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Development of an In-Situ System and
Analysis Procedure for
Measuring Ground Thermal Properties

Warren A. Austin, Il
Associate Member ASHRAE

ABSTRACT

Determination of ground thermal conductivity isa signif-
icant challenge facing designers of ground-source heat pump
(GSHP) systemsappliedincommercial buildings. The number
of boreholesand the depth and cost of each boreholeare highly
dependent on the ground thermal properties. Hence, depend-
ing on the geographic location and thelocal drilling costs, the
ground thermal propertiesstrongly influencetheinitial cost to
install a GSHP system. In order to be able to predict ground
thermal properties, an experimental apparatus has been built
capabl e of imposing a heat flux on atest borehol e and measur -
ingitstemper atureresponse. Parameter estimationtechniques
in conjunction with a two-dimensional numerical model are
used to deter mine the thermal conductivity of the surrounding
ground. Independent measurements of the soil conductivity
test results arereported for several test boreholes and a labo-
ratory experiment. An uncertainty analysis of the thermal
conductivity prediction is presented.

INTRODUCTION

Although originating in the residential building sector,
ground-source heat pump systems have become increasingly
popular for use in commercial and institutional buildings.
Many of these buildings require comparatively large and
expensive ground loop heat exchangers. Although
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in a first cost that is too high) or too small (resulting in entering
water temperatures to the heat pumps being too high or too
low).

A number of design tools are used to size ground loop heat
exchangers (Ingersoll et al. 1954; Kavanaugh 1984; Eskilson
1987; Deerman and Kavanaugh 1991; Cane and Forgas 1991,
IGSHPA 1991; Spitler et al. 1996). All of the design tools rely
on some estimate of the ground thermal conductivity and volu-
metric specific heat. This estimate is critical to the design, yet
it is very difficult to make. The required borehole depth or
length is highly dependent on the thermal properties of the
ground. This, in turn, strongly influences the cost of the system
and its competitiveness with conventional systems.

The traditional approach to estimating the ground thermal
properties has been to first ascertain the type (or types) of soil
or rock that surrounds the borehole. Once the type of soil or
rock is determined, its thermal conductivity can be estimated
from tabulated data, as in tBeil and Rock Classification for
the Design of Ground-Coupled Heat Pump Systems Field
Manual (EPRI 1989). For each rock type, a horizontal band is
drawn to indicate the range of thermal conductivity expected.
Considering one rock type, “Quartzose sandstone, wet,” the
thermal conductivity varies from about 1.8 Btii/fiF (3.1 W/
mK) to about 4.5 Btu/litOF (7.8 W/niK). This is a signifi-

“groundiam variation, and the prudent designer will probably choose

source heat pump systems” may include a range of systeife lower value of about 1.8 BU@iF (3.1 W/niK), even
configurations, closed-loop systems, where the ground loojyough the extra borehole depth required may not allow the
heat exchanger consists of a series of vertical boreholes, 4#ound loop system to be competitive on either a first cost
usually preferred in commercial applications due to minimaPasis or a life-cycle cost basis.

required surface area and ease of maintenance. Particularly for A method for more accurately estimating the ground ther-
large systems, an extensive effort is made to design the groumal conductivity is, therefore, highly desirable. This paper
loop heat exchangers so that they are not too large (resultifgcuses on a method for experimentally measuring the ground
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thermal conductivity using a test borehole. The portable
experimental apparatus for data collection and a parameter-
estimation-based data analysis procedure are described. The
parameter estimation method used utilizes the downhill
simplex minimization algorithm of Nelder and Mead (1965) to
estimate the ground thermal conductivity. A transient, two-
dimensional, numerical finite volume model for the vertical
borehole (Yavuzturk et al. 1999) isused to evaluate the perfor-
mance of aground loop heat exchanger for parameter estima-
tion.

BACKGROUND

The ground thermal conductivity cannot be directly

Although the line source and the cylinder source
approaches may be used inversely to estimate ground thermal
conductivity, they require several simplifying assumptions,
the effects of which cannot easily be quantified. In fact, the
authors know of no published analysis of the uncertainties
resulting from using either simplified approach. A detailed
numerical model reduces the uncertainties associated with
these simplifying assumptions by providing a detailed repre-
sentation of the borehole geometry and thermal properties of
the fluid, pipe, grout, and ground. It may, therefore, be
expected to provide a more accurate estimate of the ground
thermal conductivity.

METHODOLOGY

measured—its value must be inferred from temperature and o )
heat flux measurements. The method presented in this pagédrameter Estimation Using the
relies on an experimental measurement of the ground thernfig!der-Mead Simplex Method

response to a heat flux imposed on a test borehole. Mogensen Parameter estimation involves minimizing the differ-
(1983) described the concept of using such a measurementdaces between experimentally obtained results and results
estimate the ground thermal conductivity. Subsequentlypredicted through an analytical or numerical model by adjust-
development of an experimental apparatus began in 1995 af inputs to the model. In this case, the results from a tran-
was described by Austin (1998). Simultaneously and indepesient, two-dimensional, numerical finite volume model of the
dently, a similar approach was taken by Eklof and Gehliborehole and surrounding ground are compared to the exper-
(1996), who present and discuss a mobile testing facility thamental results. Some inputs to the model, such as time-vary-
is used to determine the thermal capacity of underground theiing power and borehole geometry, are fixed, and other inputs,
mal energy storage systems based on thermal response testsuah as the thermal conductivity of the ground and the thermal

underground storage volumes. Gehlin and Nordell (1998onductivity of the grout, are allowed to vary. By systemati-
report on results from in-situ thermal response tests conductedlly varying the thermal conductivity of the ground and the
using the mobile testing facility at various locations in Swedemhermal conductivity of the grout so that the minimum differ-

to predict ground thermal conductivities.

ence between the experimental results and the numerical

In order to determine the ground thermal conductivitymOdel is attained, a best estimate of the thermal conductivities
from the temperature and heat flux measurements, sonfady be found.

model of the heat transfer in the ground must be utilized. A

The objective function algorithm uses the following as

number of different ground heat transfer models, typicallynPuts:

used for estimating the performance of vertical ground Ioog
heat exchangers, are available. They are of interest here for
possible inverse use—estimating the ground thermal proper-
ties from the performance rather than the performance from
the ground thermal properties. Specifically, we are interested
in imposing a heat pulse of “short” duration (one to seven
days) and determining the ground thermal properties by ana.l-
ysis of the temperature response of the ground.

One of the models currently used for inverse application
is the line source model. Ingersoll and Plass (1948) applied the
model to ground loop heat exchangers. Mogensen (1983)
applied the model to estimate the ground thermal conductivity
from an experimental test. The second model that is currently
used is the cylinder source model. Carslaw and Jaeger (1947)
developed analytical solutions with varying boundary condi
tions for regions bounded by cylinder geometry. Ingersoll and
Plass (1948) and Ingersoll et al. (1954) investigated the appl-
cability of the line source approach to buried pipes as used in
applications of ground-source heat pump systems. Kavanaugh
and Rafferty (1997) describe the use of the cylinder source
model in designing ground loop heat exchangers.

Power input at 2.5-minute intervals (obtained from
experimental measurement)

Average borehole temperatures at 2.5-minute intervals
as a response to the power input (obtained from experi-
mental measurement, determined by averaging the inlet
and outlet temperatures of the loop)

Undisturbed ground temperature (measured at begin-
ning of the experiment.)

Geometric information: (pipe size, pipe wall thickness,
borehole diameter, pipe spacing, borehole depth)
Ground thermal properties (conductivity and volumetric
specific heat)

Grout thermal properties (conductivity and volumetric
specific heat)

Pipe thermal properties (conductivity and volumetric
specific heat)

Fluid properties (conductivity, volumetric specific heat,
flow rate and viscosity)

Most of the inputs will be determined based on knowl-

edge of the borehole installation. A few, however, will be
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treated as independent variables in an optimization. The
objective function for the optimization is the sum of the
squaresof the errors (SSE) between the numerical model solu-
tion and the experimental results, specifically:

N
SSE = 5 (Tep=Toum)’ (D
n=1
where
N = total number of data points over the duration of the

experiment,

Te  =averageof thecalibratedinput and output temperature
at the nth data point,

Tum = averagefluid temperature at nth data point as
predicted by the numerical model,
SSE  =sum of the squares of the errors.

Two-Dimensional, Numerical Finite Volume Model

The line source approach assumes an infinitely long heat
source in the ground and attempts to determine ground
temperatures at certain radial distances from the line source by
solving a one-dimensional, transient heat conduction problem
with a source term. This model has no way of accounting for
geometric characteristics of the borehole elements, such as the
U-tube pipes. The line source model may be used for vertically
buried pipes with significant errors, especially for tempera-
tures near the borehole. The cylinder source model, on the
other hand, may be used to represent the ground loop heat
exchanger as a cylinder by introducing a so-called equivalent
diameter to represent the two pipes of the U-tube heat
exchanger as a single pipe.

A numerical approach can more accurately model the
ground loop heat exchanger by representing each component
of a ground loop heat exchanger (U-tube, grout-filled bore-
hole, and the surrounding ground). This section will briefly

The optimization is performed with a nonlinear “downhill summarize the steps taken to model the borehole using a
simplex” optimization technique of Nelder and Mead (1965)humerical modeling technique based on a transient, two-
although other methods might be used. The independent vadimensional finite volume model in polar coordinates
ables for the optimization may be almost any of the inputgjescribed by Yavuzturk et al. (1999).
although the obvious choices include the ground thermal prop- A sketch of the numerical domain is provided in Figure 2.
erties, the grout thermal properties, and the pipe spacing. Ti&nce there is a symmetry axis through the borehole, only one-
summary information flow diagram for the parameter estimahalf of the borehole is modeled. For a typical borehole, a grid

tion algorithm is provided in Figure 1.

resolution of about 100 finite volume cells in the angular
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Borehole
Perimeter

U-Tube
Pipes
Figure2 Smplified representation of the borehole
numerical model domain.

direction and about 150 to 200 cellsin the radial direction is
utilized. Theexact grid resolutionisafunction of the borehole
and U-tube pipe geometry and is determined by an automated
parametric grid generation agorithm. The radius of the
numerical domain is 12.0 ft (3.6 m) to alow for reasonably
long simulation times.

The geometry of the circular U-tube pipes is approxi-

between the measurement at the beginning of the time interval
and the measurement at the end of the time interval.

Using the experimentally measured power as an input to
the numerical model allows the estimation procedure to adapt
to the typical power fluctuations introduced with the use of
portable power generators or utility power supply lines.

EXPERIMENTAL APPARATUS

Description of the Experimental Configuration

The experimental apparatus is housed in a trailer that can
be towed to the site and contains everything needed to perform
a test—the apparatus, two generators, and a purge tank
containing 80 gallons (304 L) of water. A simplified schematic
of the test system is shown in Figure 3. Once connected to a
U-tube that has been inserted into a borehole, and after the
system has been purged, a heat flux is imposed on the borehole
using the three in-line water heaters, and the temperature
response (average of inlet and outlet fluid temperatures, which
changes with time) of the borehole is measured. A brief
description of the experimental apparatus follows. A more
detailed description is available in Austin (1998).

In addition to the components shown in Figure 3, a purge
tank and two additional pumps are used to remove all air from
the piping system before the heat pulse phase of the experi-

mated by “pie-sectors” over which a constant flux is assume@ent begins. Also, \_Nhen eIe.ctricity is not otherwise available,
to be entering the numerical domain for each time step. TH&0 7000 W capacity gasoline generators are used to power
pie-sector approximation attempts to simulate the heat tran1€ €xperiment.

fer conditions through a circular pipe by matching the inside

Once the system has been purged, the three-way valves

perimeter of the circular pipe to the inside perimeter of the pieshown in Figure 3 are turned to close the connection to the
sector and by establishing identical heat flux and resistand#irge system. The following components are then used to
conditions near the pipe walls. The convection resistance du@pose a heat pulse on the borehole and measure both the
to the heat transfer fluid flow inside the U-tubes is accountegower and the temperature:

for using fluid properties through an adjustment on the

conductivity of the pipe wall material.

* The circulating water inside the closed-loop system is
heated with up to three in-line water heaters shown

The initial condition of the numerical model stipulates a
constant, undisturbed domain temperature corresponding to
the far field temperature. Due to the symmetry in the numer-
ical domain, a zero heat flux condition is implemented in the
angular direction while the heat transfer from/to the U-tube
pipes (the pie-sectors that model the U-tube pipes) is input as
time-varying boundary flux conditions. Since the total amount
of boundary heat flux over each U-tube pipe is not the same,
a 60% vs. 40% heat transfer distribution over the pipes of the
U-tube is assumed. Finally, the boundary condition in the
radial axis is set to be the constant far field temperature. The
simulation time step is 2.5 minutes.

The numerical model requires two input files, one ofe
which gives borehole thermal and geometric parameters, such
as the fluid properties, borehole radius and depth, ground
undisturbed far-field temperature, etc. The grid is automati-
cally generated from these data. The other file gives the exper-
imental input power at 2.5-minute intervals. The power input
over the specified time interval is assumed to be the average

schematically in Figure 3. The water heaters are ordi-
nary water heating elements (typically used in residen-
tial water heaters) mounted in piping tees. The heater
elements are rated at 1, 1.5, and 2 kW. The 2 kW water
heater element is connected to an electronic power con-
troller, so that by switching individual elements on or
off and by adjusting the controller, the power can be
adjusted continuously between 0 and 4.5 kW.

Two circulating pumps are used to circulate heated
water through the U-tube in the borehole.

A needle valve is used to adjust the flow rate. Typically, a
flow rate of approximately (2.50 gpm [0.16 L/s]) was used.
All of the plumbing, inside and outside, is insulated. The
interior pipe insulation is fiberglass, about 1.5 in. (38.1
mm) thick. The tubing between the trailer and the bore-
hole is insulated with three layers of insulation, a 0.5 in.
(12.7 mm) thick foam rubber and two layers of fiberglass
duct insulation 5 in. (127.0 mm) and 9 in. (228.6 mm)
thick.
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1999a) to obtain an independent estimate for its thermal
—(F)- > conductivity. The guarded hot plate apparatus requires core
—J samples 3.0 in. (76.2 mm) in length and 3.0 in. (76.2 mm) in
diameter. A constant heat flux is imposed on one end of the
sample, while the other end is cooled. The resulting tempera-
ture difference is used to determine the sample’s thermal
conductivity. The method has been validated on stainless steel
samples, which have a thermal conductivity that is about three
X from puge to five times higher than soil, with an error of about 1%.
Another test was performed using a medium-scale labo-
ratory experiment (Smith 1998; Smith et al. 1999b) where the
geometry and thermal characteristics of a borehole are repli-
cated under controlled conditions. The thermal conductivity
of the soil material used in the experiment was determined
independently with a calibrated soil conductivity probe.
Various other types of indirect confirmation have also
been looked at to verify that the parameter estimation method
works correctly. For example, measurements of thermal
conductivity taken at nearby boreholes with different grout
Symbols types and pipe types should give approximately the same
value of thermal conductivity. Austin (1998) reports on exten-
N - Tee with electric @ siV(_e field expe_rience_ obtained from a series of in-situ tests at
various locations in Oklahoma. However, the results

element
@ ® presented in this paper focus on the tests with independent
Gradang pne Flow mecsr measurements of thermal conductivity.

To purge tank

& ~@— To borehole

|

Tprec:way S?] Thermistor Q) Cored Borehole (Test Site A6)

valve

Figure3 In-situ thermal conductivity test system A series of test boreholes were drilled at an experimental
schematic. field in Stillwater, Oklahoma (Test Site A). Core samples of

the soil from one (Site A borehole #6) of the boreholes were
. . btained and analyzed using a modified guarded hot plate

i'lr;he rlJJ(r)nwesrigonqzlz;;nuprtel(()jnu?icnthzCvezftﬁgr?snddu(t:r;? CIrCUIa{r)nethod as implemented by Smith (1998) to determine the

g pump 9 L effective thermal conductivity of the borehole core.

* Inlet and outlet temperatures are measured using two At present, 19 representative samples have been
R:ﬁg-accuracy thermistors immersed in the CIrCLII""tmganalyzed. (Analysis of additional samples is ongoing and may

' _ ) o eventually result in an improved estimate of the average

*  The flow rate is measured using an in-line flow meter. ground thermal conductivity surrounding the borehole.) The

E . al ¢ d 25 mi tsamples were chosen so that they represent identifiable layers.
xperimental measurements are made every 2.5 MiNUes, .o e thermal conductivity of the formational layers of the

using a data logger, and the power input, the entering/exitin@ore sample varies, a thickness-weighted average thermal
fluid temperatures of the loop, andthevolumetricflowratear(&)nducﬁvity value 'is calculated. The resulting thermal

downloaded to an on-board computer. conductivity then represents the effective thermal conductiv-
ity for Test Site A borehole #6.
The results of the guarded hot plate tests are shown in
A completely independent estimate of the ground thermatigure 4 (Smith 1998; Smith et al. 1999a) where the measured
conductivity is required for validation of the parameter estiground conductivity for various layers of the borehole core is
mation model predictions. To accomplish this, several testslotted against the depth of the borehole. The weighted aver-
have been conducted where the ground conductivity wagge ground conductivity is calculated to be approximately
established independently. 1.351 Btu/hitlF (2.337 W/nK). The ground thermal
One test was performed on a borehole that was drilledonductivity varies between approximately 1.9 Bifft+
with a coring bit. The core samples were carefully preserve(B.3 W/mK) and 0.9 Btu/ftOF (1.6 W/niK). The strong vari-
in sealed PVC cases and stored in climate-controlled roomsation in the thermal conductivity along the depth of a given
avoid changes in the moisture content of the sample. THerehole serves to reinforce the fact that the average thermal
conductivity of 19 representative samples was then measurednductivity is really an “effective” thermal conductivity for
in a guarded hot plate apparatus (Smith 1998; Smith et ghe ground surrounding the borehole.

Model Validation
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Figure4 Thermal conductivity vs. the cored borehole
depth based on the guarded hot plate core
experiments for site A #6 borehole.

Medium-Scale Laboratory Experiment

A medium-scale |aboratory test where a homogeneous
soil surrounds asimulated borehole was conducted to provide
a validation for the in-situ measurement procedure (Smith
1998; Smith et al. 1999b). The flexible configuration of the
simulated borehole allowsfor aseries of borehole parameters,
such asthe shank spacing of the U-tube and the exact geometry
of theboreholeto becontrolled, asitisalso easily modified for
various grout and soil types for testing. The test apparatus
utilizesits own dataacquisition system, rather than thein-situ
apparatus described above.

The dimensions of the wooden structure that contains a
homogenous soil (either dry or saturated sand) are 48.0 ft
(14.6 m) in depth and 4.0 ft (1.2 m) in width and height. The
simulated borehole is created by placing a U-tube and bento-
nite-based grout inside a horizontal 5.25 in. (133 mm) diam-
eter aluminum pipe. The U-tube position inside the borehole
is controlled with spacers, and the aluminum pipeis centered
within the wooden structure.

Saturated and dry sands were tested. The thermal
conductivity of the sands was independently determined
using a 6 in. (150 mm) probe at various locations in the test
apparatus. The thermal conductivity of the dry sand was
determined to be between 0.142 Btu/hft[F (0.246 W/mK)

and 0.155 Btu/h[ft[F (0.268 W/nK) based on five different

measurement locations with an average of 0.149 Bitidh

(0.258 WIniK). Similarly, the thermal conductivity of the
saturated sand was measured to be between 1.27 ZifBi6/h

(2.201 W/niK) and 1.565 Btu/fitCF (2.708 W/niK) with an
average of 1.353 Btufh@F (2.341 W/nfK). The dry and

The length of the tests was limited to between 46 and 50
hours to avoid edge effects. The far-field temperature of the
ground was estimated to be the average initial temperature of
the sand at five different locations at different radial distances
from the center of the borehole. The temperature at the outer
domain boundary of the wooden structure was observed
throughout the experiment and the numerical simulation to
ensure that the domain temperature was unchanged from the
initial far-field temperature.

OVERVIEW OF THE
PARAMETER ESTIMATION RESULTS

There are a number of ways that the parameter estimation
might be approached. Specifically, one, two, or more param-
eters might be estimated simultaneously. Although a number
of approaches were tried, including estimating up to five
parameters (soil conductivity, grout conductivity, soil volu-
metric specific heat, grout volumetric specific heat, and shank
spacing) simultaneously, only the most promising approach is
presented in this paper.

The approach used involves simultaneous estimation of
both soil conductivity and grout conductivity. This has the
advantage of allowing for an approximate accounting for
several borehole-related parameters: grout conductivity,
shank spacing, and even borehole diameter. (The borehole will
not necessarily be exactly the diameter of the drill bit.) The
estimated grout conductivity might be considered as effective
grout conductivity in this case.

Austin (1998) first attempted a single variable approach,
involving only the estimation of the soil conductivity. This has
the advantages of simplicity and computational speed, since
only one parameter is varied for each function evaluation. The
disadvantage of using only one variable is that all of the other
inputs must be “correct”: shank spacing, grout conductivity,
grout volumetric specific heat, etc. While the grout conduc-
tivity and grout volumetric specific heat might be indepen-
dently determined, the actual location of the U-tube in the
borehole and the effective shank spacing cannot be deter-
mined with typical installation techniques. Although it is
possible to control some of the parameters, such as the shank
spacing and the U-tube spacing in the borehole, further inves-
tigation is needed to determine its practicality.

Nevertheless, parameter estimation of only one variable
cannot adequately account for uncertainties in the tube place-
ment, grout conductivity, and the exact borehole geometry.
Although the ground thermal conductivity will obviously still
be one of the estimated variables, a second variable is needed
to be estimated to account for these uncertainties in the bore-
hole. In this respect, the grout conductivity as the second inde-
pendent variable is a good surrogate for the other borehole

saturated sands were chosen for the medium-scale laborat@grameters.

tests since they represent a relatively wide range of ground As discussed by Austin (1998), other approaches that
thermal conductivities in addition to being relatively homog-involved estimation of additional parameters often gave very
enous and readily available. The dry sand, however, is reprgeod fits to the experimental data. Unfortunately, some of the

sentative of extremely low ground conductivity.

estimated parameters, especially the volumetric specific
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TABLE 1
Thermal Conductivity Estimations for the Cored Borehole and the Simulated Borehole Configurations

Sillwater Site A #6

Experiment—Dry Sand Experiment—Saturated Sand

Predicted |Indep. Measured

Predicted

Indep. Measureq  Predicted |Indep. Measured

Kyroung BIWhELF (W/mK) | 1.379 (2.386) | 1.351 (2.337)

0.152 (0.263)

0.149 (0.258) | 1.336 (2.311) | 1.353 (2.341)

Kgrout Btu/Nit(F (W/mK) 0.758 (1.311) | 0.850 (1.471) | 0.540 (0.934) | 0.430 (0.744) | 0.496 (0.858) | 0.430 (0.744)
Avg. Error of the Fit °F (°C]  0.11 (0.06) N/A 0.23(0.13) N/A 0.22 (0.12) N/A
Iterations 47 N/A 72 N/A 83 N/A

heats, were outside what might be considered physically
possible. Also, as more simultaneous parameters are esti-
mated, more computational timeisrequired.

Furthermore, simultaneous estimation of both soil
conductivity and soil volumetric specific heat is problematic.
Inatransient conductive heat transfer problem, the governing
equation is often written with only the thermal diffusivity, the
ratio of the thermal conductivity to the volumetric specific
heat. From this, one might conclude that it is impossible to
estimate conductivity and volumetric specific heat simulta-
neously, as there are an infinite number of combinations that
represent the samevalue of diffusivity. However, the bound-
ary condition at the wall of the pipe is an imposed heat flux
and, therefore H(Qroutg—:% is fixed at any point in time. This
does allow simultaneous estimation of thermal conductivity
and volumetric specific heat, even if theresultsare not always
satisfactory.

Consequently, the recommended procedure expects that
the engineer analyzing the test will estimate the volumetric
specific heat based on knowledge of the rock/soil formation
andtreat it asaknown value. The effect of thisassumption on
the thermal conductivity prediction is discussed below.

VALIDATION OF THE
PARAMETER ESTIMATION PROCEDURE

A summary of the two-dimensional parameter estima-
tionson the simulated borehole and the cored borehole config-
urations is provided in Table 1 along with the independently
measured values of the thermal conductivities. The parameter
estimations used between 46 and 50 hours of measured data,
as discussed in the next section. A comparison shows a very
reasonabl e agreement between the predicted values of thermal
conductivities using the parameter estimation method based
on the downhill simplex algorithm with the numerical model
of the borehole and the known and/or measured valuesfor the
same. A maximum deviation of about 2.1%is observed (cored
borehole Test Site A #6) whilethe simulated boreholewith dry
sand and the simulated borehole with saturated sand display a
deviation of only about 2.0% and 1.3%, respectively. As
expected, theerrorsassociated with the predi ctions of thether-
mal conductivity of thegrout aregreater sincethe secondinde-
pendent parameter is used as a surrogate to account for
uncertainties in the borehole.

DA-00-13-2 (4364)

The absolute average error of the predicted temperatures
using the estimated parameters ranges from about 0.11°F
(0.06°C) to about 0.23°F (0.13°C). Figure 5 shows a typical
comparison between the in-situ measured temperatures and
the predicted temperatures with the numerical finite volume
model using estimated ground and grout thermal conductivi-
ties. The temperature vs. time plot in Figure 5 is provided for
the cored borehole at Site A #6. Although fluctuating power
input was observed from the in-situ test, the parameter esti-
mation method was capable of predicting the ground conduc-
tivity within about +2% of the measured value.

Sensitivity Analyses

A series of sensitivity analyses have been performed to
evaluate the influence of a number of input parameters that
cannot be determined exactly but estimated with some uncer-
tainty. (The term “input parameters” refers here to parameters
that are not estimated with the parameter estimation proce-
dure, e.g., far-field temperature, volumetric specific heats,
shank spacing, borehole radius). The uncertainty in the input
parameters has a corresponding uncertainty in the estimated
ground thermal conductivity. In addition, the duration of the
test and experimental errors impact the results, so a sensitivity
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Figure5 Comparison of in-situ  experimental
temperatures to predicted temperatures using
thenumerical function evaluation model based
on the estimated parameters (kg and Kgyo.1)
using the Nelder-Mead simplex minimization.
Ste A #6 borehole.



current in-situ test data and field experience (Austin 1998).

2.00

St AT 6207 s With in-situ tests shorter than 50 hours, the error in the ground
gt :z:;:;—:ﬁ;w thermal conductivity prediction can be significant. This error
& ' g is quantified in Table 2 where the thermal conductivity esti-
£ Koot at 170" hour = 1.52 Btu/hr-ft-F £ . .

3 eoswmig | 298 F mations and associated errors from the converged value for the
S 1 \ 213 & Stillwater Sites A #1 and A #2 and Chickasha test boreholes
2 150 LS EEEEE ==} 3 are provided. The deviation between the ground thermal
g j)\fi/'/)y _________________ PR conductivity estimation of the 20-hour test and the estimations
8 ﬁ / 2 3 of the 170-hour test for the Site A #2 borehole is approxi-
E 1| ot TP ror = 1o | 213 8 mately 14.2%. The absolute error diminishes rapidly as the
S Baswimo s " length of data is increased. It is about 4.6% by the 50th hour.
‘ A very similar trend is observed on the Site A #1 and Chick-

1.00 ‘ 1.73 asha test boreholes, where the absolute errors at the 50th hour
0 20 40 60 80 100 120 140 160 180 R .
from the converged estimations are observed to be about 2.2%

. - N . and 2.8%, respectively.
Figure6 Ground thermal conductivity estimation vs. in- A seri ¢ in-situ test h by borehol t Test
situ test duration, Sillwater Sites A #1 and A series of in-situ tests on other nearby boreholes at Tes

#2 and Chickasha test boreholes. (Dotted lines Site A were performed. Although one additional Ipng-term
test (longer than 100 hours) was conducted, the majority of the
tests were about 70 hours. Analysis of the 100+ hour tests and
analysis is performed for both. The sensitivity analyses are  the 70-hour tests indicated that the estimated ground thermal
described individually below. Because al of the other uncer-  conductivity values, based on a 50-hour test length, were typi-
tainties depend on the length of test, sensitivity of the predic-  cally within +6.5% of the converged value, although about

Duration of In-Situ Testing [hr]

indicate logarithmic extrapolations.)

tions to the length of test is described first. half of the long tests had values within £2.5%. On the shorter
(approximately 70 hours) tests, it was not always possible to
Length of In-Situ Testing determine the converged value. Therefore, it is possible that

the uncertainty associated with the thermal conductivity esti-

testing is “How long does the test need to be?” One of the beré}ates at_ the 50th r_mour might be somewnhat greater, alth_o u_gh
{;urrent field experience appears to bound its range within

approaches available for answering this question may be % 506

run long tests and to observe the sensitivity of the ground ther-"~ """ )

mal conductivity estimations to the length of the data used. As I @ddition, there appears to be a correlation between the
the duration of data used increases, there should be a poin@fPund thermal conductivity and the required length of in-

time beyond which the estimated value of the ground therm&ItU testing. Figure 7 illustrates that the dry sand with low
conductivity does not change very much. conductivity and low diffusivity converges significantly

Field experience suggests that the estimate of th@ster than the satura}ted s_,and with higher conductivity., \{vhile
ground thermal conductivity reaches convergence betwedh each test case an identical grout of thermal con_duc.tlwty of
80 and 100 hours. To illustrate the point, Figure 6 shows th%‘43 Btu_/kﬁ[tBF (0.74 W/nik) was usgd. As shown in .F|gure
typical dependency of the ground thermal conductivity onf” the simulated bpr_eholg t.ests W't_h dry sand estlmatg the
the test duration observed for three test boreholes (Stmwatgpnverged condu_ctlwty vy|th|n 8% with only 15 hqurs of in-
Sites A #1 and A #2 boreholes and a test borehole located $fU test dqta, while the simulated pore_hole test with saturqted
Chickasha, Oklahoma). The total duration of the in-situ teg;and requires about 35 hours of in-situ test data to achieve
on the Site A #2 borehole was slightly longer than170 hour € Same accuracy.
while the in-situ tests on Site A #1 borehole and the Chick- .
asha borehole were each about 100 hours long. For each dg?e{":'eld Temperature
set, the ground thermal conductivity is estimated for various  Since the borehole temperature response to an imposed
data lengths starting from the 20th hour. The data setseat flux is sensitive to the undisturbed far-field temperature
shorter than 170 hours have been logarithmically extrapasf the ground, the value of the far-field temperature has a
lated up to the 170th hour for comparison. The estimatesignificant impact on the estimated ground thermal conduc-
ground thermal conductivity values appear to converge afteivity. There are several maps (IGSHPA 1991) available that
about 80 to 100 hours from which time no significantgive a general idea of the undisturbed ground temperatures for
changes are observed. the continental U.S. using well water isotherms. However,

It is often not feasible to conduct a test of this lengthsuch maps cannot possibly yield locally accurate information.
Therefore, a significant effort has been made to find a suitabklthough several experimental procedures have been tried for
compromise between test length and test accuracy. Althougitaining the undisturbed ground temperature, the best proce-
the choice is somewhat subjective, the authors have settled dare seems to be lowering a thermocouple (or other calibrated
a test length of 50 hours based on analyses conducted on teenperature sensor) down the U-tube and measuring the

One of the most commonly asked questions about in-situ
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TABLE 2
Thermal Conductivity Estimations and Associated Errors from the
Converged Value for Site A #1, A #2, and Chickasha Test Boreholes

Dur ation of Sillwater, Site A #1, 6-2-97 Stillwater, Site A #2, 1-9-97 Chickasha, 9-26-97

Te!ti l?gt lEh) Kground BtU/hEF(W/MIK) | Error (%) | Kgroung Btu/h @ FF(W/mIK) |Error (%) | Kgroung Btu/h[it BF(W/mK) | Error (%)
20 1.254 (2.169) 12.48 1.323 (2.289) 14.20 1.461 (2.528) 4.04
30 1.280 (2.214) 10.15 1.381 (2.389) 9.46 1.513 (2.618) 0.49
40 1.344 (2.325) 4.93 1.423 (2.462) 6.18 1.460 (2.526) 4.10
50 1.380 (2.387) 2.20 1.445 (2.500) 4.60 1.478 (2.557) 281
60 1.396 (2.415) 1.00 1.461 (2.528) 343 1.488 (2.574) 2.15
70 1.400 (2.422) 0.70 1.480 (2.560) 2.08 1.499 (2.593) 1.40
80 1.401 (2.424) 0.64 1510 (2.612) 0.65
90 1.509 (2.611) 0.15
100 1.409 (2.438) 0.08 1.519 (2.628) 0.07
110 1.514 (2.619) 0.15
130 1.517 (2.624) 0.36
150 1.508 (2.609) 0.24
170 1.410 (2.439)* 0.00 1511 (2.614) 0.00 1.520 (2.630)* 0.00

(*) Projected
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Figure7 Thermal conductivity estimation vs. duration
of in-situ testing, simulated borehole.

temperature of the heat transfer fluid along the borehol e depth
before each test. The undisturbed far-field temperatureisthen
determined by averaging the measured temperatures along the
depth of the borehole below 10 ft (3 m). Even then, there is
some uncertainty in the measurement. Although the ground
thermal conductivity predictions will be strongly affected by
variationsin the assumed far-field temperature, the impact on
the borehole design is mitigated as long as the design value
and the value used for the parameter estimation are the same.

The sensitivity of the parameter estimation model to the
uncertainties in the measurement of the undisturbed far-field
ground temperature can be seen in Figures 8 and 9 for the

DA-00-13-2 (4364)

cored borehole and the simulated borehole in the medium-
scalelaboratory tests. For one particular experimental dataset,
fivedifferent far-field temperatureswere used asinput param-
eters. The analyses demonstrate the ground thermal conduc-
tivity prediction sensitivity based on a 1.0°F (0.6°C) error
range. For each far-field temperature point, all other input
parameters were kept constant.

Figures 8 and 9 show that the parameter estimation model
is very sensitive to the estimate of the ground far-field temper-
ature. It is also observed that this sensitivity is stronger for
high thermal conductivity soils than for low thermal conduc-
tivity soils. As expected, the predicted ground thermal
conductivity decreases with increasing far-field temperature,
since for unchanged series of heat transfer rates the tempera-
ture differences between the average borehole temperatures
and the far-field temperature becomes larger. The analyses
based on the simulated and cored boreholes show that if the
ground far-field temperature can be determined within £1.0°F
(x0.6°C), the associated error in the thermal conductivity esti-
mation will be limited to about £4.9%.

Shank Spacing

The sensitivity of the ground thermal conductivity esti-
mations to uncertainties in the shank spacing (the distance
between the two pipes from pipe outer wall to pipe outer wall
of a U-tube) is presented in this section. Since it is difficult in
practice to control the shank spacing, this parameter was
varied to examine its sensitivity to the ground thermal conduc-
tivity estimations.
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Figure 10 showsthe results obtained from the cored bore-
hole and the simulated borehol e tests. In each of these cases,
five different shank spacing values that would not violate the
borehole geometry were used. Since the inclusion of the
second independent variable (kyo) in the parameter estima-
tionisexpected to act asasurrogatefor theuncertaintiesinthe
shank spacing, the sensitivity analyses have shown that even
significant uncertainties (errors in the initial estimate) in the
U-tube shank spacing only yield small changesin the ground
conductivity predictions. A +40% change in the “effective”
shank spacing only causes a +1.6% change in the ground ther-
mal conductivity estimation.

Although there is a strong correlation between the grout
thermal conductivity estimates and the shank spacing values,
the ground thermal conductivity is affected only slightly. The
simulated borehole tests with dry and saturated sands suggest
that very low thermal conductivity sand is significantly less
sensitive to uncertainties in the shank spacing than saturated
sand with higher thermal conductivity.

Volumetric Specific Heat

Since the transient conductive heat transfer problem
depends strongly, but not solely, on the thermal diffusivity, it
is inevitable that the estimated thermal conductivity will be
dependent on the assumed value of the volumetric specific
heat of the ground.

In order to determine the sensitivity, the effect of volu-
metric specific heat values ranging from 20 BfifR
(1340 kJ/MIK) to 50 Btu/ffF (3350 kJ/MK) have been
investigated. This range of volumetric specific heat, as
reported by EPRI (1989), represents almost the entire prac-
tical range for commonly occurring soil types. In order to
accommodate the medium-scale laboratory test cases
involving dry sands with very low diffusivity, a relatively
low volumetric specific heat value of 14 BtdlfF (938 kJ/
m3K) is also investigated.
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Figure1l Thermal conductivity estimations vs. the
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TABLE 3

Change in Ground Thermal Conductivity” Estimations Based on
Changes in Power Input and Temperature Measurement

Base Power up 5% Change (%) Base Temp. Calib. Coeff. up 2% | Change (%)
Kground - Site A #6 1.379 (2.386) 1.445 (2.500) 4.79 1.379 (2.386) 1.400 (2.422) 1.52
Kground - D1y sand 0.152(0.263) | 0.160 (0.277) 5.26 0.152 (0.263) 0.154 (0.266) 1.32
Kground - Sét. sand 1.336 (2.311) 1.428 (2.470) 6.89 1.336 (2.311) 1.364 (2.360) 2.10

* BtwhREF (W/mK)

Figure 11 showsthe results of the sensitivity analysesfor ~ changes in power were unchanged. The results of the power
the simulated boreholetests. A relatively strong correlationis  sensitivity analyses are reported in Table 3.
observed between ground thermal conductivity and ground The analyses for the specific cases investigated show an
volumetric specific heat. The ground thermal conductivity  almost linearly proportional relationship between an increase
estimations decrease as the volumetric specific heat of the  of the calibration curve slope of the temperature sensors used
ground increases, although this trend is not as strong inthe  or the increase in the power input and the predicted thermal
case of the saturated sand as it isfor soils with very low ther- conductivity values for the cored and the simulated borehole
mal conductivities. Thelow thermal conductivity soilsappear  cases.
to be more sensitive to uncertainties in the soil's volumetric  In summary, a 2% change in the slope of the thermistor
specific heat than higher conductivity soils that are typical focalibration curve causes an estimated uncertainty of about
soil types encountered in practice. +2%. However, based on a simple statistical analysis of the

However, the analyses show that, if the volumetricSensor calibration, the uncertainty in the slope is expected to
specific heat of the ground can be estimated within +5 Btupe less than £0.12%. This will cause a negligible uncertainty
ft3IF (335 kJ/MK), which represents about 10% to 25% of in the ground thermal conductivity estimate.
the practical range for commonly occurring soil types, the  The watt transducer used in the experimental apparatus
ground thermal conductivity estimations vary by about +2.69fas an accuracy of approximately +1.5% for the conditions
for the cored borehole and the simulated borehole with satgncountered during in-situ tests. Based on this, the resulting
rated sand while it varies by about +6.3% for very dry sand.uncertainty in the thermal conductivity estimations is

projected to be about £1.5%.

Power Input and Temperature Calibration
Borehole Geometry

Errors due to improperly calibrated instrumentation can The drilling of boreholes under field conditions intro-

affgctthein-situ te§tdata. This may manifest itselfinthefornauces uncertainties due to drilling processes used and the
of incorrect power input (errors on the watt transducer) and/ round conditions at the field. The actual borehole diameter

entering and exiting I(I)'Ep t.empﬁ_rr?turi readings (errors : ay be both larger than the drill bitin some places, and smaller
temperature sensor calibration). Therefore, an error estimale n the drill bit in other places. Since it is not feasible that

for the experimentally collected data is required to investigatﬁ1ese occurrences be controlled (and are not controlled in typi-

the sensitivity of the ground thermal conductivity predictions,, practice) a series of sensitivity analyses are required to

to uncertainties in power and/or temperature measurementyssess the impact of uncertainties introduced through inaccu-
In order to accomplish this, artificial errors were intro-rate borehole depth and radius.

duced to the power and temperature sensor calibrations. For These uncertainties are analyzed only for the cored

the temperature data, the slope of the sensor calibration cunygrehole. The borehole radius was varied between 0.149 ft
was increased by 2% for both the borehole entering and ex'(t@_045 m) and 0.229 ft (0.070 m), a range that is within
ing fluid temperatures. The experimental average borehole20o of the nominal borehole radius. Again, for each esti-
temperature was then “recomputed” based on the artificiallyhation, all other input parameters were kept constant.
adjusted loop temperatures. The ground thermal conductivity Figure 12 illustrates the dependency of the ground ther-
estimations were then obtained based on the actual powefm| conductivity estimations on the uncertainty of borehole
input data and the modified temperature response data. Thgjius for the cored borehole. As the radius of the borehole
results are reported in Table 3. becomes larger, the estimated ground conductivity increases
The sensitivity analysis of the ground thermal conductiv-due to increased borehole resistance. This is expected, since,
ity to uncertainties in the power-input measurements is impleas the borehole resistance increases through the larger bore-
mented by an artificial modification of the power-input values hole diameter, the estimates for the ground conductivity have
The power-input values for each time step were increased bty increase to adjust for the unchanged average borehole
5%, while the corresponding temperature responses to themperatures. However, analyses suggest that, if the borehole
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TABLE 4

Borehole Radius [m]

0037 0042 0047 0082 0057 0062 0067 0072 0077 Summary of Primary Sources of Uncertainties in the
160 280 Estimation of Thermal Conductivity of the Ground
9-_- 1.55 270
g f Estimated Uncertainty
E . g Source in Predicted Kyrqund
g . 250 2 L ength of test - approx. 50 hours +6.5%
g 240 g Power measurement
g s ° +1.5%
T 130 230 E (£1.5% uncertainty)
E 195 220 F Estimate of the volumetric
1 specific heat of the ground +2.6% (average soils)
1.20 s - 210 .
012 014 016 018 020 022 024 026 (+5 Btu/fPlF [£335 kI/MIK]) or +6.3% (extremely dry soils)
Borehole Radius [ft.]
. o N Estimate of the borehole radius
Figure 12 Ground thermal conductivity estimation vs. the _ +3.6%
borehole radius, cored borehole site A #6. (+0.5 in. [12.7 mm])
_ ) o Estimate of the shank spacing 0
radius can be determined within £0.04 ft (+0.012 m), the . +1.6%
uncertainty in estimating the ground thermal conductivity i<(‘ 0)
reduced to about +3.6%. IThe numerical model +1.2%
~ The sensitivity of the estimated ground thermal condudgstimate of the far-field temperat .
tivity to uncertainties in the depth of the borehole was als .. . +4.9%
investigated. The estimated conductivity decreases it F [£0.6°C])
increasing depth, since, in the analyses, the total amount [Total estimated uncertainty +9.6%-11.2%

heat transferred over the borehole is unchanged. Conse-

quently, for shorter borehole depths, the amount of heat trans-

ferred per unit borehole depth inc_reases while the averaggmmary of Uncertainties on the

borehole temperatures and other input parameters are kKetound Thermal Conductivity Estimations

unmodified, resulting in higher ground thermal conductivity . )

estimations. Similarly, lower ground thermal conductivities Asummary of the sources of.uncertal_nt|e§ a”‘?' thglreﬁgct

are estimated for increased borehole depths. The analys@% the grpund thermal cqnducuwty gstlmatlon IS g|ven_|n

indicate that the uncertainty in the ground thermal conductiv-l—""bIe 4. Since the uncerta}|ntles described in Tablg 4 pertain to

ity due to a £0.5 ft (+0.15 m) uncertainty in the borehole depﬂparameters that are all mdependent. or nearly independent

is +0.15% for a 250 ft (76.2 m) deep borehole. This uncertaint om eaF:h other, they may be added in quadrature. Thu_s,.the

is negligible when added in quadrature with the other unce pta_ll esymated uncgrtglnty of the ground thermal conductivity

tainties. estimations falls within a range of about 9.6% to 11.2%
In addition to the uncertainties discussed above, thgepending on the level of the estimated thermal conductivity,

numerical finite volume model of the borehole also represent@nCe Very low conductivity sands appear to be more sensitive
a source of uncertainty in the estimation of the ground's thef© the estimate of the volumetric specific heat. The overall
mal conductivity. Yavuzturk et al. (1999) provide detaileguncertainties compare very well with the range of values that
discussion on the numerical model and its validation againdf@S obtained from other tests in nearby locations (Austin
an analytical solution using six different test cases that simg-298)- (Uncertainties smaller than 0.2% have beenignored, as
late a typical range of heat flux, model geometry, and thermaf€ir contribution to the overall uncertainty is negligible.)
properties. However, the analytical solution does not corre- It iS obvious that the estimated uncertainty is somewhat
spond exactly to the borehole geometry with differing groun&"gher than the errors found wh.en Fhe parameter estimation
and grout conductivities. Therefore, it is difficult to determingProcedure was applied to the validation test cases. It should be
the exact impact of the uncertainties in the numerical model diPted that, for these cases, a number of the input parameters,
the estimate of the ground conductivity. It appears, but prot-9- far-field temperature, volumetric spguﬂc heat, borehole
ably cannot be proven, that the inaccuracies in the numericgtdius, and shank spacing, were determined more accurately
model are reflected in the estimate of the grout conductivitfan What might be feasible under typical field conditions.
Accordingly, a heuristic estimate of the impact of the uncer-
tainty in the numerical model on the ground conductivity isCONCI‘USIO'\IS AND RECOMMENDATIONS
made. The +1.2% uncertainty corresponds to the error in the An experimental apparatus has been described that is
numerical model results at 12 hours. capable of imposing a heat pulse on a test borehole and
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measuring its temperature response. The ground thermal
conductivity is estimated using a parameter estimation tech-
nigue in conjunction with a two-dimensional numerical
model. Independent measurements of soil conductivity test
resultsare reported for acored borehole and asimulated bore-
hole with different types of sands in a medium-scale labora-
tory experiment to validate the parameter estimation method.
The sensitivity of the estimated ground thermal conductivity
is investigated to assess the uncertainties associated with
determining the values of volumetric specific heat of the
ground, the undisturbed far-field temperature, the borehole
geometry, and instrumentation.

Specific conclusions and recommendationsregarding the
design of thein-situtest apparatusand experimental procedure
are discussed in detail by Austin (1998). Additional conclu-
sions and recommendations related to the length of anin-situ
test and the parameter estimation procedure and the overall

accuracy of the estimates are as follows:

Using the in-situ procedure described, the length of test
should be no less than 50 hours to obtain a value of
ground conductivity that would be within about +6.5%
of that obtained with much longer tests. Preliminary
analyses suggest that the ground thermal conductivity to
be estimated may have a significant influence on the
length of in-situ testing. It appears that low thermal con-
ductivity soils require less time to converge than higher
thermal conductivity soils.

An error analysis suggests that with data measured by
the experimental apparatus, the two-variable parameter
estimation procedure can be expected to predict the
ground thermal conductivity within a range of about,
+9.6% and +11.2%.

Validation test cases using saturated and dry sands under
laboratory conditions and the cored borehole show that
the two-variable parameter estimation model estimates
the ground thermal conductivity within a maximum
range of £+2.1%. As noted, the errors here are smaller
than the general error estimate because several of the
input parameters were estimated more accurately than
might be feasible under typical field conditions.

be investigated. In particular, methods for more accu-
rately estimating the far-field temperature, the average
borehole radius (perhaps by measuring the total grout
volume), and the ground volumetric specific heat should
be pursued.

The current recommended duration of the in-situ test is
50 hours. In practice, it is highly desirable to be able to
do the test in a significantly shorter amount of time. One
possible approach for this is to improve the model's
accuracy in the first few hours. This might be done by
extending the numerical model to three dimensions and/
or more closely matching the actual geometry by using a
boundary-fitted coordinate grid. Presumably, any
improvements made in the first few hours will help
allow for a shorter test. At the same time, it will proba-
bly be useful to physically control the position of the U-
tube in the borehole. Whether the reduced test time will
be worth the increased computational time for the
parameter estimation remains to be seen.

The parameter estimation algorithm is a computation-
ally intensive procedure. For acceptable estimation
accuracy, about 50 to 80 objective function evaluations
are typically required, with each one requiring a simula-
tion using the detailed numerical model of the borehole.
In order to reduce the computational time, a better initial
guess for the conductivities may be made by using a
simple analytical model in conjunction with the parame-
ter estimation procedure. This estimate can be made
very quickly and used to reduce the number of objective
function evaluations made with the detailed numerical
model

In order to reduce the time from the start of the experi-
ment to final parameter estimation results, the parameter
estimation may be performed simultaneously (on-line)
instead of subsequently (off-line). The suitability of on-
line parameter estimation methods, such as recursive
and/or adaptive techniques, should be investigated. This
could also have the advantage of being able to tell the
operator when the experiment is “done” rather than run-
ning a predetermined number of hours.
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NOMENCLATURE

k = conductivity (Btwh{ftF [W/mIK])
Q = heat transfer rate (BtuftiaF [W/m])
r = radius (ft [m])

T = temperature (°F [°C])

t =time (h)

SSE  =sum of the squares of the error

Array Variables and Subscripts

N = number of data points
exp = experimental

num = numerical

ff = far field
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