erratic temperature

changes. It is highly unlikely that preferential flow paths would

intercept all six observation wells uniformly. There is no indication of

greater temperature change in the downgradient direction. Furthermore,

there is no convincing evidence that a high-permeability section of the

fault zone intersects the heated well, H6, near the location of the heater
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in this test. Flowmeter surveys in H6 showed a small amount of

inflow/outflow near the bottom of the well and a higher permeability at

the 30 m level (see Figure 3.8). Since the bottom of H6 is at 76.2 m, and

the documented fault zone in M1 and H2 lies between approximately 85 m

and 80 m below datum, it is possible that H6 is not directly intersected

by the fault zone, but is instead connected to it through vertical

fractures.

Under natural flow conditions that are essentially static, as was

the case during this test, heated water will not move downward. This is

another reason for ruling out advective heat transfer in this case. The

data clearly show temperature increases at the bottom of the wells (90 m

in some cases, 14 m below the heater) to be as great as temperature

increases at the tops of the wells.

A comparison was made between heat flux from a heated surface in a

saturated porous medium to the surrounding medium due to conduction alone

and heat flux with natural convection. Using the analytic solution for

steady state heat flux from the surface of a vertical flat plate given by

Cheng and Minkowycz (1977) and the parameters listed in Table 7.1, a

steady state heat flux of 1.39 W mC 2 was predicted for the natural

convection case. Heat flux in the presence of conduction alone was

determined using a solution from Carslaw and Jaeger (1959, p. 61) for heat

flux due to conduction from a flat plate as a function of time. The

appropriate parameters from Table 7.1 were applied to the conduction

problem. Resulting fluxes varied from 887.0 W m -2 after 1 hour to 9.5 W

In-2 after 1 year.	 Based on the greater magnitude of heat flux due to
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Table 7.1. Parameters	 used	 for	 conduction-convection	 heat	 flux
calculations.

Temperature differential at interface (t=0)...40 °C
Effective thermal conductivity 	 3 w m' °C'
Permeability 	 6  2 x 10 -15 m2

Density fluid 	 1000. kg M-3

Dynamic viscosity fluid 1  0 x 10 -3 kg m -l s -1

Coefficient of thermal expansion... .2.0 x 10 -40C -1

Specific heat fluid 4200.0 J kg -10C -1

Characteristic length 	 1  0	 m

Wall temperature is constant along entire length,
therefore wall temperature power exponent is zero
and Nu/(Ra) 1/2 = 0.4440.
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conduction at the early times corresponding to the long-term tests, it

was determined that effects of natural convection were negligible in the

present study.

For the reasons discussed above, the approach taken was that

conduction is the only mode of heat transfer important in this test.

7.4 Approach to Conduction Analysis 

Conduction analysis initially focused on determining, as an upper

bound, the maximum possible contribution of conduction to temperature

changes at the observation wells. This approach allows for a reduction

in the complexity of the analysis while still providing functional

guidelines for data interpretation. If it is shown that temperature

responses are within the upper bounds of conduction heat transfer,

additional simulations modified to approximate field conditions more

closely may be made.

PT was set up to solve for conduction in a solid medium containing

no fluid. Since granite has a thermal conductivity about five times that

of water and a heat capacity half as great, the presence of static water

in the system would retard heat transfer. The elimination of water was

therefore consistent with the goal of determining maximum possible heat

transfer by conduction through the rock.

The simulation geometry was that of an infinite medium bounded

internally by a cylinder of infinite axial length. Choosing this geometry

allowed for continued verification of the output from PT with analytic

solutions as described in Chapter Six. As it turned out, analytic
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solutions would have been adequate for this problem. However, at the time

it was believed that after the initial simple geometry runs, it would be

necessary to expand the grid to two dimensions and incorporate a more

complex geometry with varied boundary and initial conditions to allow for

vertical temperature variations in the system.

The field tests differed from the simulation geometry in that the

heater was near the bottom of the well, making it inappropriate to

consider the well to be a cylinder of infinite length. Temperatures in

the heated well, while not available, were surely not uniform along its

length. The situation could possibly be better described as a point

source in an infinite medium, although this would depend on the extent of

vertical convective heat transfer in the wellbore, which is unknown.

However, assuming that the well is infinitely long and uniformly heated

along its entire length allows for the sought after overestimate of

maximum possible heat transfer by conduction.

Boundary conditions employed in the simulation are constant

temperature at the well interface over the entire length of the cylinder

and constant temperature equal to the initial temperature of the medium

at some distance from the well, with the necessary distance a function of

time. The system was assigned a uniform initial temperature with the

exception of the wellface. The wellface was assigned the temperature of

the internal boundary. Table 7.2 summarizes boundary conditions and

initial conditions employed in the simulation, together with field

conditions during the test. Since heat transfer depends on the

temperature gradient and not absolute temperatures, altering the
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Table 7.2. Comparison of boundary and initial conditions input to PT with
field conditions.

PT	 Field 
Initial temperature
of medium, °C
T(r,O) r > 0.0
and T(00,t)

Well interface
Temperature, °C
T(0,t)

0.0	 19.992 - 21.245

39.0	 60. +10
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temperatures input to the model from those observed in the field should

not affect results. The parameters that come into play for the case

investigated are thermal conductivity, density, and specific heat of the

rock. None of these vary significantly over the range of temperatures of

interest.

Parameters used in the numerical solution are listed in Table 7.3.

7.5 Results 

Representative results of the numerical simulation are shown in

Table 7.4 for radii near those of the observation wells over the range of

the time of interest. The 5.6-meter radius is included because some of

the wells may actually be as close as six meters from the heating well at

the level of the heater. Figure 7.4 shows a plot of radial temperature

distribution around the cylinder after up to 96 hours of heating.

It is clear that considerable discrepancy, in the vicinity of 10-20

orders of magnitude, exists between the temperature changes predicted by

conduction alone and the recorded temperature changes. After 48 hours of

heating, temperature changes observed at the wells were between 0.135 and

0.173 degree Celsius.

7.6 Discussion 

Based on the results of a numerical simulation designed to establish

an upper bound on conduction heat transfer in the long-term test,

conduction must be ruled out as the cause of the temperature response

measured at the observation points. Furthermore, the probability that



Table 7.3. Parameters used for simulation.

Thermal Conductivity (W m -1 ° C -1 )
	

3.5

Rock density (kg m -3 )
	

2640.0

Specific heat (J kg -1 °C -1 )
	

820.0
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Table 7.4. Sample results of numerical solution representing net
temperature changes near observation wells.

Time
(sec)	 (hr) 5.6

Radius	 (m)
7.6 10.4

.50E+05 13.9 .65902E-18 .45131E-26 .47102E-38

.10E+06 27.8 .40134E-12 .14378E-18 .34812E-28

.15E+06 41.7 .24628E-09 .84411E-15 .44847E-23

.20E+06 55.6 .13436E-07 .22052E-12 .10251E-19

.25E+06 69.4 .21242E-06 .11072E-10 .25495E-17
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advection/convection caused the temperature increase is small, for the

reasons previously discussed. The influence of natural convection on heat

transfer in fractured systems is discussed in Chapter Eight.

It is unfortunate that more data at intermediate times are not

available from these tests	 This is in part a result of the

malfunctioning of the 20-thermistor string. Three readings are barely

adequate for a useful interpretation, and a more continuous record is

desirable. The most probable cause for the temperature increases seen in

the data is concluded to be some source of drift or error in the

instrumentation.

It is recommended that, in the future, every effort be made to

record temperatures in at least some locations nearly continuously. It

is also recommended that some analysis be performed beforehand to provide

order of magnitude estimates of the an )int of energy input and the time

required to effect a detectable change at the distances of the observation

points.
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CHAPTER EIGHT

THREE-HOLE RECIRCULATION THERMAL
TRACER EXPERIMENTS

Six experiments were conducted to investigate the use of temperature

differences coupled with forced advection to locate fracture connections

between wells Ml, H2, and H3. Five of these experiments involved

introduction of heat, through down-hole heating and injection of warmer

water, as the tracer. In the sixth, cold water was injected to obtain a

temperature differential. This analysis is primarily concerned with three

induced heat tests, IT-R-3, IT-R-4, and IT-R-5 (see Appendix B), but the

others will also be referred to. The following test descriptions are

based on Flynn (1985), Silliman et al. (1985), and the field notebook kept

by Flynn during these tests.

8.1 Test Description 

Each of the recirculation tests consisted of heating and/or

injection in Ml, pumping in H3, and temperature monitoring with the 20-

thermistor string in H2. The tubular heater described in Chapter Three

was used for down-hole heating and for heating of injection water in a

trough on the surface. Flynn (1985) reported that water cooled to 8°C

below average borehole temperature (20°C to 21 °C) was obtained by allowing

water held at the surface in a 0.68 m3 trough and a 1.14 m3 water trailer

to cool over several days. Ice was also used to cool injection water.

A summary of testing conditions is provided in Table 8.1, and Figure 8.1
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Table 8.1. Summary of three-hole recirculation thermal tracer tests.
All depths are meters below top of casing. Test dates are
listed in Appendix B. (Adapted from Flynn, 1985)

Test	 Thermistor Pumping	 Method of
String	 Flow	 Tracer

Location	 Rate	 Introduction
(in H2)	 (kg s -1 )

IT-R-1 69.5- .23
88.4 (4 gpm)

IT-R-2 69.5- .23
88.4

IT-R-3 63.4- .23
82.3

IT-R-4 63.4- .23
82.3

IT-R-5 63.4- .115
82.3 (2 gpm)

IT-R-6 63.4- .23
82.3

Down-hole
heating, 2 hr.;
recirculation
after 5 hours

Down-hole
heating, 1.5 hr.;
recirculation from start;
M1 overflow after 29 min.

Down-hole
heating, 1.75 hr.;
50 min. hot water ,

injection @40 °C; **
recirculation from start;
M1 overflow after 10 min.

Down-hole
heating, 2 hr.;
40 min. hot water
injection @ 63 °CC *

recirculation from start;
problems with pump

Down-hole
heating, 1.5 hr.;
38 min. hot water
injection @ 79 °C; **
recirculation from start;
MI overflow after 7 min.

Two-phase cold water
injection @ 12 °C; **
16 min. and 1 hour;
no plugs; recirculation
from start & between inj.

pump was located at 85.3 m in H3 in all tests;
injection and heating were located at 76.2 m
in M1 for all tests
injection temperatures at surface
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Table 8.2. Summary of recirculation test procedures.

IT-R	 Duration of
Test	 down-hole

heating
(hr.)

Time to
overflow

of

1 2.0 no
overflow

2 1.5 29 min.

3 1.75 10 min.

4** 2.0 unknown

5 1.5 7 min.

6 0.0 no
overflow

	

Packed	 Enthalpy
	off	 inputs

wells

	H2 	 Down-hole

	

(failed	 heating
after 2.5 2 hrs. after

	

hrs. of	 start of pumping

	

pumping)	 to end of test

	H2 	 Down-hole
heating
2 hrs. after
start of pumping
for 2.17 hrs.

H2,H6,H7 Injection of
40 °C surface
water @ 5 gpm
from 2.25 hrs. after
start of pumping
for 50 min.

H2,H6,H7 Injection of
63 °C surface
water @ 5 gpm
from 54 min. after
start of second
pumping for 39 min.

H2,H6,H7 Injection of
79 °C surface
water @ 7.5 gpm
from 2 hr. after
start of pumping
for 38 min.

	none	 16 min. injection
of 12 °C surface
water @ 4 gpm;
later: 1 hr. inj.
@ 12 °C at slow rate.

*After start of pumping in H3
This test was interrupted by equipment difficulties; see
text for details.
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illustrates the configuration of these tests.	 A summary of testing

procedures is provided in Table 8.2.

In each induced heat test, the heater was positioned at a depth of

76.2 m in Ml. Thermistors were located above, next to, and below the

heater at 1.5-m intervals. As indicated in Table 8.1, injection of heated

water at 76.2 m was included as a second phase in three of the tests.

Temperatures in the injection interval were monitored in the same manner

as for the heater. The multiple thermistor string in H2 was positioned

between 69.5 m and 88.4 m during the first two heating tests, and was

raised to monitor the 63.4 m to 82.3 m interval during the later three

heating tests and the cold-water injection test. A packer was inflated

in the casing of H2 during all five heating tests.	 This packer failed

during the first test, IT-R-1.	 Packers were also inflated in H6 and H7

during tests IT-R-3, 4, and 5.	 The pump in H3 was located at 85.3 m

during all six tests.	 A 2.25 hour interruption due to pump failure

occurred during test IT-R-4.	 Figures 8.2 and 8.3 show the location of

heater, thermistors, and pump relative to the location of the high-

permeability zone as interpreted by Leo (1988) from results of heat-pulse

flowmeter surveys (HPFM), gamma logs (GL), and single-hole packer tests

(SHPT).

In each case, after a period of heating, the heater was turned off

and removed from M1 while at the same time pumping was started in H3.

Recirculation of pumped water into M1 took place in all of the heating

tests. This was done to prevent dewatering of the system and to establish

a constant head boundary at MI. During test IT-R-1, the recirculation did
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not begin until five hours after the start of pumping in H3. Before that

time, the pumped water was wasted a distance from the pumped well. Field

notes do not indicate that M1 ever reached a state of overflow during IT-

R-1. During test IT-R-2, 29 minutes of recirculation were required to

fill MI with water pumped from H3 at 4 gpm. In subsequent tests, water

was pumped from H3 at full throttle (0.0379 m 3 min -1 or 10 gpm) and

recharged to well MI from the start of pumping in tests IT-R-3, 4, and 5.

This pumped water was combined with water stored on the surface in the

trailer to fill M1 as rapidly as possible so that a constant head would

be achieved at MI for the duration of the test. Once MI overflowed,

withdrawal at H3 was reduced to the rates shown in Table 8.1, and overflow

conditions were maintained at MI with the pumped water. Time to overflow

of MI from start of recharge varied, as shown in Table 8.2. The cold-

water injection test, IT-R-6, involved recirculation but apparently not

filling of Ml. Water levels from MI during that test are not known.

Further details of the field setup and test procedure for these

tests can be found in Flynn (1985).

8.2 Results of Recirculation Tests 

As Table 8.1 shows, tests IT-R-3, IT-R-4, and IT-R-5 were all two-

phase tests in that down-hole heating in M1 was followed, after a period

of recirculation, by injection of warmer water. These three tests will

be the focus of the remainder of this chapter.
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Temperatures in MI

Figures 8.4 and 8.5 show temperatures measured in MI during tests

IT-R-4 and IT-R-5. Results from IT-R-3 are omitted because of

irregularities in data collection. The figures show that, in both tests,

the thermistor located at the heater experienced the highest temperatures,

followed by the upper thermistor. The lower thermistor experienced little

(Figure 8.5) or no (Figure 8.4) change in temperature until the pump was

turned on in H3, at which time temperatures increased sharply below the

heater and began to decline at and above it. The second pulse in Figures

8.4 and 8.5 is associated with the injection phase. During injection,

temperatures are similar at all three thermistors. This is attributed to

greater mixing in the borehole as a result of both injection and flow in

the borehole induced by the pumping of H3. Both plots show the middle

thermistor remaining at higher temperatures than the upper and lower

thermistors after heating and before injection. The author attributes

this to heat stored in the rock mass in the immediate vicinity of the

heater, and considers this to be an indication that the thermistor is

located at the borehole wall.

Figures 8.4 and 8.5 show that elevated temperatures were reached in

well Ml as a result of the two-phase recirculation heating tests. Higher

temperatures at the middle and upper thermistors before pumping indicates

that convection was occurring in the borehole near the heater. Water

appears to have moved deeper into the well in response to pumping H3 and

filling Ml. This caused a rise in temperatures at the lower thermistor

when pumping began, followed by cooling at all three levels as the heated
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water was displaced downward. The pattern is consistent with a

conceptual model placing the permeable zone between 80.0 m and 85.0 m in

Ml, since outflow was apparently below the level of the lower thermistor

at 77.7 m.

Temperatures in H2

Figures 8.6a-f show temperatures at representative levels in H2

during the six recirculation tests. The reader should keep in mind that

the temperatures shown are not absolute. Readings from each individual

thermistor may be compared only to other readings from the same

thermistor. As a result, only changes in temperature at each thermistor

relative to a base temperature chosen for each thermistor are meaningful.

Data were recorded at 5 to 15 minute intervals. The plots in Figures 8.6-

8.9 show symbols at every other data point. Some electronic noise was

filtered out of the data. Records of temperature at all thermistors were

determined to be unreliable for three times in test IT-R-3, three times

in test IT-R-4, and 14 times in test IT-R-5. A few of the plotted

temperature records in Figures 8.6a-f have been shifted by one or two

degrees to facilitate plotting.

Examination of Figures 8.6a-f shows that within individual tests,

temperatures recorded at the depths plotted follow similar patterns.

Considerable differences in temperature patterns between tests are

evident. The differences are attributed to variations in test procedure,

as summarized in Table 8.2.
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Temperatures in H2 at all thermistors during tests IT-R-3, IT-R-4,

and	 IT-R-5 are plotted in Figures 8.7a-b,	 8.8a-b,	 and 3.9e-b,

respectively. The data show that temperature increases are generally

observed along the length of the well above 78.3 m soon after the start

of pumping in each case. At and below 78.3 m, temperatures are seen to

be relatively stable with a slight decreasing trend. The one exception

is at the 78.3 m level in test IT-R-3, Figure 8.7b, where a constant

decreasing trend was observed for the duration of the test.

Figures 8.10a-c show an interpretation of temperature profiles in

H2 during IT-R-3, 4, and 5 after 10, 20, and 30 minutes of pumping in H3.

The plotted values are calculated with the assumption that the original

temperature profile in H2 was a linear function of depth. Temperature at

each thermistor at the start of pumping is used as a base temperature to

which later readings are compared to find the change in temperature. The

change in temperature is then imposed on an assumed natural background

temperature profile to obtain the profiles plotted in Figures 8.10 and

8.11. Figures 8.11a and 8.11b show temperature profiles in H2 after 40,

50, 60, and 70 minutes of pumping in tests IT-R-4 and 5. Readings at

those times were not available from test IT-R-3. Figures 8.10a-c and

8.11a-b strongly suggest that inflow occurs very near to the thermistor

at 78.3 m, since temperature increases are generally seen above that level

but not below.

Figure 8.12 shows the magnitude of the maximum temperature increases

in H2 as a function of depth for tests IT-R-2, 3, 4, and 5. A consistent

pattern is evident in all four tests, with maximum changes in temperature
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observed around 72.5 m. The fact that maximum temperature changes did not

occur at the inflow depth of 78.5 m inferred by Figures 8.10a-c and

8.11a,b will be discussed later in this chapter. The time to peak

temperature increase after the start of pumping as a function of depth for

the same four tests is shown in Figure 8.13. Higher up in the well, the

time to peak is generally longer, and it is not readily apparent from

Figure 8.13 that temperature increases in H2 progressed in an orderly

manner up the borehole from 78.3 m.

8.3 Interpretation of Recirculation Tests 

A close look at the data reveals patterns of temperature response

in H2 that can be related to events of the individual testing procedure

for each test. For example, in all tests except IT-R-1, each time the

pump is turned on a rise in temperature is observed in H2 (Figures 8.6a-

f). This is true even when pumping was initiated after a 2.25-hour hiatus

during test IT-R-4 (Figure 8.6d) and in the cold-water recirculation test

IT-R-6 (Figure 8.6f). Heat transfer by conduction was ruled out as the

source of temperature increases in H2 after two hours of heating in MI by

the results discussed in Chapter Seven (see Figure 7.4). Heat transfer

by advection-diffusion is therefore the sole mechanism that can explain

the observed temperature increases in H2.

Since temperatures in H2 began to increase immediately in response

to pumping in H3, the source of warmer water was believed to be near H2.

Figures 8.10a-c and 8.11a-b indicate that inflow was at or near the 78.3
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m deep thermistor.	 Below that level, little temperature change was

observed.

Two possible scenarios of advective-diffusive heat transfer that

could have placed warmer water from M1 in or near H2 at the start of

pumping were investigated. These scenarios included movement of heated

water between M1 and H2 by natural convection and by forced convection at

the onset of pumping. These, however, do not account for the temperature

rise in H2 during the cold-water injection test. A final scenario

investigated was that temperature increases in H2 resulted from upward

vertical flow of deeper, naturally warmer waters within or near the

borehole in response to the recirculation into Ml.

Heat Transfer by Forced Convection

The onset of pumping in H3 and the concurrent recirculation of water

into M1 during the recirculation tests created hydraulic gradients and

flow which could have resulted in heat transfer by forced convection

between M1 and H2. This section examines the possibility that temperature

increases in H2 resulted from forced convective heat transfer.

In the absence of heat loss to confining layers, the transfer of

heat between two points in a porous medium by forced convection will occur

as a piston-like thermal front. The thermal front will propagate at a

rate equal to pfcf0/pm cni times the fluid pore velocity (Gringarten and

Sauty, 1975). This result assumes that thermal equilibrium is reached

instantaneously between fluid and medium.
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The Avdonin solution discussed in Chapter Six combines horizontal

heat transfer by forced convection with vertical heat losses to confining

beds by diffusion. The solution may be used to consider a number of

scenarios for heat transfer by advection-diffusion in a bounded porous

medium to gain a qualitative understanding of the influence of various

parameters. Since heat loss to confining beds is a function of time,

velocity of the fluid in the flow zone has a major effect on the resulting

temperature distribution. The effect of the vertical heat losses on shape

of the thermal front is also dependent on thickness of the permeable layer

as illustrated in Figure 8.14a, which shows temperature distribution in

several thicknesses of one-dimensional flow systems having the same

porosity 30 minutes after initiating a step increase in temperature of

injected fluid with constant specific flux. Temperature distribution in

the flow zone is seen to be dispersed by increasing the ratio of surface

area to volume of the permeable zone. Figure 8.14b illustrates the effect

of varying porosity and thickness on thermal dispersion when specific flux

is held constant, and Figure 8.14c shows the effect of varying porosity

and flow zone thickness when injection volume is held constant. The

porosity and thickness values chosen for Figures 8.14b, c were selected

on the basis of the porosity-thickness product of 0.03 m for the flow zone

between M1 and H2 calculated by Zhang and Neuman (1985).

The Avdonin solution assumes instantaneous thermal equilibrium

between matrix and fluid. That assumption is quite valid for media having

small grain sizes. Equilibrium is reached in less than one second for

grains smaller than one mm in diameter. In fractured media, however, that
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assumption will often not be met. Larger grains reach equilibrium after

longer periods, one minute for a 1-cm diameter grain and two hours for a

10-cm diameter fragment (Bear, 1972). At early times, before thermal

equilibrium is reached, temperature distribution in the flow zone when

grains are large will be comparable to that in a small-grained medium with

a higher porosity and a higher ratio of surface area to volume. That is,

the leading edge of the thermal front will propagate more rapidly than

predicted by the Avdonin solution, and the front will be more dispersed

than predicted by Avdonin for a given flow zone thickness and porosity

before thermal equilibrium is reached. For the purposes of this study,

it was assumed that thermal equilibrium would be reached instantaneously

in the flow zone. However, the possibility that this was not the case in

the field is real and should be kept in mind during interpretation of

results from PT.

In an exhaustive series of simulations, Leo (1988) used PT to model

heat tracer recirculation test IT-R-5 with the finite-difference grid

shown in Figure 8.15. Flow zone thickness and geometry were varied to

study effects of heat transfer by advection-diffusion between M1 and H2.

Diffusive heat losses to confining layers were accounted for in the

simulations. Results showed that thermal breakthrough was observed in H2

soon after beginning pumping in H3 only for a flow configuration

characterized by a high-permeability zone limited to the area within the

darkened line marked B in Figure 8.15, and then only for flow zone

thicknesses of 1 cm and 1 mm. Table 8.3 summarizes the parameters used

for those simulations, and Figure 8.16 illustrates the thermal
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breakthroughs at H2 that resulted from the simulations. Other

configurations of flow zone thickness and width resulted in either no

thermal breakthrough or breakthrough considerably later than was observed

in the field data. Those results may be found in Leo (1988) and are not

reported here.

Although the observed temperature increases plotted in Figure 8.16

are much larger than those measured in the field, Leo (1988) has shown

that the known boundary conditions, initial conditions, and heat input

could have produced temperature breakthroughs in H2 if flow velocities

were large enough. It is probable that the magnitude of temperature

increase observed in Figure 8.16 is larger than that observed in the field

in part because the model does not account for mixing with cooler water

in the boreholes before and after traveling in the permeable zone between

M1 and H2.

Neglecting the difference in magnitude between the observed and

simulated temperature increases, two basic difficulties remain with the

simulation results. Foremost of these is that the shape of the observed

breakthroughs is quite different from the shape of the computed

breakthroughs. Data from the three recirculation tests plotted in Figures

8.7-8.9 show a very consistent pattern of temperature increase at the

onset of pumping, followed consistently by a nearly linear decrease. None

of the results plotted in Figure 8.16 follow this pattern.

The injection phase of the simulations plotted in Figure 8.16

resulted in a nearly immediate temperature increase in H2 of magnitude

approximately double that of the initial heating phase (second peak).
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This was not observed in the field. Temperature increases were observed

near the end of one test, IT-R-5, but not until nearly three hours after

starting injection (Figure 8.9a-b). The latter temperature increases are

viewed with skepticism by this author because of the simultaneous response

at all thermistors and the uniformity in response at thermistors over the

entire 20-m span. Data from test IT-R-5 included a large amount of the

kind of noise attributed to electrical problems by Silliman et al. (1985).

The attitude of the author is that the second temperature rise observed

in the IT-R-5 data is probably due to externally-induced drift in the

instrumentation during testing. The substantial difference between the

simulated temperature response in H2 due to injection of heated water in

M1 and the field results raises questions about the degree to which the

simulations are representative of field conditions.

Another important question centers around the fact that temperature

increases were observed more or less simultaneously at all levels of the

thermistor string above 78.3 m in all of the tests. Advective heat

transfer from MI to H2 within the flow zone would have reached the

thermistors adjacent to the flow zone first. Temperature increases

further up the borehole resulting from advection of induced heat would

then have been recorded only if the inflowing, warm water moved vertically

up the borehole, reaching thermistors above not simultaneously but in

consecutive order from the inflow level upward. Figures 8.6-8.9 show

that such a progression did not occur. As nearly as one can tell with

readings five minutes apart, temperature increases began simultaneously

at all thermistors. These discrepancies raise further questions about the
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theory that temperature increases in H2 were the result of advective-

diffusive heat transfer from Ml.

For the reasons discussed above, other explanations of the observed

data were sought.

Heat Transfer by Natural Convection

Natural convection is another physical mechanism which could have

transported heat to the vicinity of H2 from M1 before pumping began.

During static heating, the heat source in M1 would have created a

horizontal temperature gradient in the medium around the wellbore

cylinder. In a fluid, horizontal temperature gradients create unstable

density gradients, and the action of gravitational forces on the fluid

causes flow. Convection cells are formed when warmer water rises and is

replaced by cooler fluid. The parameters that influence the development

of flow in a porous medium due to natural convection are combined into

the following modified local Rayleigh number as defined by Cheng and

Minkowycz (1977):

p -gaTk(T,,-T)x
Rax = 	

1-ta
(8.1)

where

p_ = fluid density at infinity

4 = dynamic viscosity of fluid

aT = thermal expansion coefficient of the fluid

a = equivalent thermal diffusivity: a . Xm /(p_c)
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= permeability of the saturated medium

	T,	 = temperature of heated surface

	too	 = temperature at infinity

	x	 = a characteristic length

	g 	 = acceleration due to gravity

While the results of heating a saturated porous medium from below

are well documented in the literature (Combarnous and Bories, 1975), fewer

studies of vertical heat sources have been reported. It was postulated

that the rising fluid may have encountered a horizontal, planar surface

as it rose, causing a horizontal spreading of the warmer water and

bringing it nearer to H2 before the start of pumping.

Since no previous investigations of natural convection adjacent to

a vertical heat source in a bounded porous medium were found, the problem

discussed above was investigated numerically with the model PT. The

simulation geometry was that of a I-m thick porous medium surrounding an

interior cylinder maintained at constant temperature. Vertical heat

losses to confining layers were included in the simulation. Three cases

were investigated, one in which permeability was relatively high and

uniform within the flow zone, one in which permeability increased from the

bottom of the zone to the top, and one in which permeability was low and

uniform. These will be referred to as Case I, Case II, and Case III

respectively. Two and a half hours of heating were simulated, slightly

more than the actual heating time of the Oracle site recirculation tests.
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The two-dimensional cylindrical finite-difference grid used is

summarized in Table 3.4. Several grids were tried before a successful

run was achieved. The model appeared to be sensitive to the aspect ratio

of the elements. Grids containing elements having high aspect ratios were

eventually abandoned. Simulation parameters are summarized in Table 8.5.

Case II permeabilities were assigned to horizontal rows of nodes grading

in an even stepwise manner from lowest at the bottom to highest at the

top. Permeabilities for these simulations were chosen as high as possible

to allow for an upper bound on potential heat migration by natural

convection. They are over five orders of magnitude greater than overall

effective permeabilities identified by the cross-hole packer tests and

almost four orders of magnitude greater than the single-hole packer test

values for the interval near the heater in Ml. Attempts to increase

permeability variation in the vertical direction within the flow zone were

not successful. The author attributes this to insufficient discretization

of the flow zone.

Temperature fields in the 1-m thick flow zone after 2.5 hours of

heating for Cases I, II and III are shown in Figures 8.17a-c. The figures

show that temperature increases are observed further away from the heated

boundary in Case I, where permeability is greatest throughout the flow

zone and increased temperatures are observed to reach about 1.2 m from the

heated surface. Lowering permeability in parts of the zone, as was done

in Case II, reduces the outward extent of the increased temperature zone

from the heated boundary. Case III illustrates the effect of an eightfold

reduction in permeability; temperature distribution more closely
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Table 8.4. Finite	 difference	 grid	 used	 for	 natural	 convection
simulations.

Thickness in vertical direction: 1.0 m
Distance between nodes in vertical direction: 0.1 m
Total nodes per column = 11
Total nodes per row = 76

Inner boundary: 	 0.08 m
Outer boundary: 669.75 m

Distance between nodes in radial direction:

1 x 0.02 m, 12 x 0.05 m, 42 x 0.10 m, with the
remaining 19 distances according to the following
algorithm:

Distance between node n and node n+1 = 0.1 x (1.5)m

where

m = the number of nodes since beginning the sequence
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Table 8.5. Parameters used in natural convection simulations.

Model Parameters: 

Maximum timestep 	 20 sec
Maximum temperature change within a timestep 	 0.5 °C
Maximum pressure change within a timestep 	 10. Pa

Boundary and Initial Conditions: 

Temperature at interior boundary (t > 0) 	 60 °C
Ambient temperature (t = 0) 	 21 °C
Temperature at exterior boundary (t > 0) 	 21 °C

Hydraulic and Thermal Parameters: 

Interior Nodes
Porosity	 0  3
Density matrix 	 2640 kg M -3

Specific heat matrix 	 820 J kg -1 °C -1

Specific heat fluid * 	 4200 J kg 1 °C'
Thermal conductivity matrix 	 2 9 w m' °C 1

Matrix compressibility 	 1  0 x 10 -19 Pa-1
Permeability (Case I)	 8  0 x 10 -9 m2

Permeability (Case II).1.0 x 10 -9 m2 to 8.0 x 10 -9 m2

Permeability (Case III)	 1  0 x 10 -9 m2

Boundary Nodes

Porosity	 1  0 x 10 -6

Density matrix	 1  0 x 10 5 kg M-3

Specific heat matrix	 1  0 x 105 j kg' °C'
Thermal conductivity matrix 	 2  9 W m -1 °C -1

Matrix compressibility 	 1  0 x 10 -25 Pa -1

Permeability (All cases) 	 1  0 x 10 -13 111 2

Fluid density is calculated as a function of temperature and pressure;
Fluid viscosity is calculated as a function of temperature;
Fluid compressibility is calculated as a function of pressure;
Fluid expansivity is calculated as a function of temperature.
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Figure 8.17c. Temperature distribution after 2.5 hours, Case III.



195

approximates that in a conduction-dominated medium than for Cases I or II.

These results are attributed to two factors: (1) decreased vertical flow

in a less-permeable matrix results in a net decrease in heat flux across

the boundary, and (2) decreased upward flow also reduces the forces

causing spreading along the upper boundary, thus reducing the areal extent

of the increased temperatures.

It is concluded that natural convection caused by heating in M1 was

not sufficient to explain temperature increases nearly 5 m away in H2 at

the start of pumping.

Heat Transfer by Vertical Flow in H2

Recalling that the start of pumping was associated with

recirculation in all but the first test, it was postulated by the author

that the recirculation of water into M1 and the associated increase in

hydraulic head in M1 was responsible for the increased temperatures in H2

as a result of displacement of water up the borehole of H2. Hydraulic

behavior of M1 and H2 was seen to be closely related in the chemical

tracer tests (Figure 3.11) and the pump test drawdowns plotted in Figure

3.6. These observations are consistent with past experience of other

workers. Streltsova-Adams (1978, p. 363) reported that many studies of

fractured reservoirs show "strong evidence of fluid communication between

the widely separated wells, resulting in almost instantaneous and similar

response...." Although the packer installed in H2 at the start of the

recirculation tests would have prevented water levels in H2 from rising

as a result of inflow if the walls of H2 were sealed above the inflow
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point, outflow zones identified by the flowmeter tests at several levels

in H2 above the permeable zone could have provided outlets for fluid

leaving the well as pressure in the well was increased above pressure in

the formation around H2. As hydraulic head in the formation around H2

reached equilibrium with fluid in H2, a reduction in inflow to H2 would

be expected.

An association between increased head in M1 due to recirculation

and temperature increases in H2 would explain why no increase in

temperatures was observed during test IT-R-1 at the start of pumping, but

was observed later when recirculation was begun. It would also help

account for the irregular shape of the peak of test IT-R-2 compared to

subsequent tests, since it took considerably longer to fill M1 during the

second test (29 minutes) than it did for later tests (7-10 minutes).

Finally, since recirculation, but not filling, of M1 took place from the

start of the cold-water injection test, this interpretation explains the

unexpected temperature increases at the start of that test, as well as

why the magnitude of temperature increases was less than for tests in

which M1 was filled to overflow.

Wellbore Flow Model

A semi-analytic model relating vertical flow in a borehole to

temperature in the hole was developed to investigate the hypothesis

discussed above. Heat loss by conduction to the surrounding medium was

incorporated using solutions from Carslaw and Jaeger (1959, p. 336) for

heat flux from the surface of a cylinder. The governing equation for
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conduction in a cylindrical geometry was presented previously as Equation

(6.1). Using the center of each element as a reference point, heat flux

from the element is calculated and the resulting change in temperature of

the element is determined using the following relationship:

qh At A; 
AT; =

pi Cf V1
(8.2)

where

T,	 change in temperature of the i th element

PI = fluid density

Cf	 fluid specific heat

ah = heat flux

= timestep

Ai • th
= area of interface between i element and medium:

A i = 2 n rh i

V i 	= volume of i th element:

V i = TCr2 hi

r	 = wellbore radius

h i 	height of i th element

Once the change in temperature of the element is determined, the

temperature of the element at the end of the current time step is found

by:

1k+1 = T ik	 ATi	 (8.3)
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where

T i 	= temperature of the ith element

k	 = time index

= element index

The model allows for inflow to the hole at variable rates. Inflow

temperatures may be constant or may vary linearly.

Figure 8.18 illustrates the main features of the wellbore flow

model. At the start of the program, the wellbore is discretized into

uniformly-sized elements with vertical dimensions selected Li the user.

Before inflow begins, temperatures in the wellbore are assumed to be in

thermal equilibrium with the surrounding medium. Temperatures in the

static well vary in the vertical direction according to a constant

geothermal gradient input by the user.	 Conditions in the wellbore are

updated at time increments specified by the user.	 During each time

increment, an inflow volume is calculated based on the inflow rate(s),

and a fluid element having that volume is input to the well at the

feedpoint level. Simultaneously, the discretized column of fluid in the

wellbore above the feedpoint is translated vertically up (or down for

withdrawal). Differences in temperature between the discretized fluid

elements and the medium at the new levels are then calculated, and total

heat exchange between the medium and the fluid during the current time

step is determined. The temperature of each fluid element in the

discretized wellbore is then updated based on the total heat exchange
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during that time step, and a new time step is begun with injection of

another fluid volume.

As Figure 8.19 illustrates, the early and late time solutions

presented by Carslaw and Jaeger (1959) are not sufficient by themselves

for all times that may be of interest. The wellbore model makes use of

the analytic solutions in their respective ranges of validity, and uses

linear interpolation between tabulated values in the interval in which

neither analytic solution is applicable.

Wellbore Model Input Parameters and Results

A necessary input to the model described above is inflow rate.

Figure 8.20a shows that inflow at a constant temperature and a constant

rate causes first a rise in temperature at a point, followed by thermal

stabilization once the inflowing fluid reaches the given level. The

modeled temperatures do not reach a peak and then decline as did

temperatures observed in the recirculation tests. Similarly, the

temperature profiles in H2 due to a constant rate of inflow (Figure 8.20b)

did not resemble those of the field data (Figures 8.10a-c). This

suggested the need to input variable inflow rates. Estimates of inflow

rates to H2 during the recirculation tests were obtained with the use of

PT using the following method.

Estimation of Inflow Rates

The grid shown in Figure 8.15 was modified to include an additional

node at the location of well H2. Using a thickness of 1 m and restricting
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the flow zone to the area marked B in Figure 8.15, runs of PT using the

modified grid were carried out using the parameters listed in Table 8.6.

The H2 node was assigned a volume and a compressibility (which determines

specific storage as described in Chapter Two) based on a best fit

approximation between data observed in test IT-R-3 ten minutes after

pumping began and temperatures predicted by the wellbore temperature model

after ten minutes of inflow at a constant rate. Figure 8.21 shows the

data and wellbore model comparison used for estimation of volume and

specific storage of node H2.

Once it was determined at what constant inflow rate a best fit could

be obtained after ten minutes, the volume and compressibility of the H2

node were varied until after ten minutes of running the model, a mass

corresponding to that inflow rate (10 minutes x 0.08 kg s -1 = 48.0 kg) had

entered the node. The values of volume (110 m3 ) and specific storage

(matrix compressibility = 8.0 x 10 -9 Pa -1 , corresponding to a specific

storage of 8.3 x 10 -6 m-1 ) used are not unique, but are the best

approximations possible given the lack of information about the system.

Since it is assumed that flow was exiting the wellbore from fractures

located above the inflow zone, the actual volume affected by

inflow/outflow is much larger than the wellbore volume itself, is changing

with time, and cannot be quantified without more information than was

available from these tests, such as flow rates and pressures. Modeling

the system in three dimensions would probably also be necessary.

Using PT, recirculation test IT-R-3 was subsequently simulated in

two phases.	 Heating in M1 prior to pumping was not simulated.
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Table 8.6. Parameters used in wellbore inflow simulations.

Model Parameters 

Maximum timestep (Phase I) 	 5 sec
Maximum timestep (Phase II) 	 20 sec
Maximum temperature change within a timestep 	 0.1 oc
Maximum pressure change within a timestep.... 	 104 Pa

Boundary and Initial Conditions (Phase I) 

Injection rate M1 	 0  294 kg s -1

Withdrawal rate H3	 0  210 kg s -1

Ambient temperature (t = 0) 	 21.12 °C

Hydraulic and Thermal Parameters 

Porosity (matrix)	 0  1
Porosity (M1 and H3)	 0  99
Density matrix 	 2640 kg m3
Specific heat matrix 	 820 J kg 

,

°C'
Specific heat fluid * 	 4200 J kg -1 °C -1

Thermal conductivity matrix-fluid 	 2  8 W m-1 °C -1

Permeability (MI-H2)	 2  0 x 10 -11 m2

Permeability (H2-H3)	 9  3 x 10 -12
M
2

Permeability (outside permeable zone )..1.0 x 10 -24 m2

Permeability (MI and H3)	 1  0 x 10 -9112
Compressibility (matrix)	 1  0 x 10 -19 Pa -1

Compressibility (H2) 	 8  0 x 10 -9)a -1

Compressibility (M1 and H3)	 1  0 x 10 - '34 Pa -1

Fluid density is calculated as a function of temperature and pressure;
Fluid viscosity is calculated as a function of temperature;
Fluid compressibility is calculated as a function of pressure;
Fluid expansivity is calculated as a function of temperature.
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	Figure 8.21.	 Match between field data and wellbore model output used
for estimation of mass inflow to well after 10 minutes.
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Recirculation to M1 was simulated by injection into the node representing

that well at a rate which resulted in a head equivalent to a full well

after ten minutes. At ten minutes, the model was stopped, and the node

representing M1 was altered to maintain a constant head from that time on.

Subsequently, the model was restarted using the final conditions in the

system at the end of the first ten minutes as the initial conditions for

the second phase. Hydraulic heads in the pumping well were matched to

field data by adjusting rates of withdrawal from that node. A detailed

description of procedures used in running PT may be found in Leo (1988).

Flow rates into and from the H2 node were recorded and are shown in Figure

8.22.

The inflow rates plotted in Figure 8.22 show the expected time-

variant response to transient pressure distributions in the system. These

rates were used as input to the wellbore model. Temperature variation at

representative depths predicted by the model subject to the variable rate

input shown in Figure 8.22 are displayed in Figure 8.23a-d. Recalling

that absolute temperatures are not meaningful here, but that the shapes

of the curves are, it is evident that trends in temperature seen in the

field are more closely reproduced by the model when variable rates of

inflow are accounted for (Figure 8.23a-d) than when inflow rate is

constant (Figure 8.20a). However, the temperature behavior predicted by

the wellbore model is more similar to the field data at some levels than

others. In all cases, the model output temperatures are not temporally

synchronized with field data, and magnitudes of temperature changes are

smaller than those seen in the field.
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Attempts were made to delay the peak of the inflow rate curve by

adjusting permeabilities between Ml and H2 and between H2 and H3. This

was not successful, and it was determined that in the modeled system, the

filling of MI was the sole factor controlling the timing of the peak

inflow rate. While the borehole at the Oracle site was in hydraulic

communication with the surrounding rock mass away from the inflow zone,

the H2 node in the two-dimensional simulation was not similarly connected

to other nodes, and simulated inflow rates from the permeable zone to H2

reflected this difference. It was concluded that a fully three-

dimensional model would be needed to reproduce hydraulic behavior of the

wellbore and surrounding medium. This was ruled out as being beyond the

scope of the present investigation. The analysis in the remainder of this

section is based on the inflow rate curve shown in Figure 8.22. For the

reasons discussed above, the results are necessarily qualitative rather

than quantitative, but they possess enough similarities with the field

data to merit further study.

Estimation of Input Temperatures

Another parameter that must be identified for the wellbore model is

the temperature of the inflowing water. Two possibilities were initially

examined.	 Inflowing water may be in equilibrium with, cooler than, or

warmer than the wellbore fluid at the feedpoint.	 Figure 8.24a shows

temperature profiles in a well the size of H2 subject to the inflow rates

shown in Figure 8.22 when inflow is in equilibrium with temperatures at

the inflow level (20.95°C). Although the variable-rate simulation does
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show temperatures decreasing after 30 minutes, comparison of this result

with the inferred temperature profiles plotted in Figures 8.10a-c shows

considerable discrepancy in shape just above the inflow level. The field

data (Figures 8.10a-c) show greater changes in temperature at and just

above the assumed inflow level than those predicted by the wellbore model

(Figure 8.24a).

Figure 8.24b shows temperature profiles resulting from inflow at a

temperature 0.1°C greater than the feedpoint equilibrium temperature

(21.05°C inflow). The profiles show a greater similarity to those of

Figure 8.10a-c than those shown in Figure 8.24a, suggesting that inflow

temperature was above ambient at the feedpoint. Referring to the profiles

plotted in Figures 8.10a-c, it is clear that the maximum temperature

changes observed after 10-30 minutes, from 0.1°C to 0.15°C higher than

feedpoint ambient, could have been derived from naturally warmer water

deeper in the medium between 82.5 m and 85.0 m. This strongly suggests

that inflowing water was warmer than ambient at the inflow point at some

time during the inflow history. The author also considers it significant

that maximum temperature changes of up to 0.25°C, as shown in Figure 8.12,

are seen in the vicinity of 72.5 m, not at the level at which water

apparently enters the well (around 78.3 m). This supports the view that

temperature changes are the result of vertical flow from a source between

82.5 m and 85.0 m. It may also indicate that levels above about 70.0 m

either were not reached by water from the deeper source or that

temperatures above that level were attenuated by fluid exchange with the

surrounding medium.
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Temperature variation with time at a point predicted by the wellbore

model when input temperature was 0.1°C higher than equilibrium at the

feedpoint did not compare favorably with the records of the individual

thermistors. Figure 8.25 shows the effect of a step increase in inflow

temperature on temperatures at 71.0 m as predicted by the wellbore model.

Clearly, the field data shown in Figures 8.6-8.9 do not show a sudden jump

in temperature as the wellbore model predicts would be observed if inflow

temperatures were higher than ambient.

8.4 Discussion and Conclusions 

Vertical temperature profiles in H2 are most closely approximated

by the wellbore flow model when inflow is at a higher temperature than

ambient. However, temperatures at a point are most closely approximated

by the model when inflow is at feedpoint ambient. The author believes

that the reason for the discrepancy between inflow temperature and

agreement of wellbore model predictions with field data for temperature

at a point and temperature profiles is inadequate knowledge of time-

varying inflow temperatures and flow rates. Attempts to more closely

match field data behavior with the model were made using inflow

temperatures that varied linearly with time and variable inflow rates that

peaked at later times. This effort was partly successful in obtaining an

improved match with the field data, but it was concluded that without

knowing the actual initial temperature profile in the well, and without

knowing inflow temperatures and/or inflow rates, little was to be gained

by continuing the trial and error exercise of matching temperatures in the
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field with wellbore flow model output. It is the author's belief that

field data could be closely matched with temperatures predicted by the

wellbore model if the necessary information were available. This would

allow estimation of fluid exchange with the medium above the main inflow

point using observed temperatures and energy and mass balance

considerations.

Temperatures at several levels in the well predicted by the wellbore

model are presented in Figure 8.26. Comparison of this plot with Figures

8.7a,b to 8.9a,b shows a number of qualitative similarities between

temperature behavior predicted by the wellbore model and the field data.

Temperatures at points near the inflow level (78.5 m) show a smaller

increase than temperatures at points higher up in the well, and time to

peak temperature is shorter nearer the inflow zone in both the simulated

and the field data. These similarities, and the consistencies that can

be drawn between testing procedures and data when temperature changes are

attributed to flow in the wellbore, lead the author to conclude that the

temperature changes observed during the recirculation tests were the

result of vertical flow in the wellbore. Based on this interpretation,

temperature changes in H2 can be explained without requiring the transfer

of induced heat from Ml, and it is the author's conclusion that although

a good hydraulic connection did exist between H2 and Ml, the heat input

in MI was insufficient to affect temperatures in H2 under field conditions

at the Oracle site.

Differences between temperature changes observed in the field and

temperature changes predicted by the wellbore model are attributed to
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several factors. Initial temperatures, inflow rates, and temperatures

were not known. Errors inherent in the estimation of these were surely

responsible for some of the discrepancy. Irregularities in the recorded

data are attributed in part to the influence of background noise as

discussed in Chapter Two, but the author considers much of the

irregularity to result from fluid exchange between the borehole and the

surrounding medium at levels intersected by fractures. The field data

plotted in Figures 8.10a-c and 8.11a-b show a consistent 'cold spot' near

the 68.6 m and 69.2 m thermistors. In all cases, the magnitudes of

temperature changes above that level are smaller than those below it.

This suggests either that some portion of the warmer water rising up the

borehole was exiting at that level, or that cooler water was entering

there and flowing vertically upward. Since it is likely that pressures

in the wellbore were greater than those in the formation at early times,

flow out of the wellbore at that level would be indicated. However, the

possibility that this level was also well connected with M1 and is the

site of inflowing water cannot be ruled out with the information

available.

In conclusion, three possible explanations of temperature data

recorded at the Oracle site were examined for feasibility. One of these,

vertical flow in the wellbore, was deemed to be most consistent with the

data, testing conditions, and an integrated conceptual model of the site.

In addition, it was concluded that temperature observations combined with

induced flow in fractured rock can be useful in locating flow zones when

adequate information about system response is available.
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS

In this thesis, three types of temperature data were examined.

These included natural temperature profiles in undisturbed boreholes,

temperature profiles in wells located near heated boreholes, and

temperature profiles in boreholes near heated wells and subject to a

hydraulic field induced by pumping and recirculation. The conclusions and

recommendations resulting from this study follow.

1. It was shown that the model PT accurately simulates processes

of conduction and advection-diffusion as represented by analytic

solutions, subject to adequate discretization of time and space and

appropriate representation of boundary and initial conditions.

2. Consistency of the Integrated Finite Difference Method when used

with irregular grid was demonstrated. Truncation error was found to be

first-order in both time and space.

3. Background noise in wellbore temperature measurements can arise

due to convective currents. 	 The potential for this is increased as

wellbore radius and thermal gradient increase. Identification of

background noise due to natural convection requires temperature

measurements at closely-spaced time intervals (as near a continuous record

as possible). Sources of noise resulting from instrument drift are

documented in the literature but have not been fully examined in the case

of the temperature testing at the Oracle site. Temperatures collected

over long time spans in the long-term heating tests showed strong evidence
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of drift.	 The issues of background noise and quantification of

instrumentational drift should be expressly addressed in future wellbore

temperature experiments.

4. Temperature profiles in undisturbed wells can provide

indications of the existence of vertical flow in the vicinity of the

measurements. Deviation from a linear geothermal gradient results from

advective-diffusive heat transfer when flow is not parallel to isotherms.

Methods of analysis include those developed by Bredehoeft and Papadopulos

(1965) and Ramey (1962), allowing determination of whether temperature

anomalies are due to flow in the formation and wellbore or solely in the

wellbore (see Mansure and Reiter, 1979). It is strongly recommended that

natural temperature profiles be measured before the system is disturbed

by other testing methods. Periodic measurement of temperature profiles

thereafter, following uniform procedures, can provide insight into changes

in the system. The question of how large a temperature anomaly is

significant must be answered on a case by case basis, taking into

consideration the accuracy of the measuring devices and the potential for

noise discussed in the preceding section. The effects of drilling on

temperatures in wells is documented in the literature and should be

considered in any analysis of recently-drilled wells.

5. Monitoring of natural temperature profiles in wells during

pumping or injection at nearby points can provide information about

induced vertical flows, inflow/outflow zones, and recovery of the system

after shut in. The magnitude of temperature changes observed will be

related to the vertical distance of the fluid source from the measurement
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point, fluid velocity, and temperature and surface area of the travel

path.

6. The long-term heating tests were unsuccessful in part because

an insufficient heat pulse was input to the system. Use of dimensionless

time analysis (Fourier number) and analytic solutions for conductive heat

transfer would allow a predetermination of the order of magnitude of time

and energy input required for heating tests in conduction-dominated

systems (Carslaw and Jaeger, 1959).	 Solutions for temperature and

velocity fields around a vertical heated cylinder, a vertical plane

surface, and a concentrated heat source in a porous medium are also

available (Minkowycz and Cheng, 1976; Cheng and Minkowycz, 1977; Bejan,

1978). These should be considered before attempting future experiments.

The author considers this type of experiment to be potentially useful for

location of inflow fractures or zones in a well, but correlation between

heat transfer and flow between point of detection and heat source would

be difficult or, more likely, impossible because of heat transfer through

rock as well as by fluid movement.	 Data from other long-term heating

tests in fractured reservoirs are scarce. If this type of experiment was

to be carried out in the future, it is the author's opinion that much

could be learned from an analysis of the only other long-term heating

tests in fractured granite she is aware of, those conducted near Cornwall,

England under the auspices of Harwell Laboratory.

7. Examination of three potential mechanisms for advective-

diffusive heat transfer associated with the recirculation tests resulted

in the conclusion that vertical flow in the wellbore alone was sufficient
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to explain the observed data.	 This conclusion indicates that induced

temperature changes in M1 were insufficient to affect temperature changes

in H2 under existing conditions. The author believes that future tests

of this type could be successful with a larger, more sustained injection

input phase. Although heat input by static heating is not seen as being

extremely useful or particularly practical, forced injection of heated or

cooled water in a permeable zone and monitoring of breakthrough

temperatures nearby can provide information regarding permeable

connections and surface area of flow path between input and observation

points. The magnitude of input required will vary with the system, but

analytic solutions are available to provide estimates (see Mercer et al.,

1982; Pruess and Bodvarsson, 1984). A chief difficulty in such tests will

be providing a large enough supply of hot or cold water, as injection may

be necessary for days, weeks, or months.

8. Meticulous recording and cataloguing of all data collected and

field conditions is essential.	 This author encountered considerable

difficulty in locating data reportedly collected during the many tests

conducted at the Oracle site.	 Several records were never recovered,

including records of head levels in wells during most tests and

temperatures recorded during chemical tracer and flowmeter tests.

Detailed field notes proved to be an invaluable source of information and

should be given high priority during experimentation.

9. Many of the difficulties encountered in the analysis of

temperature data could have been avoided had more information about system

response during the tests been available. This was particularly true in
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the study of the heat tracer recirculation tests. Temperature profiles

of all wells taken just prior to testing, before disturbing the system,

would provide important points of reference. Records of pressures and

flow rates at a number of points in the observation well, H2, would have

been very helpful in applying the wellbore flow model to the recirculation

tests. A more continuous spatial and temporal record of temperatures in

the observation well would also be useful in tracking temperature changes

up and down the wellbore. Ability to directly compare temperatures

between thermistors would also make the data more amenable to

interpretation.

10. It was demonstrated that the temperature field around a heated

vertical cylinder in a vertically-bounded horizontally semi-infinite

porous medium will be characterized by a radially-spreading layer of

warmer fluid along the upper surface of the porous zone. The radial

extent of the warm layer will be a function of the Raleigh number and

time. In particular, high-permeability mediums will experience greater

spreading than lower-permeability mediums. Likewise, greater differences

in temperature will also result in increased temperatures further away

from the heat source at a given time. The effect of permeability

variation in the vertical direction was considered. It was concluded that

a layer of higher permeability in the medium near the upper boundary of

the porous zone would enhance radial temperature increases compared to

what they would be without the high-permeability layer, but that greatest

heat transfer is affected when the entire zone is highly permeable.
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11. Temperatures can provide information about conditions within

a fractured reservoir. However, temperature measurements do not as a rule

sample fractured systems on an REV scale. A possible exception to this

would be a study of a long-term nonisothermal injection test similar to

those carried out at the Auburn site during the ATES projects. Months of

continuous hot-water injection would eventually result in a large altered

temperature field around the injection well that could be on the order of

an REV size. Monitoring of the temperature field could provide

information about preferential flow paths and flow directions on a large

scale. Use of a model such as the one described in this report would most

likely be necessary, in which case it would be advisable to look further

into the ramifications of the instantaneous thermal equilibrium assumption

for the modeled volume.

As the conclusions and recommendations listed above indicate,

temperature measurements can provide assistance in determining flow

patterns in fractured rocks. Methods of combining information from small-

scale measurements to characterize large-scale behavior of fractured

systems increase in reliability as the types of information included

increase. The considerable difficulties involved in obtaining information

on a scale approaching REV size remain.
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(AFTER DEPNER, 1985)



Leakage-Corrected Hydraulic Conductivities
Well	 Depth*	 K	 LogloK

(m)	 (m s -1 )

M1
	

39.82	 .2E-06	 -6.6990

	

44.38	 .3E-06	 -6.5229

	

48.32	 .3E-05	 -5.5229

	

51.68	 .3E-05	 -5.5229

	

55.62	 .6E-06	 -6.2218

	

59.57	 .4E-05	 -5.3979

	

66.85	 .2E-07	 -7.6990

	

71.12	 .3E-07	 -7.5229

	

73.26	 .7E-07	 -7.1549

	

78.86	 .1E-05	 -6.0000

	

82.37	 .1E-05	 -6.0000

	

86.32	 .1E-05	 -6.0000

H2	 20.79	 .2E-07	 -7.6990

	

23.84	 .5E-07	 -7.3010

	

26.89	 .1E-06	 -7.0000

	

32.37	 .3E-07	 -7.5229

	

36.03	 .3E-08	 -8.5229

	

39.99	 .8E-08	 -8.0969

	

43.65	 .9E-09	 -9.0458

	

47.31	 .7E-09	 -9.1549

	

50.97	 .3E-08	 -8.5229

	

53.86	 .6E-09	 -9.2218

	

61.94	 .3E-08	 -8.6990

	

65.60	 .4E-08	 -8.3979

	

69.25	 .2E-08	 -8.6990

	

73.22	 .3E-08	 -8.5229

	

77.79	 .8E-07	 -7.0969

	

82.67	 .6E-05	 -5.2218

	

85.10	 .9E-09	 -9.0458

H3	 19.93	 .5E-06	 -6.3010

	

27.55	 .1E-07	 -8.0000

	

30.29	 .1E-06	 -7.0000

	

35.47	 .5E-06	 -6.3010

	

39.89	 .2E-05	 -5.6990

	

45.84	 .9E-07	 -7.0458

	

50.71	 .1E-06	 -7.0000

	

54.68	 .1E-06	 -7.0000

	

58.64	 .1E-06	 -7.0000

	

62.30	 .3E-07	 -7.5229

	

66.26	 .1E-07	 -8.0000

	

70.22	 .5E-07	 -7.3010

	

76.62	 .6E-06	 -6.2218

	

85.16	 .8E-07	 -7.0969

*below top of casing at center of 3.8 m long intervals
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Well	 Depth*
(m)	 (m s -1 )

Logo K

H4	 23.16	 .7E-07	 -7.1549

	

26.82	 .8E-10	 -10.0970

	

30.48	 .5E-09	 -9.3010

	

39.01	 .3E-09	 -9.5229

	

42.67	 .3E-09	 -9.5229

	

47.55	 .1E-07	 -8.0000

	

51.21	 .2E-09	 -9.6990

	

53.34	 .7E-08	 -8.1549

	

57.30	 .6E-07	 -7.2218

	

60.96	 .4E-07	 -7.3979

	

64.62	 .2E-08	 -8.6990

	

68.28	 .9E-07	 -7.0458

	

71.93	 .4E-07	 -7.3979

	

75.59	 .2E-08	 -8.6990

	

79.25	 .8E-08	 -8.0969

	

82.91	 .2E-07	 -7.6990

H5	 36.29	 .7E-07	 -7.1549

	

44.03	 .4E-07	 -7.3979

	

47.46	 .8E-07	 -7.0969

	

50.89	 .2E-08	 -8.6990

	

54.32	 .6E-09	 -9.2218

	

57.75	 .4E-08	 -8.3979

	

61.79	 .1E-07	 -8.0000

	

65.22	 .3E-08	 -8.5229

	

68.65	 .6E-08	 -8.2218

	

72.07	 .1E-07	 -8.0000

H6	 29.39	 .6E-06	 -6.2218

	

32.51	 .6E-09	 -9.2218

	

35.94	 .4E-07	 -7.3797

	

39.37	 .4E-07	 -7.3797

	

42.80	 .3E-07	 -7.5229

	

46.23	 .8E-07	 -7.0969

	

49.65	 .4E-09	 -9.3979

	

53.08	 .6E-09	 -9.2218

	

56.51	 .4E-07	 -7.3979

	

59.94	 .2E-07	 -7.6990

	

63.37	 .4E-09	 -9.3979

	

66.80	 .1E-07	 -8.0000

	

70.23	 .1E-07	 -8.0000

	

73.66	 .3E-07	 -7.5229

*below top of casing at center of 3.8 m long intervals
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Well	 Depth*	 K

(m)	 (m s -1 )
Logic, K

H7	 26.18	 .9E-08	 -8.0458

	

29.31	 .2E-08	 -8.6990

	

32.74	 .1E-09	 -10.0000

	

36.17	 .2E-09	 -9.6990

	

39.60	 .2E-09	 -9.6990

	

43.33	 .1E-08	 -9.0000

	

46.76	 .2E-08	 -8.6990

	

48.97	 .3E-08	 -8.5229

	

52.17	 .4E-08	 -8.3979

	

54.91	 .5E-09	 -9.3010

	

58.16	 .2E-08	 -8.6990

	

61.74	 .3E-08	 -8.5229

	

65.40	 .8E-09	 -9.0969

	

69.16	 .1E-08	 -9.0000

	

72.91	 .5E-07	 -7.3010

* below top of casing at center of 3.8 m long intervals
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(ADAPTED FROM SILLIMAN ET AL., 1985)
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Key to test symbols:

IT = induced temperature
NT = natural temperature
R = three-hole recirculation
D = two-hole diverging	 (injection)
C = chemical	 tracer
NF = natural	 flow

Date Test Boreholes Comments

2/84 Static downhole test of
20 thermistor string

H2 Data
unavailable

3/84 IT-D-1	 (cold water) M1,H2 Data
unavailable

4/84- NT-NF temperature all	 wells June
6/84 profiles data located

7/9/84 IT-D-1 test M1,H2 no change in
temp.	 detected;
data not found

7/14/84 IT-R-1	 (hot water) M1,H2,H3

7/17/84 IT-R-2	 (hot water) M1,H2,H3

7/20/84 IT-R-3	 (hot water) M1,H2,H3

7/24/84 IT-R-4	 (hot water) M1,H2,H3

7/26/84 IT-R-5	 (hot water) M1,H2,H3

8/17/84 C-NT-R-1 M1,H2

8/22/84 C-NT-R-2 Ml,H2

8/29/84. C-NT-R-3 Ml,H2

10/17/84 NT-NF temperature
profile

H2

10/26/84 NT-NF temperature
profiles

M1,H2,H3

12/10/84 IT-NF-1	 (heating	 in M1) M1,H2

12/12/84 IT-R-6	 (cold water) M1,H2,H3
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Date Test Boreholes Comments

12/28/84- IT-NF-2	 (heating	 in H6) M1,H2,H3, minimal	 temp.
12/31/84 H5,H7,H8 response;data

unavailable

2/15/85 C-NT-D-1 M1,H2

3/85 U.S.G.S.	 geophysical
logging and flowmeter
testing

all	 boreholes

4/10/85 C-NT-D-2 Ml,H2

4/24/85- IT-NF-3	 (heating	 in H6) Ml,H2,H3, discussed
4/26/85 H5,H6,H7 in	 Ch.	 7

7/16/85 C-NT-D-3 M1,H2

7/85 Flowmeter testing M1,H2,H3,H6,H7

8/6/85 C-NT-D-4 M1,H2,H3

8/29/85 C-NT-D-5 M1,H2,H3

9/13/85 Flowmeter test M1,H2,H3,H6,H7

11/2/85 C-NT-R-4 M1,H2
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C.1. Governing Equations 

Given the equation describing conservation of mass in a control
volume subject to a one-dimensional flow field:

where

DO
K-(2), 

x 1 	dA+ G V + S s V
a	 at

JA
(C.1)

= hydraulic head
K = hydraulic conductivity
A = surface of control volume
X = position
Ti = unit vector normal to surface pointing outward
G = fluid generation rate per unit volume
V = volume
S s = specific storage
t = time

and a numerical approximation to that governing equation written for a
node in a one-dimensional grid with variable spacing between nodes:

where

2	 25,6nx-:1 	A0n
Kn,m	 An,m + G	

u
n V n = osn vn At

m=1
(C.2)

= hydraulic conductivity at interface between node
m and node n

Amri = area of interface between nodes m and n
xr„:n = distance between nodes m and n

Figure C.1 illustrates the grid notation conventions used.

Let 

Kn , m = Kn Km
AX n, m

(C.3)

and let

Axn(KR +Km) (
m)

Gn = 0	 (C.4)

If Equation (C.1) is the exact equation describing the state of the
control volume, and Equation (C.2) is the Integrated Finite Difference
Method (IFDM) approximation to the exact equation, then the truncation
error, R, is defined as:
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LX_=	 Xn.m_	 X+=—.11Xn,m+

o

m_
INTERFACE

Figure C.1.	 Grid notation used in finite difference equations.

o
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R .C.1(0') -C.2(0')	 (C.5)

where O is the exact solution to Equation (C.1) at point m.

The difference between Equations (C.1) and (C.2) lies in the use of
finite differences in Equation (C.2) to approximate the first derivatives
found in the exact equation, Equation (C.1). The finite difference
approximation arises from the the use of a Taylor series to represent the
derivatives. The truncation error, R, results when terms of the Taylor
series are dropped where the series is used for the numerical
approximation.

A numerical scheme is said to be consistent if, as the mesh is
refined:

1,171 P =0.	 (C.6)
Akm,

Examination of the truncated terms will show if Equation (C.6) is met and
the scheme therefore meets the requirements for consistency.

C.2. Taylor Series Representation of the Derivatives 

The first derivatives in Equation (C.1) may be represented in the
following way as Taylor series.

Hydraulic head at the m+ node:

0.k	 k	 (ae	 f  (a2c))' (Ax +r 	 (a30)k
=	 i	su	 Ax + 	(C.7)

	

ax Ji	 2	 ax 2 )i	 6	 k ax 3

Equation (C.7) may be reformulated as:

0 1k+1 	 (acq (Ax)(a2o)k (Ax)2  (A)lk

Ax,	 ax ji	 2	 ax2 	6	 I ax 3

Hydraulic head at the m_node:

øi
k	 t

oi
k 

-
aco? (Ax.)2  (a20)k (Ax_f  (a30)k

	ax	 2	 ax2	 6 k ax3

(C.8)

(C.9)



Equation (C.9) may be reformulated as:
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k	 k

	

0"0 - Oi 	ink

Ax.	 ,ax

(Ax_) a20 (Ax.)2 a3e5)k
2 ax2 6 ax3

(C.10)

The time derivative approximation is:

k+1
	0,

k 	t aø '\ 	 (At)2 

+	 at );	 2

a2ø  \ k (A t)3 (a30  \k

at 	6	 at3 ),
(C.11)

(C.12)

Equation	 (C.11)	 may be reformulated as:

oik+1 ',Do' (At) /a20f (At)2 1a3Ø \k

At \ at	 ,, 2	 a t2 6 \ at 	/,

Substituting Equations (C.8), (C.10) and (C.12) into Equation (C.2)
results in:

+ Kn,m. An,m.
aø k	

(a2° 	 \ kAX 
\ a X	 2	 ax 2 /I

ao)k + At (a20 )k

( at	 2 at2

+ • • • , 

(aei)k

Dx 1 	2

AI,
( a20 )k

ax2
Kn , rn, An,m.  

V n

(C.13)

where

Kn,m+An,m+
	"aø 'k KnmAnm 'aø \k = f	 Ka° 	dA

ax	 ax	 JA
(C.14)

Subtracting Equation (C.13) from Equation (C.1) gives: 

Ax + (a2o)k

2 \ ax2  

r Ax. (a2or
▪ 2 \, ax2

Kn" An,m+ + • • • Knp.An,m.     

- f20 y(
At u 
2 \ at2 );

(C.15)
= S sn Vn  



240

The truncation error is therefore:

V	 A	 k	 y V, 1 (a2°)k	
•

= ri	 + kr \n,m .	 2 ax2

t n2r-A \k
- S sn Vn At l u	  +...

2 at
(C.16)

and the accuracy of the scheme is shown to be first order in both time
and space.

It follows from Equation (C.16) that as Ax,, Ax_ and At approach
zero, R also approacnes zero and the consistency requirement is satisfied.
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