
Investigation of Methods for Determining Soil and Rock Formation 
Thermal Properties From Short-Term Field Tests (1118-TRP) 

 
1.  INTRODUCTION  
 
1.1 Overview 
 
Interest in ground-source heat pumps (GSHPs) for commercial and institutional buildings 
has extended the need for improved design and evaluation tools.  ASHRAE has recently 
published manuals and has sponsored a series of short-courses at recent Annual and 
Winter Annual meetings.  Several recent symposia and seminars have presented results of 
GSHP operating experiences, design tool development, and research results.  In spite of 
these activities, GSHPs are often not given adequate consideration because of the 
perceived difficulty and uncertainty associated with the design process. 
  
A critical need in the design procedure of closed-loop GSHPs, or ground-coupled heat 
pumps (GCHPs), is an accurate knowledge of soil/rock formation thermal properties.  A 
typical ground heat exchanger for larger buildings is a field of vertical bores in which 
high-density polyethylene (HDPE) U-tubes are inserted and the annulus is filled or 
grouted in place.  Previous research has led to the development of a variety of design 
tools that can predict performance and size these heat exchangers if the thermal 
properties of the earth are available. 
 
These properties can be estimated in the field by installing a heat exchanger of 
approximately the same size and depth (and with the same grout or fill) as the heat 
exchangers planned for the site.  Heat is added in a water loop at a constant rate. Water 
flow, inlet and outlet temperatures are measured at regular intervals.  These data are 
compared with a mathematical model of the heat transfer processes occurring in the 
borehole and surrounding soil. The model depends primarily on the thermal conductivity 
and diffusivity of the formation and attempts to minimize the impact of other parameters 
such as, thermal conductivity of the grout, tube dimensions, and tube location in the bore. 
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Figure 1.1.  Schematic of Test System 
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1.2  Scope 
 
A number of firms have taken it upon themselves to respond to the needs of the industry 
by providing this service.  This has been done largely on their own initiative and some 
details regarding necessary methods of test (MOT) are being debated.  These details 
include: 
 
•  Acceptable length of thermal test 
•  Acceptable analysis procedure (Line heat source, cylindrical heat source, numerical) 
•  Required data and instrumentation accuracy 
•  Required power input level and quality 
•  Acceptable installation methods for ground heat exchangers 
•  Ground temperature measurement methods 
•  Test rig specifications (Flow, insulation, air bleed, etc.) 
•  Correction for near surface ground temperature and conductivity variations 
•  Correction for ground property disturbances during loop installation 
•  Correction for start-up transients 
•  Acceptable delay before retesting 
•  Suitability of long-term test data for validation 
 
This project has been undertaken to investigate these issues and provide improved 
information for the industry. 
 
1.3  Objective 
 
The objective of this project is to evaluate the validity of the models, estimate the 
accuracy and costs of the test methods, and establish a set of recommended practices to 
be used for field tests to determine soil and rock formation thermal properties at ground-
coupled heat pump installation sites. 
 
1.4 Approach 
 
The project began with an information search that included a traditional search in the 
technical literature.  However, the background information gathered also included written 
and oral communication with experienced thermal conductivity testers and their clients.  
This included test data results, costs, and methodologies for testing and analysis.  A 
controlled test site consisting of multiple bores at the same location was used for 
gathering test information, which was added to the field data supplied by cooperating 
testers.  The data was analyzed and thermal properties were computed using publicly 
available software.  This was supplemented by software developed specifically for this 
project.  This permitted the comparative analysis, impact of uncertainty resulting from 
measurement error, variations from fundamental assumptions, test procedures, and 
unavoidable disturbances to the natural formations.  Finally recommendations regarding 
test methods and analysis method are presented. 
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2.  BACKGROUND AND LITERATURE REVIEW  
 
2.1  Overview of Methods 
 
Different mathematical models are used to determine the thermal properties of soil from 
the field test data.  The commonly used models are the line heat source model, the 
cylindrical heat source model and a variety of numerical models.  The line source and 
cylindrical models adopt the analytical solution of the heat transfer problem between the 
borehole and the nearby infinite region.  Many rocks are anisotropic, meaning that their 
thermal properties vary with direction.  Therefore, the determined conductivity using 
these models is an “effective” value.  Numerical models normally use details about 
borehole geometry and utilize finite element or finite difference methods to solve the 
problem. 
 
Fundamental information, such as the distance between the inlet and outlet pipes, is 
usually unavailable.  For these reasons, a number of simplifying assumptions must be 
made, resulting in approximate mathematical models of the process.  One common model 
assumes that the heat exchanger acts as a line heat source in an infinite medium (Ingersoll 
and Plass, 1948; Morgensen, 1983).  In time the behavior of the system does approach the 
behavior of a line heat source, provided the heat source remains constant.  However, this 
model is known to be inaccurate for the first few hours of the experiment.  Consequently, 
the field data at the beginning of the test must be ignored.  There is uncertainty as to how 
much of the initial data should be ignored, and for how long the data should be collected.  
Another model assumes the heat exchanger acts as a cylindrical heat source in an infinite 
medium (Deerman and Kavanaugh, 1991) but it is subject to many of the same 
limitations. 
 
The line and cylinder heat source models require several simplifying assumptions.  The 
validity of these assumptions for the in-situ thermal tests and the resulting error must be 
evaluated.  However, their accuracy may approach that of more complex numerical 
methods when the uncertainty of input parameters is higher than the uncertainty resulting 
from the simplifying assumptions.  More elaborate 1- and 2-dimensional numerical 
models have been proposed as well (Shonder and Beck, 2000; Austin, 1998; Rottmayer, 
1997). Numerical methods may be required if it is determined that the conductivity of the 
formation is altered significantly by the injection of drilling fluid during U-tube 
installation. 
 
2.1.1 Line Heat Source Model 
 
The original theory of the Line Source Model uses the following equation (Ingersoll and 
Plass, 1948; Carslaw and Jaeger, 1959).  It is the integrated solution from the 
instantaneous point source of heat (Kelvin, 1880) and is often referred to as the Kelvin’s 
Line Source theory. 
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where, 
Δ t       : Temperature differential between initial ground temperature (tg) and t @ r 
r : Radius from center of bore 
k : Thermal conductivity   
q/L      : Heat flux rate per unit length  

pc
k

ρ
α =     : Thermal diffusivity  

ρcp   : Volumetric heat capacity 
Ei : The exponential integral 
L   : Length of borehole  
 
An approximation of Equation 2.1 is given by (Carslaw and Jaeger, 1959): 
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where, 
γ : Euler’s constant, equals to 0.5772… 
τ : Time 
2.1.2. Cylindrical Heat Source Model 
 
The analytical solution of cylindrical heat source in an infinite medium was also 
presented (Carslaw and Jaeger, 1959 and Ingersoll, et. al., 1954).  This model considers 
the heat exchanger as a cylinder instead of a line: 
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=       : Fo number                                   

R
rp =         : Dimensionless radius  

R                : Outer radius of borehole  
 
2.1.3  Numerical Models:  
 
In order to improve the solution for the heat transfer problem between, numerical models 
have been proposed that use finite difference methods (Shonder and Beck, 2000; 
Rottmayer, Beckmann, and Mitchell, 1997) and finite element methods (Yavuzturk, 
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1999) to represent the borehole geometry.  Some numerical models consider the heat 
transfer between the heat exchanger and the soil in one dimension.  Others consider it as 
two-dimensional.  Parameter estimation techniques have been used to find the thermal 
properties of soil.  
 
Shonder & Beck (1999) used parameter estimation to determine the conductivity and 
borehole thermal resistance from the performance data.  This method incorporates an 
elaborate numerical model of the borehole that includes geometric information about the 
bore.  The method essentially involves minimizing the error between predicted and 
experimental results by adjusting some of the inputs to the model.  Austin (1998) also 
employed a two-dimensional numerical model with parameter estimation techniques to 
successfully predict the thermal properties of the soil. 
 
2.2 Literature Review 

2.2.1 Hooper, F.C., and F.R. Lepper.  Transient heat flow apparatus for the 
         determination of thermal conductivities.  ASHVE Transactions, 1950, Vol. 56, 
         pp. 309-322. 
 
Synopsis – There are problems associated with using a hot plate to determine the thermal 
conductivity of moist soil.  This includes moisture migration due to a temperature 
difference.  The hot plate is an “equilibrium” device.  A wet soil will not stabilize until all 
water migration has ceased.  At this point, the hot side will be dry and the cold side will 
be wet.    Additionally, an undisturbed soil sample is required, which is very difficult to 
accomplish since the sample must be shaped to fit the hot plate.  A transient heat flow 
procedure was developed based on a line heat source to overcome these problems. 
 
A probe was built out of an aluminum sleeve 12 inches (25 cm) long with a heater wire 
inside it.  Thermocouple junctions were placed at different points along the sleeve.  The 
line source equation was applied to determine conductivity based on the temperature 
response.  The probe provided accurate results for wet and dry materials.  With the probe, 
no soil disturbance is required for a sample.  The probe can be forced into the ground.  
The apparatus is also easy to construct, fairly inexpensive, and portable.  Short 
experimental times are sufficient for this instrument. 
 
2.2.2 Jaeger, J.C.  1959.  The use of complete temperature-time curves for 

determination of thermal conductivity with particular reference to rocks.  
Australian Physics Society, Vol. 12, pp. 203-217. 

 
Synopsis – The thrust of this article is that the transient methods used for the 
determination of thermal conductivity make use of the asymptotes of a temperature-time 
curve.  This implies they require long experiment times and make no use of the 
information in the early stages of experiment.  A simple method of reducing observations 
is described which uses measurements of temperature at equally spaced time intervals 
combined with a curve calculated from theory.   
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2.2.3 Gu, Y., D.L. O’Neal. 1998.  Development of an Equivalent Diameter Expression 
for Vertical U-Tubes Used in Ground-Coupled Heat Pumps.  ASHRAE 
Transactions, Vol. 104, pt. 2, pp. 347-355. 

 
Synopsis – An expression for the equivalent diameter was developed for the heat transfer 
of a U-tube.  The assumptions made for this expression were (1) steady-state heat transfer 
and (2) concentricity of the borehole and one leg of the U-tube.  The principle of 
superposition of multiple heat sources was applied.  The results showed that the 
equivalent diameter depends on the tube diameter and the leg spacing.  The ratio of the 
calculated equivalent diameter to the tube diameter can be two or greater.   
 
The problem with analyzing the heat transfer in the U-tubes is that the water temperature 
in each leg is different. The legs tend to “thermally short-circuit” each other.  One 
possible solution to this problem is to lump the two legs into an “equivalent diameter.”  
The existing solution to this problem includes the classical cylindrical source solution 
(Ingersoll, 1954) for a homogeneous medium and the approximate analytical solution (Gu 
and O’Neal, 1995) for a heterogeneous medium surrounding the U-tube heat exchanger.   
 
Procedure 
(1)  The main assumption was that one leg of the U-tube is concentric with the backfill 

and the far-field boundaries when calculating its surface temperature due to its own 
heat rejection.  Then the same assumption was made for the second U-tube leg to 
determine the thermal effect on Leg 1.   

(2) When calculating the thermal field generated by one leg, the presence of the other leg 
is ignored. 

(3) The far-field boundary was an imaginary boundary, considered to be so far away that 
it remained undisturbed by the generating legs. 

(4) The leg spacing was assumed so that the center of leg 1 would never go beyond the 
backfill boundary. 

(5) The two legs rejected heat uniformly and the total was the sum of the two.  Heat flow 
was assumed to be one-dimensional in the radial direction. 

 
Conclusions:  As expected, considering that the expression for the equivalent diameter 
was derived under the steady-state assumption, errors were largest during the transient 
(startup) portion of the experiment.   
 
2.2.4 Gu, Y., D.L. O’Neal.  1998.  Modeling the effect of backfills on U-tube ground 

coil performance.  ASHRAE Transactions, Vol. 104, pt. 2, pp. 356-365. 
 
In this paper, Gu and O’Neal develop a model to predict the performance of a vertical 
heat exchanger.  They incorporate some of their earlier work, which included an 
approximate analytical solution for a cylindrical heat source in a non-homogeneous 
medium.  They also used an equivalent diameter expression for the U-tubes, which they 
developed in a previous paper.  The model in this paper uses an implicit finite difference 
algorithm for the temperature distribution in the U-tube.  They then built an experimental 
setup to validate their model.  Some major assumptions of their model were as follows: 
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(1) The initial temperature was uniform everywhere including the pipe and fluid and 

was equal to the far-field temperature, which was constant both spatially and in 
time. 

(2) The thermal storage capacity of the pipe wall was negligible. 
(3) Heat conduction is one dimensional, radial. 
(4) Thermal properties and convection coefficients are constant. 
(5) Thermal contact resistance between soil/backfill and pipe/backfill are ignored. 

 
Reasonable results were obtained between the experimental and numerical simulations.  
Moisture migration was not examined in this study.      
  
2.2.5 Shonder, J.A., and J.V. Beck.  1999.  “Determining effective soil formation 

thermal properties from field data using a parameter estimation technique”. 
ASHRAE Transactions, Vol. 105, pp. 458-466. 

 
Synopsis – A new method for determining ground thermal properties has been developed.  
It is based on a one-dimensional numerical heat transfer model, combined with parameter 
estimation techniques.  From this, thermal conductivity and borehole resistance are 
determined.   
 
A one-dimensional thermal model is derived to describe the temperature field around a 
vertical heat exchanger for a geothermal heat pump. The inlet and outlet pipe flows are 
modeled as one, and an effective heat capacity is added to model the heat storage in the 
fluid and pipes.  Parameter estimation techniques are then used to estimate various 
parameters associated with the model, including the thermal conductivity of the soil and 
of the grout that fills the borehole and surrounds the U-tube. The model was validated 
using test data from an experimental rig containing sand with a known thermal 
conductivity. The estimates of the thermal conductivity of the sand was predicted from 
the models are found to be in good agreement with independent measurements. 
 
2.2.6 Ingersoll, L.R., O.J. Zobel, and A.C. Ingersoll.  1954.  Heat conduction with 

engineering, geological, and other applications.  Madison : The University of 
Wisconsin Press 

 
Synopsis – The reference applies the theory for pipes with constant flux q.  For the case 
of constant transfer rate, the solution is based on the line source equation and is given by:  
 
t -tg = q/2πkL * I(r/2ατ). 
 
In cases where time (τ) is too small or the pipe radius (r) too large (αt / r2 < 20) the use of 
the line source equation involves appreciable error.  This solution is also applied to pipes 
of a finite length.  A chart on pg. 253 of this article shows that for a 1 in. (2.5 cm) pipe, 
the line source value reaches 1% of the Jaeger integral (cylindrical heat source solution) 
after only 3 hours.  Results show that the infinite pipe theory may be applied with 
negligible error to small diameter pipes or bores if sufficient time is available.  



 8

 
2.2.7 J.C. Jaeger.  1961.  The effect of the drilling fluid on temperatures measured in 

bore holes.  Journal of Geophysical Research, Vol. 66, pp. 563-569.     
 
Synopsis – It is generally considered that due to the heat exchange with the drilling fluid, 
drilled boreholes should be left for some time for thermal equilibrium to be established.  
This paper discusses the impact of the heat exchange with the drilling fluid.  It seems that 
the most important information in this paper is the conclusions from temperature 
measurements in a 1750 ft. (530 m) borehole.  The conclusion was that 18 hours after 
drilling, the geothermal flux could be measured to an accuracy of 5%, which is adequate 
for most purposes.   
 
For diamond drilling, Jaeger’s conclusion is that there is very little heat exchange 
between the drilling fluid and the rocks, except at the top and bottom of the holes.  For 
rotary drilling, which is the kind typically done in the Southeast, the drilling mud 
temperature may well be practically the same at all depths.   
 
Considering the time immediately after the hole has been drilled, it follows that 
temperature measurements taken 1.5 to 3 hours after drilling has ceased at a depth of 300 
ft. (90 m) the temperature variation is about 1.2°C (2°F).  Therefore, it is recommended 
that if temperature measurements are to be made immediately after the drill stems are 
removed, some correction factor should probably be applied.  However, it must be 
remembered that pulling the drill stems out will cause water movement, which may alter 
the results.  
 
The overall conclusion of this article on rotary drilling is that the interior of the borehole 
is maintained at a constant temperature during the drilling time.   
 
2.2.8 Beck, A., J.C. Jaeger, and G. Newstead.  1956.  The measurement of the thermal 

conductivities of rocks by observations in boreholes.   Australian Journal of 
Physics, Vol. 9, pp. 286 – 296.   

 
Synopsis – This article presents an argument for in-situ tests as opposed to cutting a disk 
of the rock and putting in some sort of laboratory apparatus for determining conductivity.  
The main opposition to using core samples is that cores can only be taken from fairly 
sound rock, and that core may not be recovered at all from highly altered or sheared 
zones.   
 
This article is centered on in situ testing, and outlines the procedure and equipment 
needed to perform conductivity tests.  The main problem with the conductivity probe is 
that if there is an air space between the probe and the borehole, undesirable convection 
will occur.  For this reason, the experimental times are very short, less than 30 minutes.  
As the time increases, so does the convection through the end of the probe. 
 
An experiment is described where the whole borehole is heated.   The apparatus includes 
a 3 kW vehicle mounted generator.  A length of 285 ft. (87 m)cable was lowered into the 
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hole, and heated at 2400 W for 700 minutes.  The current was then switched off and the 
recovery of temperature observed.  Two temperature measuring heads were in place at 
depths of 75 and 175 feet (23 and 53 m).  The results show that the borehole must be a 
dry one for this type of experiment to be performed.  Furthermore, comparison of the 
theoretical and actual temperature curves show the effect of the water flow in the hole.  
The water flow conducts heat to the surrounding rock very quickly, so the temperature 
rise is not quite as great as in a dry hole, where convection rules the initial stage of 
heating.   
 
2.2.9 Jaeger, J.C. 1956.  Conduction of heat in an infinite region bounded internally by 

a circular cylinder of a perfect conductor.  Australian Journal of Physics, Vol. 9, 
pp. 167-179. 

 
This paper focuses on a cylindrical heat source in an infinite medium.  Numerical 
information is given for radial heat flow in an infinite region bounded internally by a 
circular cylinder containing a perfect conductor.  There is a contact resistance included.  
Some situations discussed are:  (1)  the perfect conductor and the surrounding region 
initially at different temperatures, and (2)  heat supply to the perfect conductor.  All 
results are expressed in terms of dimensionless parameters. 
 
2.2.10 Austin, W.A.  1998.  “Development of an in-situ system for measuring ground 

thermal properties”.  Master’s Thesis, Oklahoma State University. 
(See Section 2.3 for discussion.) 

 
2.2.11 Austin, W. A., C. Yavuzturk, and J. Spitler. “Development of an in-situ and 

analysis system for measuring ground thermal properties”.  ASHRAE 
Transactions, Vol. 106, Pt. 2.  (See Section 2.3 for discussion.) 

 

2.3   Methods Used by Thermal Conductivity Testers 

Five organizations that perform (or provide equipment to perform) formation thermal 
property testing have been identified.  While there are several other organizations that 
perform these tests, they rely on some assistance or collaboration with the five firms 
discussed below.  Most of the firms reference the model or analytical solution upon 
which their test procedure is based.   
 
Geothermal Resource Technologies, Inc. (Allen, TX) promotes 48-hour tests and 
references the line heat source solution (Carslaw and Jaeger, 1947 and Ingersoll, et. al., 
1954).  GRTI provides a packaged system with instrumentation and a data logger.  
Details of their procedures are discussed in publications of Dr. Charles Remund of South 
Dakota State University.  This firm provided 26 data sets with their estimation of thermal 
conductivity.  Raw data was provided so that the other commercially available analysis 
methods could be used to analyze the data. 
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Ewbanks and Associates (Enid, OK) provide similar tests but require only a 12-hour time 
period.  Much of their model is based on the work of Dr. Marvin Smith of Oklahoma 
State University, Engineering Technology (Smith and Perry, 1999, Smith, 1999).  Smith 
has proposed a method to screen and select data so that short-term tests can provide better 
accuracy.  The procedure incorporated is not currently published and is assumed to be the 
line source method.  Smith provided four sets of data, which did not include the resulting 
thermal conductivity value.  We also received additional data sets from clients, which did 
include values of conductivity.  
 
Dr. Jeffery Spitler and associates at the Mechanical and Aerospace Engineering 
Department at Oklahoma State University have also developed a procedure and 
recommendations regarding thermal property testing.  A Master’s thesis (Austin, 1998) 
discusses the development of the system.  Additional discussion is presented by Austin, 
Yavuzturk, and Spitler (2000).  The procedure is a two-dimensional numerical method 
coupled with a parametric estimation technique.  A test rig was built to validate the 
results, which were also compared to results of an independent field test in which core 
samples were tested in the lab.  Four data sets were generated and testers were invited to 
compare results of different techniques.  These data sets have been included in the 
analysis presented in chapter 4 of this report. 
 
Ted Wynn and Associates (Nashville, TN) also conducts thermal conductivity testing.  
The original procedure incorporated by Mr. Wynn was based on the cylindrical heat 
source solution.  However, details of the current procedure were not reported by this firm. 
 
Omaha Public Power District (Omaha, NE) has also developed a procedure that was 
initially based on the cylindrical heat source solution but now also incorporates the line 
source solution.  OPPD has presented raw data from several of their original 
tests(Spilker, 1997) and discussed the development of the design process they have 
followed.  A data set was provided with the results of computations using different 
methods.  Results can be compared with other models.  Variation from one method to 
another is significant. 
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3.  COST OF THERMAL CONDUCTIVITY TESTING 
 
Several sources of TC testing costs were identified.  The Tennessee Valley Authority 
(TVA) has been keeping records for tests they have been subsidizing for the past two 
years.  One TC testing firm has provided records of its recent pricing.  These costs were 
verified by independently surveying clients of TC testers.  It should be noted that these 
costs were at the time of investigation and are subject to change based on competition 
and economic conditions. 
 

Table 3.1  Summary of Thermal Conductivity Testing Cost in TVA Service Territory 
(Prices DO NOT include costs of installing test bores.) 

Location Date Depth/Dia.  Fill/Grout Tester Cost  
Albertville, TN 8-31-98 200’ / 6” Cuttings TWE $3,282 
Decatur, AL 9-6-98 200 / 6” Cuttings TWE $3,483 
Madison Co., AL 9-12-98 200 / 6” Cuttings TWE $3,386 
Madison Co., AL 9-13-98 200 / 6” Cuttings TWE $3,386 
Florence, AL 1-24-99 200 / 6” Cuttings TWE $3,225 
Waynesboro, TN 8-9-99 200 / 6” Cuttings TWE $3,225 
Collinwood, TN 8-19-99 200 / 6” Crushed stone TWE $3,225 
Mt. Pleasant, TN 8-9-99 200 / 6” Cuttings TWE $3,525 
Cullman, AL 11-28-99 205 / 6” Cuttings/Sand TWE $3,525 
Hartselle, AL 11-29-99 203 / 6” Cuttings/Sand TWE $3,525 
Bell Buckle, TN 12-13-99 200 / 6” Cuttings TWE $3,525 
Decatur, AL 12-16-99 200 / 6” Cuttings TWE $3,525 
Tupelo, MS 2-22-00 200 / 6” Pea Gravel TWE $3,525 
Cullman, AL 3-1-00 200 / 6” Cuttings TWE $3,525 
Center Star, AL 3-16-00 200 / 6” Cuttings TWE $3,525 
Meridian, MS 5-30-00 200 / 4” Sand GRTI $2,250 
Meridian, MS 6-2-00 200 / 4” Sand GRTI $2,250 
Colbert Co., AL 6-5-00 300 / 6” Cuttings GRTI $2,500 

 
Table 3.2  Summary of Thermal Conductivity Costs 
Geothermal Resources Technologies, Inc. 
 

 40-48 hour test, data analysis, and report 
Single Test $2500 each + Mobilization (Travel / Shipping to Site) 
Two Tests $2500 each (Mobilization Fee Waived) 
Three or More $2,250 each (Mobilization Fee Waived) 
Other ≈ $250 Generator rental for sites without power 

 
Summary of GRTI  Activity for 1999-2000 
 
• 30 Tests completed @ $2,709 avg. including mobilization ($1,568 min. to $3,900 max.) 
• 6 Test bores installed @ $2,456 avg. including drilling, U-tube, grout ($1,500 - $3,255) 
• 50% of tests conducted with on-site power, 50% with generator 
• Power fluctuation: 5.6% with on-site power (1.1% min. and 13% max.) 

                     3.5% with generator (0.5% min. and 10.4% max.) 
 
Summary of Operating Costs to Conduct 48-Hour TC Test (@ Tuscaloosa Test Site) 
 
Electric –3000 watt elements:  3 kW × 48 hrs. × $0.07/kWh   ≈ $10.00 
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Gasoline Generator (4.5 kW max.): 3 kW load ⇒ 34 gal. @ $1.45 ≈ $49.00 
 
The following is a breakdown of the costs associated with building the experimental test 
apparatus.  It should be noted that these costs are approximate, and that some of the 
supplies (heater tank, thermistors, data acquisition system) were donated or used from 
previous projects. 
 

Table 3.3  Summary of Costs for Construction of Experimental Test Unit 
Does not Include Labor and Data Acquisition System 

 
UNIT COSTS  
Piping and Insulation $450 
Instrumentation $360 
5 kW Generator  $1000 
Miscellaneous (circulator pump and boxes) $400 
TOTAL: $2210 
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4.  FIELD TEST DATA 
 
4.1  Data of Thermal Conductivity Testers 
 
A great amount of test data and analytical results were provided by the five organizations 
that perform formation thermal property testing.  A letter requesting information (See 
Appendix C) was circulated to all the known thermal conductivity testers and several of 
their clients.  Fifty-three sets of test results were provided.  Most of 53 data sets had the 
information of test location, except the data from OSU/Spitler-Yavuzturk.  Some of the 
data had the bore completion information, from which the volumetric specific heat of soil 
can be estimated by the weighted average approach.  Most of the data did not include 
well log information but did contain information of bore depth, bore size, U-tube size, 
grout material and far field temperature.  The data from OSU/Spitler-Yavuzturk provided 
the thermal conductivity of the grout material.  The information of bore size, U-tube size 
and far field temperature for five sets data from Ewbank were unknown but assumed to 
be the same as the other data from the same data site.  
 
There were 26 sets of data sets from GRTI/Remund.  Most of these data had test 
durations longer than 40 hours and were considered as long-term tests.  The sampling rate 
was once every five minutes for all of these data sets.  There were 16 sets of data from 
Ewbanks and Smith.  Most of these tests were 12-hour or less and considered as short-
term tests, except 5 tests performed at OSU.  These five sets of data were long-term tests 
and were conducted to show the advantage of the geo-clips, which are used to push the 
tubes closer to the outer bore wall.  The data sampling rate for these tests was one minute.  
 
There were four sets of data from OPPD, five sets of data from OSU/Spitler-Yavuzturk, 
and two sets of data from ORNL/Shonder-Beck.  These sets of data were long-term tests.  
The data sets from OPPD were recorded once every 10 minutes.  The sampling rate of 30 
minutes was used for data sets from OPPD, since only the printed-out data files was 
provided.  The data sets from OSU/Spitler-Yavuzturk were recorded once every 2.5 
minutes.  And the data sets from ORNL/Shonder-Beck were recorded once very 5 
minutes. 
 
Values for thermal diffusivity, a secondary parameter, were not provided with the line 
source method results.  However, a procedure for calculating this value is provided in 
appendix B.  The cylindrical heat source and numerical methods also provide estimated 
values for the density-specific heat product, which is used to compute diffusivity (α = k ÷ 
ρcp). 
 
4.2  Analysis Procedure for Different Methods 
 
4.2.1  Line-Source Method  
 
In the literature review section, the equations for the Line Source Model were introduced.  
Because of the simplicity of this method, most firms adopted it to analyze in-situ test 
data. The methods differ with regard to the selection of which portions of data to analyze. 
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With the information of constant heat flux rate, thermal conductivity of the soil and 
geometric dimensions of the borehole, the temperature difference between the initial 
ground temperature (tg) and the location under consideration can be evaluated by 
Equation 2.1 and tabulated values of exponential functions.  In order to determine the 
thermal conductivity of the soil, the inverse method has been used to analyze field test 
data by applying Equation 2.1 or 2.2.  
 

BSlopet +=Δ )ln(* τ   

Where 
kL
qSlope

π4
= , thus, 

SlopeL
Pk

*4
*412.3

π
=                                                        (4.1) 

 
Normally, a power transducer is used to record the heat flux (P) into the ground and the 
unit is watts, which must be converted to Btu/h if English units are used.  Several time 
periods were analyzed with the line source method.  The power used is the average power 
over the time period in question.  For example, if the time period in question is 5-48 
hours, then the power used is the average over that period.  Any data before the fifth hour 
is not used. 
 
Knowing the slope of the average loop temperature (tloop) versus time (τ) curve, the 
thermal conductivity of the soil can be computed using Equation 4.1.  The basic 
procedure to analyze field test data is given as the following steps (Using Test #32 as 
example, other details are shown in Table 4.1. 
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Figure 4.1.  Linear Time – Temperature 

Plot 
 

Figure 4.2.  Linear Time – Temperature 
Plot with Equation

Step 1: 
Set up the spreadsheet of field test data in Excel, which include times and loop 
temperatures (tloop) into the ground and from the ground.  Make X-Y Chart of average 
loop temperatures (tloop) versus time (τ), as shown in Figure 4.1.  
 
Step 2: 
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Click the right button of the mouse on the curve and choose Add Trendline….  The 
logarithmic regression type is chosen in the Type window and Display equation on 
chart is checked in the Options window.  The value of slope is shown in the regression 
equation as in Figure 4.2.  
 
Step 3: 
Equation 4.1 is applied to find the thermal conductivity with the value of power (P), slope 
and length of the borehole (L). 
 

4827.2*)(244**4
)(2606*412.3

*4
*412.3

ft
watts

SlopeL
Pk

ππ
==  = 1.17 Btu/hr-ft-oF (2.03 W/m-oC) 

 
Or: 
Step 1: 
Make X-Y Chart of of average loop temperatures (tloop) versus natural logarithmic of time 
(ln(τ)). Since this curve is almost close to a straight line, Linear Trend/Regression type 
is chosen in the Type window to find the best fitting curve.  The calculation procedure is 
the same as the above procedure. 
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Figure 4.3.  Logarithmic Time – 
Temperature Plot 

 

Figure 4.4.  Logarithmic Time– 
Temperature Plot with Equation

Or: 
In the spreadsheet of Excel, calculate the series of natural logarithmic of time (ln(τ)) from 
the series of time. Then function of LINEST can be used to find the slope of the curve.  
 
The first and second graphical procedures show the variation of average loop temperature 
(tloop) and give reasons for discrepancy of the results between different analysis methods. 
The third procedure can give results promptly. 
 
In order to specify a general way to apply Line Source Method, different ways to select 
data were tried.  Different lengths of test hours were analyzed, such as k12, k24, and k48.  
The subscripts of k refer to the total length of test hours.  Different lengths of initial data 
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were ignored, such as 0.08, 1 and 5 hours.  The results, which ignored initial 0.08 and 5 
hrs, are shown in Table 4.1. 
 
4.2.2  Cylindrical Heat Source Method 
 
Equations 2.3 and 2.4 can be used to calculate the effective thermal resistance of the 
ground (Kavanaugh and Rafferty, 1997), 
 

k
pzGRg

),(
=                                                                                                      (4.2) 

 
With the information of heat flux rate, average loop temperature (tloop), initial ground 
temperature (tg), and bore length (L), another equation can be used to calculate thermal 
resistance of the ground per unit length as a function of time. 
  

( )
sc

gloop
gd F

R
P
ttL

R 1
412.3

b⎥
⎦

⎤
⎢
⎣

⎡
−

×

−×
=                                                                            (4.3) 

 
where, 
Fsc = short-circuit heat loss factor 
Rb  = thermal resistance of bore (hr-ft-oF/Btu) 
 
Both Equations 4.2 and 4.3 calculate the thermal resistance of the ground.  However, 
Equation 4.2 calculates the theoretical resistance, while Equation 4.3 calculates the 
resistance obtained from experimental data.  With the calculated thermal resistance from 
Equation 4.3, Equation 4.2 can be used to find the thermal conductivity of ground. 
 
Fsc is a short-circuit heat loss factor that accounts for performance degradation due to heat 
losses between legs of the U-tube.  The degradation is approximately 4% when water 
flow rates are 3 gpm per ton (Kavanaugh and Rafferty, 1997).  Hence, a value of 1.04 is 
used for Fsc. 
 
In its current format, the accuracy of thermal conductivity is compromised since results 
are dependent on the accuracy of the assumed value for bore resistance.  However, the 
method can be improved by analysis of a larger set of data.  A value of bore resistance is 
assumed and the value of thermal conductivity is computed for all recorded values for a 
thermal test.  Since several values of k will likely result, errors can be found.  This 
procedure is repeated for another value of bore resistance until the combination of k and 
Rb that generates the smallest error is found.  
 
The procedure is to assume the value of Rb.  Rgd is calculated using Equation 4.3 and Rg 
can be computed with Equation 4.2. The value k was iterated through range of values 
until Rg was equal to Rgd. With the found k, the sum square of error (SSE) was calculated 
between the measured temperature and the modeled temperature. The above procedure 
was repeated for range of Rb and the least SSE was found with the results of k and Rb. 
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In addition to the thermal conductivity, k, and thermal resistance of the bore, Rb, there is 
one other unknown parameter in the cylindrical source solution. It is the volumetric heat 
capacity of soil ρcp soil.  This is needed because the Fourier number, z, is a function of 
diffusivity, α, which is a function of the volumetric heat capacity, ρcp soil.  These 
relationships are defined in Equations 2.3 and 2.4.  For different ρcp soil, the least SSE was 
different and the responding results of k and Rb were different. The following equation is 
used to compute the volumetric heat capacity of soil ρcp soil. 
 

( )
100

%100
100

% MoiscMoiscc pdrysoilpwaterpsoil
−

×+×= ρρρ  

           ( )
100
%100

100
%)/(3.62 3 MoiscMoisFftBtu pdrysoil

o −
×+×−= ρ                           (4.4) 

 
where 62.3 is the volumetric heat capacity of water in Btu/ft3-°F. 
 
Most of test data had no well log or bore completion information, so volumetric heat 
capacity of soil ρcp soil can not be estimated. Had well log information been provided, a 
weighted average approach would have been used to estimate ρcp soil.  However, the 
volumetric heat capacity of soil normally varies between 20 to 45 Btu/ft3-oF. So ρcp soil 
was set at the value of 20 to 40 Btu/ft3-oF at 5 Btu/ft3-oF integrals.  The SSE was 
computed and minimized with respect to k and Rb for the different ρcp soil values as 
described in the above procedure.  Typically, the minimum SSE occurs at the smaller 
values of ρcp soil.  The thermal conductivity of k and Rb at the minimum SSE was reported 
in Table 4.1. 
 
4.2.3   ORNL/Shonder Method (Shonder and Beck, 2000)  
 
The GPM software from ORNL/Shoder was utilized to analyze all the 53 sets of data. 
The software provides not only the results from the numerical model, but also the results 
using a Line Source Method. However, there is no information about the Line Source 
Method available. 
 
A one-dimensional finite difference model was used to find the temperatures in the 
borehole. Also the Gauss method of minimization was used to find the unknown 
parameters, such as the thermal conductivities of the soil and grout.  The software 
normally evaluates four parameters at the end of each iteration . They are thermal 
conductivity of ground (kground), thermal conductivity of grout (kgrout), the initial ground 
temperature (tg is called deep earth temperature in the software), and the RMS value. If 
the changes of kground, kgrout, and tg are smaller than 1E-3, the values of these three 
parameters are the results and the iteration stops. If not, the iteration will continue until 
the change of these three parameters is smaller than 1E-3 or the iteration number gets to 
12, whichever comes first.   
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The program requires the experimental data file and information of U-tube diameter, 
borehole diameter, borehole depth, far field temperature, and volumetric heat capacity for 
soil and grout.  Volumetric heat capacities of the soil and grout were set to 20, 30, and 40 
Btu/ft3-oF.  Conductivity and bore resistance were computed for different combinations of 
ρcp soil and ρcp grout.  Results of the thermal conductivity at minimum RMS value are 
reported in Table 4.1.  
 
4.2.4  OSU Numerical Method  
 
The OSU numerical method program provided by Yavuzturk (1999) requires a great deal 
of computational time.  Therefore, it was only used to analyze 15 sets of data. 
 
A two-dimensional finite volume model and downhill simplex method of Nelder and 
Mead were combined in a program to determine the thermal properties. Three data files 
are needed to operate the program. One of the files gives a description of the borehole 
and contains initial guesses of soil and grout properties. The other two files are files of 
the experimental input of power and measurement of temperature. 
 
If the data file had 606 data points, it took 2 to 3 hours to obtain results for Pentium III, 
533 MHZ with 128 MB RAM. But for Pentium II, 266MMX, with 64MB RAM, it took 
about 10 hours to find results. 
 
An initial guess of ksoil is required in the input file. The algorithm of the program only 
calculates in a range of ksoil to (ksoil + 1.0) Btu/hr-ft-°F.  In order to find results over a 
broader range, different initial guesses of ksoil were tried. Since the output file includes 
the value of ksoil and the responding value of SSE, the value of SSE is checked to find the 
minimum SSE and the responding ksoil.  
 
There are two optimization options in the program to find the thermal conductivity of 
soil. One option is “Search For k and RoCp of Soil and Grout”(specified as option 2) and 
the other is “Search For k_Soil and k_Grout”(specified as option 8). Option 2 gives the 
results of 4 parameters and the corresponding value of SSE. The parameters are ksoil, ρcp 

soil, kgrout, and ρcp grout. Option 8 only finds 2 parameters and SSE. The parameters are ksoil 
and kgrout. Both options were run to find the results. 
 
4.3  Field Test Results 
 
4.3.1  Site Description 
 
The test site is situated near a lake, and the formation is 30 feet (9 m) of sandy clay 
overburden, and primarily shale and slate for the next 140 feet, except for two thin layers 
of sandstone.  One-inch (2.5 cm) diameter high-density polyethylene (HDPE) pipe was 
used for the U-tubes.  Two bores were grouted with thermally enhanced bentonite-based 
grouts.  The third was filled with silica sand and measured to insure adequate fill.  The 
fourth bore is grouted with a variation of the thermally-enhanced cement Mix 111 grout.   
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A thermally enhanced bentonite grout with an advertised conductivity of 0.85 Btu/hr·ft·ºF 
(1.5 W/m·ºC) was used to grout the first borehole.  It was mixed with high silica content 
sand and was tested to have a thermal conductivity of 0.95 Btu/hr·ft·ºF (1.6 W/m·ºC).  
Another thermally enhanced bentonite grout was used for the second borehole.  It also 
was mixed with silica sand, but in proportions such that the thermal conductivity of the 
mixture was 1.1 Btu/hr·ft·ºF (2.0 W/m·ºC).   
 
A double-acting, positive displacement, hydraulically driven piston pump built 
specifically for mixing and pumping abrasive grouts was used to inject the bentonite 
grouts into these boreholes.  The pump delivers 300 psig (3.04 MPa) at a rate of 20 gpm 
(1.26 L/s).  It can mix up to forty gallons (151 liters) of grout in one batch.  An 18 hp 
(13.4 kW) engine provides power to the hydraulic system, which controls the pumping 
speed and the mixing paddles in an attached tank.   
 
The third borehole was filled from the top with high silica content sand.  The calculated 
amount of sand required was 32 – 50 pound (23 kg) bags.  During the process bridging 
occurred.  Water from a garden hose was washed into the bore to clear the obstruction 
and 34 bags were placed in the bore.  Since this bore had the lowest estimated bore 
resistance of the four, it is assumed adequate fill was accomplished.  The density of the 
sand was determined to be approximately 117 lb/ft3 (7.3 kg/m3).  Its moisture content was 
determined to be about 13%.  A thermal conductivity probe was inserted into a saturated 
sample of the sand.  After four tests on the sand, the probe gave an average thermal 
conductivity of 1.1 Btu/hr·ft·ºF (2.0 W/m·ºC).     
 
The fourth borehole was grouted with a cement-based grout.  A grout rig on tracks was 
used to insert the U-tube and grout around it.  This machine connects to the U-bend and 
shoves the U-tube into the hole.  It has a 500-foot (152 meter) tremie tube that is rolled 
into a coil on the back of the machine.  After insertion, it then grouts the borehole, using 
a grout pump capable of delivering pressures near 700 psig (71 MPa). When thermally 
enhanced cement based grouts are mixed in recommended specifications to produce Mix 
111 (Allan, et.al., 1999), the thermal conductivity will be 1.2 to 1.4 Bu/hr·ft·ºF (2.1 to 2.4 
W/m·ºC).  The conductivity probe measured a value of 1.1 Bu/hr·ft·ºF (2.0 W/m·ºC).  
However, the same sample was sent to Brookhaven National Laboratory, where the value 
was found to be 0.97 Btu/hr·ft·ºF (1.7 W/m·ºC) with a surface probe. 
 
Three of the boreholes were grouted from bottom to top.  A tremie tube was taped to each 
loop before being shoved into the borehole.  Then, the tremie tube was connected to the 
grout pump.  Before grouting began, the tremie tube was broken loose from the bottom of 
the U-tube where it was taped during insertion.  As the grouting progressed, the tremie 
tube simply floated upward.   
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Figure 4.5  Test Evaluation Site at Lake Tuscaloosa, AL 
 
The test site layout is shown in Figure 4.5.  A crude well log was available from the nearby 
water well.  The well log indicated that the first 37 feet (11 meters) of the soil are sand and 
clay.  The next 100 feet (30.5 meters) are shale and slate.  A minimum separation distance 
of 25 feet (7.6 meters) was used to eliminate the possibility of thermal interference between 
the bores.   
 
The 4.25-inch (11 cm) bores were drilled using a mud rotary rig to a depth of 
approximately 170 feet (50 meters).  Drilling confirmed the well log information.  The 
rock formation is primarily shale, slate, and a few layers of sandstone.  It is very hard, 
and there was considerable difficulty getting the holes drilled with a mud rotary rig.  
Bentonite was not required to stabilize the overburden. 
 
4.3.2  Test Equipment 
 
All tests at the site were conducted using an experimental test apparatus, which was 
designed and constructed for this project.  The test rig is housed in two plastic containers.  
One contains the data acquisition system and power transducer.  The second container is 
a plastic storage box, which holds the conductivity test rig.  A schematic of the test rig is 
shown below as Figure 4.6.  
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Figure 4.6   Schematic of Thermal Conductivity Test Apparatus 
 
The rig consists of the following main components.  The following description describes 
each component in detail.  The components are: 

 
(1) Water Heater 
(2) Power Supply 
(3) Piping & Insulation 
(4) Instrumentation 
(5) Data Acquisition 

 
Water Heating 
 
The water supply for the test unit is stored in the water heater tank.  The heater tank is 
constructed from 12-inch (30 cm) diameter × 12 long (30 cm), type 304 stainless steel 
pipe.  Legs were welded on the bottom for stability in the box.  The tank houses four 
standard water heater elements, two to a side.  The heater elements are each rated at 1500 
W at 240 volts.  Up to two are on at any one time.  The third element is for testing deeper 
boreholes, and the fourth element is a replacement in case one fails in a test.  The 
elements are located along the bottom third of the tank.  This is to ensure that the 
elements will be immersed in water if air should enter the test loop. 
 
At the top of the tank are four ports.  An air vent is connected to one port.  It purges air 
from the piping system and ground loop.  A second port has a pressure gage, which 
displays the system pressure.  A third has a feedwater pressure regulator / pressure relief.  
A water hose is connected to this regulator.  This regulator maintains the system pressure 
at about 10 psig (1.01 MPa).  If it dips this setting, the regulator opens, restoring the 
pressure to the setpoint.  The pressure relief relieves pressure once it reaches 30 psig 
(3.03 MPa).    The fourth port is an extra.   
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The pump used for purging and water circulation is a wet-rotor circulator pump.  It is 
rated at 1/6 horsepower (0.12 kW), 120V/2.0 Amps, and delivers 30 feet (9 m) of water at 
5 gpm (19 Lpm).  An inline circulator pump was selected because of its ease of 
installation and ability to be replaced quickly and easily. 
 
Purging is accomplished by the use of an air vent that is connected to one of the ports at 
the top of the heater tank.  This vent can operate under pressures up to 15 psig (1.5 MPa), 
while still purging air from the system.  This type of vent is often placed in hydronic 
systems.  It performs well, simplifying the purging operation. 
 
Power Supply 
 
Power is supplied to the heater elements, circulator pump, and data acquisition equipment 
primarily by the public power grid or a gasoline driven generator.  The generator was 
used for investigating the effects of power quality on testing.  The generator has a 9 hp (7 
kW) engine, and a capacity of 4500 sustained / 5000 peak watts.  It has one 20 amp, 240 
V plug, and two 20 amp, 120 V plugs.   
 
Piping and Insulation 
 
One-inch (2.5 cm) copper tubing was used throughout the construction of the test rig.  
Copper was chosen over steel due to its ability to resist corrosion.  A brass strainer was 
installed on the test unit to catch any debris in the line.  Pipe shavings often end up in the 
line if great care is not taken.  Also, over time sediment will accumulate in the system.  
The strainer serves as a filter to trap these particles.  Two three-way ball valves are used 
to reverse the water flow during air purging.  Closed-cell pipe insulation was used to 
insulate the water lines.  Insulation tape was also used extensively to cover fittings that 
were difficult to cover with the pipe insulation.  The heater tank was completely wrapped 
in closed-cell insulation. 
 
Instrumentation 
 
The instrumentation consists of the following items. 
  
•  A visual rotameter is used to measure the water flow rate.  It has an accuracy of +/- 2% 
of full scale. 
•  The thermistors for temperature measurement have an accuracy of ±0.36 ºF (0.2 °C).  
Five are used.  There are two on both the inlet and outlet, and one measures the ambient 
air temperature.  An average inlet/outlet temperature is used in the data analysis. 
•  A T-type thermocouple is used to measure the temperature of the borehole before and 
after thermal tests.  The probe is 120 feet long (37 m), and has 20-foot (6 m) graduations 
on it.  Measurements are taken at every 20 feet.  All of these measurements are displayed 
on a handheld thermometer.  Measurements taken were recorded manually. 
•  A transducer is used to measure the power.  One line from the power supply connects 
to a terminal strip on the transducer to measure voltage.  The other line goes through a 
current “donut” transformer, which measures the current.  The transducer converts a 0-
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20,000 Watt AC input to a proportional 0-5 volt DC output.  The accuracy of the 
transducer is  +/- 0.5% of reading.  In order to increase the sensitivity of the transducer, 
the power supply wire was looped through the current transformer four times.  This 
reduced the range to 0-5,000 Watts AC, but still with a 0-5 volt DC output.     
 
Data acquisition 
 
Data acquisition is accomplished using a 12-channel datalogger.  Only 6 channels are 
used for the experiment.  Each measurement requires a specific type of input module.  
These modules initialize themselves once plugged in.  It also has a communications 
module, which allows the data logger to transfer data to the computer via serial interface.  
An output file is stored for each channel.  From the output files, exportable files with the 
extension “.prn” can be generated.  These files can then be opened in most any 
spreadsheet application. 
 
4.3.3  Results from Data Sets 
 
Table 4.1 presents a summary of the test sites and the results of applying publicly 
available analysis procedures to the raw data files.  Fifty-three (53) data sets were 
provided by conductivity testers, clients, and researchers.  An additional twelve (12) data 
sets (on four test bores) were generated as a component of this project.  Table 4.1 is an 
attempt to present as much pertinent information as possible.  This includes the location, 
type of soil, dimensions of the bore and U-tube, the length of tests, the power input, the 
variation of power input, and the reported ground temperature.  The nine columns on the 
right side of this table provide the results of thermal conductivity analyses using a variety 
of methods.  These methods include the values reported by the tester (when available).  
The line source method was applied to the raw data using the data from 0.08 to 12 hours, 
0.08 to 24 hours, 0.08 to 48 hours, 5 to 12 hours, 5 to 24 hours, and 5 to 48 hours.  This 
range was chosen to span the range of values that ignore only the first data and a value 
that represents an amount of time required for the line source to represent a cylindrical 
heat source of a typical borehole/U-tube with less than 5% error.  In order to reduce this 
error to less than 2%, 24 hours of data must be ignored (Ingersoll, et al., 1954).  Many of 
the data sets provided did not include this amount of data.  The modified cylindrical heat 
source method was also used to determine the conductivity and bore thermal resistance.  
The Oak Ridge National Lab procedure provides a computation of thermal conductivity 
using both the line source and a numerical method.  This method provides confidence 
intervals and bore resistances.  The numerical method developed by Oklahoma State 
University also provides conductivity and bore resistance, but it was limited to 15 data 
sets because of time limits. 
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Table 4.1.  Conductivity Test Sites and Comparative Analysis Results 
 
Test Location Type Type Bore description Len. Avg. Power Far Report Results of analysis Results - ORNL Results-

# of of Dia u-tube Len. of Power varia. field results Line Source Cyl. LS Numerical OSUNum
soil grout of dia of test avg./L temp. K 1k12

1k24
1k48

3k k k ± k
bore SDR bore w {4Rb} 2k12

2k24
2k48 {4Rb} {4Rb} {4Rb}

in in ft hr {w/ft} ±   % oF Btu/hr*ft*oF
Source - Remund

1 Brookings - 30% 6" .75"/11 200' 50 3061 1.4% 55.2 0.98 0.80 0.82 0.87 0.85 0.93 0.92 ±.034 0.98
SD, #3 Bentonite {15.3} -2.3% 0.85 0.88 0.96 {.212} {.317} {0.266}

2 Brookings - Thermal 6" .75"/11 200' 43 3086 1.7% 52.7 0.94 1k42.8

SD,#4 Grout 85 {15.4} -1.3% 0.96 0.98 0.96 0.91 0.96 0.98 ±.035 1.02
1.08 0.90 0.95 {.178} {.231} {0.237}

3 Sisseton high level Thermal 4.75" .75"/11 200' 48 3161 1.6% 47 0.96 1k47.6

SD silt & clay Grout 85 {15.8} -2.2% 1.20 1.20 1.12 1.18 1.08 1.23 ±.184 1.01
1.35 1.18 1.03 {.313} {.340} {0.298}

4 Rich. Elem - Benseal 5.25" 1"/11 225' 42 3071 4.6% 60.3 1.02 1k42.0

Richland, EZ-Mud {13.6} -29% 0.90 0.95 0.98 1.05 1.07 1.13 ±.055 1.24
WA 0.99 1.05 1.04 {.222} {.273} {0.297}

5 Carm. Mid - Benseal 5.75" 1"/11 130' 47 2942 0.1% 60.3 0.71 1k46.5

Richland EZ-Mud {22.6} -0.3% 0.73 0.74 0.73 0.70 0.72 0.70 ±.044
WA 0.72 0.77 0.74 {.215} {.363}

6 Upland - natural 5" 1"/11 245' 40 2148 3.8% 63.5 0.78 1k40.4

CA cuttings {8.8} -2.7% 0.66 0.69 0.71 0.70 0.77 0.86 ±.220 0.91
0.61 0.74 0.77 {.289} {.469} {0.428}

7 Minneap. clay 30% 4.75" .75"/11 200' 43 2928 1.4% 50.0 6.58 1k43

MN sand Bentonite {14.6} -1.7% 4.94 8.52 8.43 8.4 9.62 3.76 ±2.43
gravel 13.9 -257 10.5 {.361} {.352}

8 Albert Lea clay 30% 4.75" .75"/11 160' 42 2903 9.7% 48 1.55 1k42.1

MN sand Bentonite {18.1} -5.3% 1.46 1.43 1.38 1.25 1.20 1.3 ±.297 1.28
gravel 1.48 1.94 1.57 {.234} {.294} {0.279}

9 Holmen - 30% 4.75" .75"/11 200' 36 3105 1.6% 50.5 1.17 1k36.3

WI Bentonite {15.5} 2.0% 1.05 1.07 1.11 1.14 1.17 1.2 ±.102 1.24
1.21 1.15 1.19 {.220} {.292} {0.382}

Source - Skouby
10 Ainsworth clay,sand Highsolids 5.5" .75"/11 200' 42 2906 3.1% 56 0.96 1k41.8

NE gravel,silt Bentonite {14.5} -2.2% 0.77 0.82 0.85 0.85 0.93 0.95 ±.169 0.93
sandstone 20% 0.93 0.87 0.94 {.250} {.401} {0.312}

11 Camp - Bariods' 4.75" 1"/11 185' 96 3163 3.1% 63 1.12 1.10 1.08 1.11 1.18 1.27 1.29 ±.12 1.35
Lejeune Quick {17.1} -5.2% 0.94 1.04 1.13 {.140} {.190} {0.227}
NC, NC1 Grout

12 Camp - Bariods' 4.75" 1"/11 203' 44 3391 2.6% 62 1.26 1k44.3

Lejeune Quick {16.7} -2.7% 1.26 1.23 1.35 1.40 1.41 1.44 ±.247 1.505
NC, NC2 Grout 1.08 1.00 1.08 {.150} {.173} {0.227}

13 Camp - Bariods' 4.75" 1"/11 204' 43 3316 2.7% 64 1.54 1k43

Lejeune Quick {16.3} -3.9% 1.60 1.56 1.64 1.68 1.65 1.69 ±.118 1.71
NC, NC3 Grout 1.29 1.46 1.73 {.120} {.130} {0.164}

14 Camp - Bariods' 4.75" 1"/11 197' 45 3062 2.2% 62 1.48 1k45

Lejeune Quick {15.5} -2.7% 1.43 1.49 1.43 1.54 1.43 1.45 ±.149 1.392
NC, NC4 Grout 1.76 1.57 1.39 {.170} {.177} {0.195}

15 Colubus - Benseal 6" .75"/11 155' 44 3033 2.3% 53 1.13 1k44

NE EZ Mud 0.83 0.88 0.93 0.96 1.01 1.16 ±.022
{19.6} -2.7% 0.84 1.00 1.05 {.260} {.401}

16 Ft. clay,shale CETCO's 6" 1"/11 200' 49 3214 2.5% 45.7 2.50 1.25 1.50 1.75 1.78 2.10 1.88 ±.342
Necessity, sandstone grout, {16.1} -2.3% 1.73 2.23 2.36 {.240} {.308}

PA coal 65% solid
17 Lexington clay natural 6.5" 1"/11 300' 42 4037 2.6% 52 1.13 1k41.5

KY limestone cuttings {13.5} -4.0% 0.74 0.82 0.9 0.90 1.02 1.29 ±.018
sandstone 0.83 0.99 1.03 {.360} {.461}

1 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being ignored first 0.08hr test data. k(unit): Btu/hr*ft*oF 
2 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being ignored first 5hr test data. k(unit): Btu/hr*ft*oF 
3 The result of k occurs at the minimum SSE between temperature results from Cylindrical Model and 
temperatures from field test data. 
4 Rb-thermal resistance of borehole (unit): hr-ft-oF/Btu 
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Table 4.1.  Conductivity Test Sites and Comparative Analysis Results (Continued) 
 
Test Location Type Type Bore description Len. Avg. Power Far Report Results of analysis Results - ORNL Results-

# of of Dia u-tube Len. of Power varia. field results Line Source Cyl. LS Numerical OSUNum
soil grout of dia of test avg./L temp. k 1k12

1k24
1k48

3k k k ± k
bore SDR bore w {4Rb} 2k12

2k24
2k48 {4Rb} {4Rb} {4Rb}

in in ft hr {w/ft} ±   % oF Btu/hr*ft*oF
Source - Skouby (cont'd)
18 Rochester clay, sand Benseal 4.75" .75"/11 180' 44 3732 2.0% 50 1.40 1k43.9

MN limestone EZ Mud {20.7} -2.1% 0.92 1.07 1.17 1.32 1.37 1.61 ±.093
1.53 1.49 1.44 {.320} {.429}

19 Stromsberg clay, sand Benseal 6" .75"/11 196' 45 2971 0.9% 52 1.12 1k44.7

NE EZ Mud {15.2} -1.4% 0.77 0.82 0.88 0.89 1.01 1.26 ±.362
0.86 0.92 1.02 {.28} {.396}

20 Mason City limestone CETCO's 4.75" .75"/11 200' 42 3015 2.7% 48 1.76 1k41.9

IA clay,shale Volcay {15.1} -3.2% 1.15 1.25 1.38 1.37 1.54 1.50 ± .069
sandstone Granular 1.40 1.50 1.71 {.20} {.285}

21 San - Bariods' 4.25" 1"/11 294' 48 4337 4.4% 71.5 0.97 0.70 0.76 0.83 0.90 0.96 0.97 ± .096
Antonio Benseal {14.8} -1.2% 0.93 0.95 0.97 {.24} {.293}

TX EZ Mud
22 Clarksville - - 4.5" 1"/11 346' 47 4398 2.5% 54.4 1.57 1k47.1

#1 {12.7} -1.9% 1.21 1.26 1.34 1.37 1.43 1.49 ±.032
1.18 1.38 1.49 {.18} {.229}

23 Clarksville - - 6.5" 1"/11 300' 47 4358 2.7% 54.4 1.60 1k46.9

#2 {14.5} -1.8% 1.40 1.44 1.49 1.49 1.54 1.61 ±.026
1.37 1.49 1.56 {.21} {.229}

24 Clarksville - - 4.5" 1"/11 346' 29 4243 1.9% 54.4 1.57 1k29.2

#3 {12.3} -2.6% 1.33 1.44 - 1.64 1.62 1.54 ±.091
1.70 1.70 - {.28} {.378}

25 Sylacauga - - 8" 1"/11 240' 42 4403 2.2% 66.2 1k41.9

AL {18.3} -3.0% 2.19 2.33 2.42 2.64 2.54 2.38 ±.115
2.77 2.62 2.62 {.14} {.174}

26 Knoxville - - 4.75"1.25"/11 300' 40 4340 2.5% 58.2 1k40

TN {14.5} -1.7% 1.48 1.77 1.99 2.80 2.60 1.84 ±.250
1.88 2.77 2.84 {.19} {.243}

Source - Spitler - Yavuzturk
27 A - - 3.5" .75"/11 250' 50 2526 4.4% 63.5 - 1.34 1.33 1.33 1.37 1.30 1.35 ±.076 1.538

{10.1} -3.3% 1.21 1.33 1.34 {.16} {.214} {.219}
28 B - - 4.88" .75"/11 256' 50 2466 7.5% 63 - 1.07 1.22 1.28 1.22 - 1.35 ±.045 1.390

{9.6} -4.4% 2.76 1.87 1.50 {.26} {.327} {.314}
29 C - - 3.5" .75"/11 252' 50 3222 3.6% 63 - 1.13 1.21 1.32 1.43 1.45 1.54 ±.081

{12.8} -3.4% 1.15 1.38 1.51 {.19} {.237}
30 D - - 4.26" 1"/11 245' 50 2598 3.4% 54.4 - 1.30 1.28 1.25 1.20 1.24 1.15 ±.030

{10.6} -4.1% 1.19 1.30 1.24 {.20} {.197}
31 E - - 4.75" .75"/11 248' 50 2551 4.4% 63.2 - 1.27 1.44 1.60 1.46 1.81 1.59 ±.033 1.777

{10.3} -3.5% 1.36 2.05 2.03 {.16} {.197} {.214}
Source - Shonder - Beck
32 Campbell - Fine 4.25" 1"/11 244' 50 2614 4.1% 55.6 1.19 1.14 1.16 1.17 1.20 1.18 1.15 ±.095

Lincoln, sand {10.7} -3.5% {.158} 1.11 1.20 1.19 {.12} {.183}
NE, #2

33 Campbell Soil 4.25" 1"/11 245' 50 2599 3.4% 54.8 1.20 1.24 1.28 1.25 1.21 1.24 1.20 ±.023
Lincoln, - cuttings {10.6} -4.1% {.226} 1.20 1.31 1.24 {.19} {.093}
NE, #1

Source - OPPD
34 Omaha, clay,shale Thermal 5.5" 0.75"/1 168' 65 2425 6.9% 54 1.36 1.15 1.06 1.06 1.07 1.03 1.02 ±.568

NE sandstone  Grout 85 {14.4} -7.4% 1.30 0.98 1.04 {.205} {.290}
sand,rock 20%
limestone Bentonite

35 Bellevue, clay, sand EZ-Mud 6.5" 0.75"/1 200' 50 4850 3.3% 53 0.70 0.47 0.50 0.51 - 0.50 0.71 ±.238
NE rock Benseal {24.3} -3.8% 0.56 0.53 0.52 {.784}

15%soli.
1 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being ignored first 0.08hr test data. k(unit): Btu/hr*ft*oF 
2 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being ignored first 5hr test data. k(unit): Btu/hr*ft*oF 
3 The result of k occurs at the minimum SSE between temperature results from Cylindrical Model and 
temperatures from field test data. 
4 Rb-thermal resistance of borehole (unit): hr-ft-oF/Btu 
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Table 4.1.  Conductivity Test Sites and Comparative Analysis Results (Continued) 
 
Test Location Type Type Bore description Len. Avg. Power Far Report Results of analysis Results - ORNL Results-

# of of Dia u-tube Len. of Power varia. field results Line Source Cyl. LS Numerical OSUNum
soil grout of dia of test avg./L temp. k 1k12

1k24
1k48

3k k k ± k
bore SDR bore w {4Rb} 2k12

2k24
2k48 {4Rb} {4Rb} {4Rb}

in in ft hr {w/ft} ±   % oF Btu/hr*ft*oF
Source - OPPD (cont'd)
36 East, clay, Benseal 6" 0.75"/1 255' 48 4296 4.6% 53 3.35 0.74 0.82 0.87 0.93 0.96 1.14 ±.344

Omaha, sandstone, EZ-Mud {16.8} -9.5% 1.17 0.99 0.98 {.31} {.399}
NE shale

37 West, clay, Benseal 6" 0.75"/1 255' 48 4256 3.5% 53 1.80 0.58 0.67 0.79 0.41 0.96 1.06 ±.213
Omaha, shale EZ-Mud {16.7} -2.6% 0.76 0.84 0.99 {.22} {.481}

NE sandstone
Source - Ewbank/Smith 
38 101 clay, 20% high 3.63" 1"/11 155' 11 2500 - 64.1 2.47 1k10.9

Nebraska shale solids {16.1} - 1.87 - - 2.03 2.56 1.93 ±.574
Cir., AR Bentonite 2.98 - - {.19} {.242}

39 101 sandstone 20% high 3.63" 1"/11 160' 12 2500 - 64.1 - 1k12.0

Arkansas limestone solids {15.6} - 1.21 - - 1.47 1.77 1.57 ±.935
Cir., AR clay,shale Bentonite 2.00 - - {.26} {.339}

40 101 clay, 20% high 3.63" 1"/11 160' 10 2500 - 64.1 - 1k9.97

Colorado shale, solids {15.6} - 0.87 - - 0.86 0.88 0.78 ±.079
AV., AR limestone Bentonite 0.88 - - {.19} {.178}

41 *****106 - - 3.63" 1"/11 139' 12 2128 6.1% 64.1 1.43 1k11.9

Georgia {15.3} -92% 1.04 - - 1.02 - 1.31 ±.045
1.41 - - {.05} {.096}

42 *****113 - - 3.63" 1"/11 83' 10 2139 5.0% 64.1 1.07 1k10.3
Delaware {25.8} -1.6% 0.79 - - - 1.09 0.94 ±.094

1.16 {.180}
43 *****128 - - 3.63" 1"/11 198' 11 2390 3.0% 64.1 1.05 1k11.2

Indiana {12.1} -1.7% 0.77 - - - 0.80 0.89 ±.077
0.83 - - {.175}

44 *****188 - - 3.63" 1"/11 138' 12 2398 1.5% 64.1 1.44 1k12.0

Ohio {17.4} -1.3% 1.23 - - 1.34 1.51 1.56 ±.076
1.56 - - {.06} {.107}

45 *****163 - - 3.63" 1"/11 135.3 21 1659 2.4% 64.1 1.23 1k20.9

Ohio {12.3} -3.3% 1.00 1.09 - 1.23 1.34 1.4 ±.087
1.15 1.33 - {.06} {.113}

46 - - Bin 4" 0.75" 250' 11 2488 4.2% 69.6 1.33 1k10.8

Cement {9.95} -0.8% 1.21 - - 1.16 1.23 1.21 ±.074
Seal 1.36 - - {.14} {.191}

47 Sylacauga - - 8" 1"/11 240' 19 3357 2.2% 66.2 2.50 1k18.9

{14.0} -1.8% 2.39 2.45 - 2.56 2.60 2.32 ±.032
AL 2.60 2.61 - {.16} {.174}

Source - TWEC & Ewbank
48 Johnson - #7 6" 1"/11 300' 12 4135 3.9% 59 1.90 1k11.6

City Stone {13.8} -2.4% 1.29 - - - 1.27 1.40 ±.150
TN 1.27 - - {.145}

Source - Ewbank/Smith 
49 Nash Clips - 27% 4.5" .75"/11 244' 72 2870 3.2% 63.8 - 1.30 1.44 1.57 1.63 1.75 1.66 ±.440

(10), OSU CETCO's {11.8} -1.6% 0.97 1.45 1.66 {.17} {.262}
Stillwater, Bentonite

OK
50 Nash Clips - 27% 4.5" .75"/11 249' 54 2922 2.0% 64.2 - 1.37 1.49 1.61 1.61 1.74 1.79 ±.067

(5), OSU CETCO's {11.7} -1.7% 1.53 1.80 1.84 {.15} {.199}
Stillwater, Bentonite

OK  1 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being  ignored first 0.08hr test data. k(unit): Btu/hr*ft*oF 
2 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being  ignored first 5hr test data. k(unit): Btu/hr*ft*oF 
3 The result of k occurs at the minimum SSE between temperature results from Cylindrical Model and 
temperatures from field test data. 
4 Rb-thermal resistance of borehole (unit): hr-ft-oF/Btu 
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Table 4.1.  Conductivity Test Sites and Comparative Analysis Results 
 
Test Location Type Type Bore description Len. Avg. Power Far Report Results of analysis Results - ORNL Results-

# of of Dia u-tube Len. of Power varia. field results Line Source Cyl. LS Numerical OSUNum
soil grout of dia of test avg./L temp. k 1k12

1k24
1k48

3k k k ± k
bore SDR bore w {4Rb} 2k12

2k24
2k48 {4Rb} {4Rb} {4Rb}

in in ft hr {w/ft} ±   % oF Btu/hr*ft*oF
Source - Ewbank/Smith (cont'd)
51 Standard - 0.27 4.5" .75"/11 248' 71 2952 2.7% 64.6 - 0.99 1.16 1.31 1.45 1.64 1.64 ±.198

spa., OSU CETCO's {11.9} -2.4% 1.23 1.64 1.69 {.22} {.323}
Stillwater Bentonite

OK
52 Nash Clips - Enhanced 4.5" .75"/11 250' 53 3024 2.3% 63.4 - 1.67 1.72 1.75 1.75 1.78 1.8 ±.029

(5), OSU grout {12.1} -2.1% 1.78 1.85 1.82 {.11} {.15}
Stillwater,

OK
53 Standard - enhanced 4.5" .75"/11 250' 50 3051 2.6% 63.6 - 1.43 1.58 1.7 1.68 1.84 1.78 ±.115

spa., OSU grout {12.2} -3.0% 1.71 2.01 1.97 {.15} {.19}
Stillwater,

OK
Source - U. of Alabama

Tuscaloosa - T85 4.25" 1"/11 165.6 52 3126 3.2% 62.5 - 1.38 1.47 1.58 1.72 1.75 1.67 ±.138
AL,#1 Bentonite {18.9} -6.3% 1.65 1.57 1.73 {.15} {.249}

Tuscaloosa - T85 4.25" 1"/11 165.6 48 3059 5.9% 62.5 - 1k47.9

AL, #2 Bentonite {18.5} -1 1.55 1.44 1.49 1.54 1.49 1.29 ±4.36
1hr break 1.71 1.11 1.37 {.17} {.06}

Tuscaloosa - T85 4.25" 1"/11 165.6 48 3130 3.5% 62.5 - 1k47.9

AL, #2 Bentonite {18.9} -7.4% 1.78 1.48 1.48 1.53 1.40 1.57 ±.165
@ 0.49 0.88 1.25 {.17} {.201}

Tuscaloosa - T85 4.25" 1"/11 165.6 48 3136 2.3% 62.5 - 1k47.9

AL, #3 Bentonite {18.9} -5.8% 1.43 1.58 1.79 1.92 2.07 1.79 ±.273
1.64 1.89 2.15 {.21} {.274}

Tuscaloosa - T85 4.25" 1"/11 165.6 49 1745 5.5% 62.5 - 1.72 1.73 1.79 1.80 1.83 1.68 ±.164
AL, 1 elem. Bentonite {10.5} -4.6% 1.66 1.68 1.82 {.19} {.215}
Tuscaloosa - T85 4.25" 1"/11 165.6 47 3120 41% 62.5 - 1k46.7

al,11d. later Bentonite {18.8} -3.9% 1.56 1.58 1.65 1.78 1.72 1.63 ±.153
1.71 1.56 1.73 {.16} {.197}

Tuscaloosa - Tselect 4.25" 1"/11 163.5 48 3102 5.5% 62.5 - 1k47.9

AL Bentonite {19.0} -6.0% 1.45 1.51 1.63 1.75 1.75 1.70 ±.118
1.49 1.56 1.78 {.14} {.211}

Tuscaloosa - Tselect 4.25" 1"/11 163.5 42 2982 3.3% 62.5 - 1k41.7

AL Bentonite {18.2} -1 1.34 1.52 1.67 1.73 1.64 1.79 ±0.13
Generator 1.53 2.19 2.19 {.15} {.08}

Tuscaloosa - 4.25" 1"/11 173.6 49 3148 2.8% 62.5 - 1.47 1.56 1.64 1.73 1.75 1.74 ±.078
AL, #1 Sand {18.1} -5.7% 1.43 1.74 1.77 {.13} {.154}

Tuscaloosa - 4.25" 1"/11 173.6 52 3145 2.6% 62.5 - 1.67 1.72 1.83 1.85 1.95 1.90 ±.058
AL, #2 Sand {18.1} -4.5% 1.54 1.78 1.98 {.16} {.135}

Tuscaloosa - 4.25" 1"/11 166' 49 3166 2.6% 62.7 - 1.58 1.62 1.70 1.76 1.78 1.72 ±.069
AL Concrete {19.1} -4.3% 1.50 1.63 1.78 {.13} {.149}

Tuscaloosa 4.25" 1"/11 166' 48 1731 3.0% 62.5 - 1.78 1.75 1.76 1.91 1.73 1.83 ±.102
AL, #2, 1 element Concrete {10.4} -5.9% 1.55 1.65 1.74 {.16} {.141}  1 The subscripts of k refer to the total length of test hours used in analysis, e.g. 

  k12 is the result of 12 hrs test data that is being  ignored first 0.08hr test data. k(unit): Btu/hr*ft*oF 
2 The subscripts of k refer to the total length of test hours used in analysis, e.g. 
  k12 is the result of 12 hrs test data that is being  ignored first 5hr test data. k(unit): Btu/hr*ft*oF 
3 The result of k occurs at the minimum SSE between temperature results from Cylindrical Model and 
temperatures from field test data. 
4 Rb-thermal resistance of borehole (unit): hr-ft-oF/Btu 
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4.4  Long Term Measured Field Data 
 
4.4.1  Requirements of Long Term Measured Field Data 
 
One suggested approach to verifying thermal property values predicted by in-situ tests is 
with the comparison of resulting performance of GSHP systems in buildings where 
monitored data is available.  Close examination of two appropriate ASHRAE 
publications [863-RP (1995) and Operating Experiences with Commercial GSHPs, 
(1998)] in the area of monitored field data reveals that few sites have sufficient 
information for this type of analysis.  Long-term field tests are affected by operating 
patterns, water recharge rates in porous soils, quality control of loop installation (depth, 
grout mix and installation consistency), quality of the heat pump installation, and 
accuracy and dependability of the measurement and control equipment.  Many data sets 
have been generated with the functions of the building automation system (BAS).  These 
systems typically do not provide the measurement accuracy necessary to minimize 
experimental error.  Differential temperatures in most GSHPs are very small and 
transducers, with typical BAS system accuracy, will generate large errors if used to 
compute heat rates. 
 
In addition to the thermal properties of the soil, the following variables can affect system 
performance.  So they must be controlled or known in order to evaluate the accuracy of 
pre-construction in-situ tests: 
 
 •  Operating hours of heat pumps in cooling mode and heating mode 

•  Bore depth, size, and grout conductivity 
•  Formation hydraulic conductivity, water table and local rainfall records 
•  Since most commercial building design methods are based on long-term (10 
    years +) ground thermal storage effects, short term data must be adjusted. 

 •  Actual capacity heat pumps  
•  Impact of horizontal header heat transfer 
•  Impact of oversizing equipment and loops 
 

Given the difficulty of maintaining the grouting and installation consistency in a typical 
loop field, it is unrealistic to expect level a high level of accuracy with current data sets. 
 
4.4.2  Example Data Set 
 
Data was provided from Maxey Elementary School in Lincoln, Nebraska. It was recorded 
from 11/01/1995 to 10/31/1997 at 10-minute intervals from 0:00 to 23:50 every day. An 
example of the information provided was copied from the data file and is shown in Table 
4.2.   
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Table 4.2 Example Data from Maxey Elementary GCHP 
Date Hr : Min : Sec Flow (gpm) Twi (°F) Two (°F) 
11/01/1995 00:00:00.000 279.42 55.48 52.39 
11/01/1995 00:10:00.000 254.86 55.48 53.59 
11/01/1995 00:20:00.000 203.81 55.48 53.25 
 

A thermal conductivity test was conducted in 1999 (Shonder and Beck). A 4.25-inch (11 
cm) diameter borehole was drilled to depth of about 245 ft. (75 m).  Nominal 1 in. (2.5 
cm), SDR-11 U-tube pipe was inserted and the borehole was grouted either with thermal 
grout 85 or fine sand or soil cuttings.  The grouting material was not recorded.  The 
reported results of soil thermal conductivity and borehole resistance with confident 
regions were 1.358±0.02 Btu/hr-ft-oF and 0.185±0.003 hr-ft-oF/Btu. 

 
The loop field consisted of 120 loops in a 10 x 12 grid with a depth of 240 ft. (73 m). All 
the loops were 20 ft. apart (6 m). The grout material was sand.  Maxey Elementary 
School had an area of about 69,000 ft2. (6,400 m2).  It was designed as a 32 zone building 
with a total block cooling load of 1,800 MBtu/h (150 tons) and a maximum heat loss of 
933 MBtu/h.  The 32 zones in the building consisted of two 15-ton (53 kW) make-up air 
units to meet ASHRAE 62-1989 Standard, ten 3-ton (10.5 kW) zones, ten 4-ton zones (14 
kW), and ten 5-ton (18 kW) zones. Actual installed heat pump equipment supplied 192 
tons (674 kW) (Bantam and Bensen, 1996). 

 
In order to estimate the heat rate into the ground, it is necessary to compute the amount of 
heat rejected to and absorbed from the loop field.  With the data of flow rate, inlet and 
outlet water temperatures, the heat rejected into the ground or the heat absorbed from the 
ground can be calculated with Equation 4.5 for an entire year.  Heat rejected into the 
ground is calculated as being negative. Therefore, heat rate is specified as qcooling for 
negative values and qheating for positive values. 

 
The amounts of heat into (Σqcooling) and out of (Σqheating) the ground were summed 
separately. The total cooling block load of 1800 MBtu/h from school description was 
used for TCcooling. TCheating was 933 MBtu/h. The values of EER and COP used the 
weighted average efficiencies for the equipment. Equations 4.6 and 4.7 can be used to 
calculate the total energy for heating and cooling.  Dividing these values by the cooling 
and heating equipment capacity will provide the equivalent full load hours, EFLheating and 
EFLcooling. 

 

     ( ) ( ) ( )( )FttgpmQhBtuqorttcmq o
ioiopw −××≡−= 500)/(&        (4.5)         

                                       

     heatingheatingheating EFL
Cop

CopTCq ×
−

×=Σ
1                                    (4.6) 

     coolingcoolingcooling EFL
EER

EERTCq ×
+

×=Σ
412.3                           (4.7) 
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 Σqheat TCheat COP EFLheat Σqcool TCcool EER EFLcool 
Year MBtu MBtu/h  hrs MBtu MBtu/h Btu/Wh hrs 
Year 1 1114630 933 4.05 1586 -893239 -1800 14.2 400 
Year 2 1091264 933 4.05 1553 -763711 -1800 14.2 342 

 
• Year 1 refers from 11/01/1995 to 10/31/1996. 
• Year 2 refers from 11/01/1996 to 10/31/1997. 
 
1. Summary of the data file 
 
Year Qheat  max Qcool  min tout max tin max tout min tin min Δtmax Δtmin 
 MBtu/h MBtu/h oF oF oF oF oF oF 
Year 1 2214.5** -3719.9** 83.53* 78.49* 45.21 39.40 9.35 -22.66 
Year 2 2093.1** -5613.5 88.24* 85.67 46.84 42.97 9.02 -23.40 

 
• Δt = two  - twi  
• * Those occurred at gpm=0 
• ** Δt@Qheating  max = Δtmax,  Δt@ Qcooling  min = Δtmin.  
 
The water temperatures normally varied between 40 oF to 60 oF in winter and between 60 

oF to 70 oF in summer. On the very cold day, the inlet water temperature dropped to 39 

oF. During summer operation the system normally was shut down during non-school 
time. The water temperature rose to 80 oF to 90 oF in the early morning.  
 
4.4.3  Uncertainty of Measured Data 
 
As stated previously, an important component in verifying the accuracy of the thermal 
property test with long-term data is the accuracy of the computation of the heat balance 
on the loop field.  Unfortunately, this is often done with a summary accounting of the 
instantaneous heat rate using some form of Equation 4.5 on the water loop. 
 
The basic principle of uncertainty analysis can be applied to Equation 4.5 to demonstrate 
the limitations of this approach.  Three measurements are taken to determine heat rate 
(flow, water temperature in and out).  From (Holman, 1978), the uncertainty in the heat 
transfer to the ground can be found using Equation 4.8. 
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Where: 

qw            :uncertainty of the heat transfer to the ground 

Qw           : uncertainty of measurement of the water flow rate  
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ow            : uncertainty of measurement of the outlet water temperature  

iw            : uncertainty of measurement of the inlet water temperature  

Q
q

∂
∂

         : Partial derivative of heat transfer with respect to water flow rate 

ot
q

∂
∂

         : Partial derivative of heat transfer with respect to outlet water temperature 

it
q

∂
∂

         : Partial derivative of heat transfer with respect to inlet water temperature 

 
Assuming:  
A 0-600 gpm flow meter with an accuracy of + 10 gpm: =Qw 10 gpm 

Temperature transducers and readouts with ± 0.5oF accuracy: ==
io tt ww 0.5 oF 

 
Using values in the first line of data in Table 4.2: 
 
 gpm=279.42 to=55.48 oF, ti=52.39 oF 

( )io tt
Q
q

−=
∂
∂ 500  = 500 (55.48 –52.39) oF = 1545 oF and =Qw 10 gpm 

Q
t
q

o

500=
∂
∂

 = 500 *279.42 = 139710gpm and =
ot

w 0.5 oF 

Q
t
q

o

500−=
∂
∂

= −500 *279.42 = −139710 gpm and =
it

w 0.5 oF 

( ) ( ) ( )[ ] 2
1222 855,69855,69101545 −++×=qw =99,990 Btu/h 

( )39.5248.5542.279500 −××=q = 431,700 Btu/hr + 99,990 Btu/h (or 23.2%) 
 
This 23% error is unacceptable for validation. The temperature transducer 0.5 oF 
uncertainty is optimistic and a much higher error will result unless continuous calibration 
is performed.  Furthermore, the data set had the following limitations. 
 
•   Some measurements of the water flow rate were missing.  
•   The data acquisition system indicated that some heating occurred in summer.  
•   Discontinuity existed in the measurement of inlet water temperature.  
 
Common sense error analysis (Homan, 1978) also indicates the difficulty of measuring 
small differential temperatures with even the most accurate transducers. In conclusion, 
the accuracy of the monitored data was unacceptable for verification. 
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5.  ANALYSIS OF RESULTS 
 
Different methods and models have been used to analyze the data from the 65 thermal 
conductivity tests.  The results, summarized in Table 4.1, show that it is not obvious 
which analysis method is preferred.  Additionally, the quantification of the influences of 
variations in test conditions, bore completion methods, resulting conductivity values and 
a variety of other variables need to be evaluated in more detail. 
 
5.1 Analysis Methods 
 
In general, seven methods were used to analyze each data set.  These include the Line 
Source Method, ignoring initial 0.08 hrs (LS(.08), b), initial 1 hrs (LS(1), c) and initial 5 
hrs (LS(5), d), the Line Source Method (ORLS, e) and the Numerical Method 
(ORNum., f) from Oak Ridge Lab, the OSU Numerical program (OSUNum., g), and 
Cylindrical Method (Cyl., h). 
 
The average value and the standard deviation (σ) of the variation of k from the average 
value were found for each method.  All data sets, except for Minneapolis and Lake 
Tuscaloosa, were included.  The data sets from OPPD were also not considered here 
because the analysis for OPPD was based on the sampling rate of 30 minutes.  Figure 5.1 
demonstrates the results of comparison.  The midpoint of each vertical segment is the 
average value of the variation of k from all the data sets.  The height of each vertical 
segment is twice of the standard deviation of the variation of k from the average value 
and referred as the range of variation of k in the follow analysis. 
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*: Not include Test #34, #35, #36, and #37. 

Figure 5.1. Variation of Thermal Conductivity (k) from Average Value for Different 
Analysis Methods 
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The analysis indicates the following. 
•   Average values of variation of k for LS(.08), LS(1) and Cyl. were normally less than 

zero.  The zero point represents the average values obtained from all the methods.  
This meant that these three methods were more likely to give values of thermal 
conductivity lower than the average value obtained from all of the methods. 

•  Average values of variation of k for LS(5), ORLS, ORNum., and OSUNum. were 
normally greater than zero.  The zero point represents the average value obtained from 
all the methods.  This meant that these four methods were more likely to give values of 
thermal conductivity greater than the average value obtained from all of the methods. 

•   ORNLS gave the closest average variation of k to zero and it was 2.2%.  This 
indicates that ORNLS most consistently provides values closest to the average 
obtained with all methods.  The methods that gave average variation of k, in order of 
closest to zero to farthest from zero were:  LS(1), ORNum., Cyl., OSUNum., LS(5) 
and LS(.08).  

•   LS(1) gave the smallest range of variation of k, and it was 8.5%. This indicates that 
the LS(1) method provides results with the least variation.  ORNLS gave the next to 
the smallest range of variation of 8.6%.  The methods that gave range of variation of k, 
in order from the smallest to the greatest were:  Cyl., LS(.08), OSUNum., ORNum., 
and LS(5).  

 
The results of all the seven methods could be biased in either direction and the average 
value of seven methods could be arbitrary.  It is hard to know what the real answer of 
thermal conductivity is and which method can give the value closest to the real value.  It 
seemed that getting results that agreed from several methods was to be the best course of 
action.  What the analysis tried to do was also to find the intrinsic property and variation 
of each method based on all the 53 data sets. 
 
Table 5.1 presents more detailed results that were used to generate Figure 5.1.  The 
format includes the conductivity and the variation of k from the average value of all 
conductivity results for each data set.  The methods that generated the value closest to the 
mean conductivity (Avg.), maximum (Hi) and minimum (Low) values of these seven 
methods were calculated.  The letters below the values of Hi and Low refer to the 
methods that gave the maximum value and minimum value.  The letter below the average 
value (Avg.) refers to the method that gave the value closest to the average.  The standard 
deviation was introduced to demonstrate the consistency between different analysis 
methods.  Thus, a data set with a low standard deviation would appear to be of higher 
quality than a set that produced widely varying results for each analysis method if 
thermal conductivities of two data sets are close.  The percentage of σk divided by 
average value of conductivity is used in the comparison between different conductivity 
level.  This standard deviation is suggested as one indicator of a good consistency for a 
thermal conductivity test.  This would require that the individual conducting the analysis 
evaluate each thermal conductivity test data set with multiple procedures. 
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Table 5.1  Thermal Conductivity, Variation from Mean, and Standard Deviation of 
Results Using Various Analysis Procedures 

 
Source Location LS(.08) LS(1) LS(5) ORLS ORNum.OSUNum Cyl. Avg. Hi Low σk

b c d e f g h *
k-Btu/hr*ft*oF k-Btu/hr*ft*oF σk

Variation of k from Average Value(%) Method Name σk/Avg.
Remund Brookings 0.873 0.893 0.955 0.929 0.917 0.984 0.845 0.914 0.984 0.845 0.044

SD, #3 -4.4% -2.3% 4.5% 1.7% 0.3% 7.7% -7.5% f g h 4.8%
Brookings 0.959 0.957 0.948 0.961 0.979 1.016 0.911 0.962 1.016 0.911 0.029

SD,#4 -0.3% -0.4% -1.4% -0.1% 1.8% 5.7% -5.3% e g h 3.1%
Sisseton 1.117 1.107 1.027 1.076 1.225 1.006 1.175 1.105 1.225 1.006 0.072

SD 1.1% 0.2% -7.0% -2.6% 10.9% -8.9% 6.4% c f g 6.5%
Rich. Elem 0.982 1.016 1.045 1.068 1.13 1.238 1.046 1.075 1.238 0.982 0.079

Richland,WA -8.6% -5.5% -2.8% -0.6% 5.1% 15.2% -2.7% e g b 7.3%
Carm. Mid 0.731 0.725 0.736 0.721 0.702 - 0.696 0.718 0.736 0.696 0.015

Richland,WA 1.7% 0.9% 2.4% 0.4% -2.3% -3.1% e d h 2.0%
Upland 0.714 0.733 0.767 0.772 0.862 0.910 0.700 0.780 0.910 0.700 0.073

CA -8.4% -6.0% -1.7% -1.0% 10.6% 16.7% -10.2% e g h 9.3%
Albert Lea 1.378 1.274 1.566 1.198 1.295 1.281 1.247 1.320 1.566 1.198 0.112

MN 4.4% -3.5% 18.7% -9.2% -1.9% -2.9% -5.5% f d e 8.5%
Holmen 1.108 1.138 1.194 1.168 1.200 1.239 1.144 1.170 1.239 1.108 0.041

WI -5.3% -2.7% 2.0% -0.2% 2.6% 5.9% -2.2% e g b 3.5%
GRTI Ainsworth 0.852 0.883 0.944 0.930 0.947 0.93 0.846 0.905 0.947 0.846 0.040
& NE -5.8% -2.4% 4.3% 2.8% 4.7% 2.8% -6.5% c f h 4.4%
Skouby NC1, Camp 1.113 1.116 1.133 1.265 1.288 1.351 1.182 1.207 1.351 1.113 0.088

Lejeune, NC -7.7% -7.5% -6.1% 4.8% 6.7% 11.9% -2.1% h g b 7.3%
NC2, Camp 1.350 1.372 1.085 1.408 1.442 1.505 1.399 1.366 1.505 1.085 0.124
Lejeune, NC -1.1% 0.5% -20.6% 3.1% 5.6% 10.2% 2.4% c g d 9.1%
NC3, Camp 1.638 1.647 1.734 1.651 1.694 1.705 1.681 1.679 1.734 1.638 0.033
Lejeune, NC -2.4% -1.9% 3.3% -1.6% 0.9% 1.6% 0.1% h d b 1.9%
NC4, Camp 1.433 1.458 1.390 1.434 1.447 1.392 1.541 1.442 1.541 1.390 0.047
Lejeune, NC -0.6% 1.1% -3.6% -0.6% 0.3% -3.5% 6.9% f h d 3.3%
Colubus, NE 0.928 0.964 1.048 1.013 1.156 0.961 1.012 1.156 0.928 0.075

-8.2% -4.7% 3.6% 0.1% 14.3% -5.0% e f b 7.4%
Ft.Necessity 1.750 1.955 2.360 2.097 1.884 1.783 1.971 2.360 1.750 0.208

PA -11.2% -0.8% 19.7% 6.4% -4.4% -9.6% c d b 10.5%
Lexington 0.904 0.974 1.030 1.015 1.285 0.903 1.019 1.285 0.903 0.129

KY -11.3% -4.3% 1.1% -0.3% 26.2% -11.3% e f b 12.7%
Rochester 1.171 1.311 1.439 1.373 1.609 1.319 1.370 1.609 1.171 0.134

MN -14.5% -4.3% 5.0% 0.2% 17.4% -3.7% e f b 9.8%
Stromsberg 0.883 0.917 1.015 1.005 1.255 0.891 0.994 1.255 0.883 0.128

NE -11.2% -7.7% 2.1% 1.1% 26.2% -10.4% e f b 12.8%
Mason City 1.378 1.489 1.707 1.539 1.501 1.371 1.498 1.707 1.371 0.113

IA -8.0% -0.6% 14.0% 2.8% 0.2% -8.5% f d h 7.5%
San Antonio 0.832 0.872 0.971 0.955 0.965 0.895 0.915 0.971 0.832 0.052

TX -9.1% -4.7% 6.2% 4.4% 5.5% -2.2% h d b 5.7%
Clarksville 1.345 1.378 1.486 1.434 1.492 1.369 1.417 1.492 1.345 0.057

#1 -5.1% -2.8% 4.9% 1.2% 5.3% -3.4% e f b 4.1%
Clarksville 1.492 1.521 1.559 1.539 1.607 1.490 1.535 1.607 1.490 0.041

#2 -2.8% -0.9% 1.6% 0.3% 4.7% -2.9% e f h 2.6%
Clarksville 1.445 1.536 1.703 1.616 1.543 1.635 1.580 1.703 1.445 0.083

#3 -8.6% -2.7% 7.8% 2.3% -2.3% 3.5% e d b 5.2%
Sylacauga 2.419 2.522 2.616 2.541 2.381 2.635 2.519 2.635 2.381 0.093

AL -4.0% 0.1% 3.8% 0.9% -5.5% 4.6% c h f 3.7%
Knoxville 1.985 2.339 2.840 2.603 1.843 2.795 2.401 2.840 1.843 0.382

TN -17.3% -2.6% 18.3% 8.4% -23.2% 16.4% c d f 15.9%  
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Table 5.1  Thermal Conductivity, Variation from Mean, and Standard Deviation of 
Results Using Various Analysis Procedures (Continued) 

 
Source Location LS(.08) LS(1) LS(5) ORLS ORNum.OSUNum Cyl. Avg. Hi Low σk

b c d e f g h *
k-Btu/hr*ft*oF k-Btu/hr*ft*oF σk

Variation of k from Average Value (%) Method Name σk/Avg.
OSU A 1.329 1.297 1.343 1.304 1.350 1.538 1.371 1.362 1.538 1.297 0.076
& -2.4% -4.8% -1.4% -4.2% -0.9% 13.0% 0.7% h g c 5.6%
Spitler B 1.277 1.384 1.502 - 1.347 1.390 1.220 1.353 1.502 1.220 0.090

-5.7% 2.2% 11.0% -0.5% 2.7% -9.9% f d h 6.6%
C 1.324 1.406 1.507 1.445 1.535 1.429 1.441 1.535 1.324 0.069

-8.1% -2.4% 4.6% 0.3% 6.5% -0.8% e f b 4.8%
D 1.252 1.227 1.238 1.235 1.146 1.198 1.216 1.252 1.146 0.035

3.0% 0.9% 1.8% 1.6% -5.8% -1.5% c b f 2.9%
E 1.596 1.726 2.026 1.805 1.59 1.777 1.457 1.711 2.026 1.457 0.171

-6.7% 0.9% 18.4% 5.5% -7.1% 3.9% -14.8% c d h 10.0%
Shonder Campbell 1.168 1.173 1.186 1.184 1.151 1.196 1.176 1.196 1.151 0.014

Lincoln, NE -0.7% -0.3% 0.8% 0.7% -2.2% 1.7% c h f 1.2%
Campbell 1.252 1.230 1.242 1.237 1.198 1.207 1.228 1.252 1.198 0.019

Lincoln, NE 2.0% 0.2% 1.2% 0.8% -2.4% -1.7% c b f 1.6%
OPPD Omaha, 1.056 1.005 1.043 1.034 1.024 1.065 1.038 1.065 1.005 0.020

NE 1.7% -3.2% 0.5% -0.4% -1.3% 2.6% e h c 1.9%
Bellevue, 0.505 0.509 0.519 0.503 0.706 - 0.549 0.706 0.503 0.079

NE -7.9% -7.2% -5.3% -8.3% 28.7% d f b 14.4%
East, 0.873 0.899 0.982 0.957 1.143 0.927 0.964 1.143 0.873 0.088

Omaha,NE -9.4% -6.7% 1.9% -0.7% 18.6% -3.8% e f b 9.1%
West, 0.786 0.890 0.990 0.958 1.057 0.411 0.849 1.057 0.411 0.213

Omaha, -7.4% 4.9% 16.7% 12.9% 24.5% -51.6% c f h 25.1%
Ewbank 101 Nebraska 1.875 2.392 2.979 2.558 1.927 2.032 2.294 2.979 1.875 0.393
& Cir., AR -18.3% 4.3% 29.9% 11.5% -16.0% -11.4% c d f 17.1%
Smith 101 Arkansas 1.213 1.394 2.004 1.766 1.574 1.466 1.570 2.004 1.213 0.257

Cir., AR -22.7% -11.2% 27.7% 12.5% 0.3% -6.6% f d b 16.4%
101Colorado 0.865 0.819 0.877 0.877 0.778 0.861 0.843 0.877 0.778 0.035

AV., AR 2.6% -2.9% 4.0% 4.0% -7.7% 2.1% h d f 4.2%
*****106 1.042 0.977 1.405 - 1.306 1.017 1.150 1.405 0.977 0.172
Georgia -9.3% -15.0% 22.2% 0.0% 13.6% -11.5% b d c 15.0%
*****113 0.787 0.839 1.157 1.091 0.944 - 0.964 1.157 0.787 0.142

Delaware -18.3% -12.9% 20.1% 13.2% -2.0% f d b 14.7%
*****128 0.766 0.808 0.826 0.796 0.894 - 0.818 0.894 0.766 0.043
Indiana -6.4% -1.3% 0.9% -2.7% 9.3% d f b 5.2%
*****188 1.230 1.342 1.556 1.506 1.563 1.336 1.422 1.563 1.230 0.126

Ohio -13.5% -5.6% 9.4% 5.9% 9.9% -6.1% c f b 8.9%
*****163 1.089 1.082 1.326 1.337 1.397 1.230 1.244 1.397 1.082 0.122

Ohio -12.4% -13.0% 6.6% 7.5% 12.3% -1.1% h f b 9.8%
Ewbank - 1.194 1.216 1.360 1.233 1.211 1.157 1.228 1.360 1.157 0.063
& Smith -2.8% -1.0% 10.7% 0.4% -1.4% -5.8% e d h 5.1%
Ewbank Sylacauga 2.446 2.57 2.610 2.598 2.323 2.56 2.518 2.610 2.323 0.102

AL -2.9% 2.1% 3.7% 3.2% -7.7% 1.7% h d f 4.1%
TWEC Johnson 1.287 1.218 1.265 1.269 1.401 - 1.288 1.401 1.218 0.061
& City -0.1% -5.4% -1.8% -1.5% 8.8% b f c 4.7%
Ewbank TN
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Table 5.1  Thermal Conductivity, Variation from Mean, and Standard Deviation of 
Results Using Various Analysis Procedures (Continued) 

 
Source Location LS(.08) LS(1) LS(5) ORLS ORNum.OSUNum Cyl. Avg. Hi Low σk

b c d e f g h *
k-Btu/hr*ft*oF k-Btu/hr*ft*oF σk

Variation of k from Average Value (%) Method Name σk/Avg.
Ewbank Clips (10) 1.571 1.670 1.656 1.753 1.663 1.627 1.657 1.753 1.571 0.054
& 27% Benton. -5.2% 0.8% 0.0% 5.8% 0.4% -1.8% d e b 3.3%
Smith Clips (5) 1.608 1.685 1.845 1.739 1.788 1.610 1.713 1.845 1.608 0.088
& 27% Benton. -6.1% -1.6% 7.7% 1.5% 4.4% -6.0% e d b 5.1%

Standard spa. 1.314 1.455 1.690 1.638 1.643 1.453 1.532 1.690 1.314 0.134
27% Benton. -14.2% -5.1% 10.3% 6.9% 7.2% -5.2% c d b 8.8%

Clips (5) 1.752 1.774 1.821 1.779 1.802 1.745 1.779 1.821 1.745 0.027
Enhanced G. -1.5% -0.3% 2.4% 0.0% 1.3% -1.9% e d h 1.5%

Standard 1.697 1.797 1.969 1.838 1.783 1.681 1.794 1.969 1.681 0.096
Enhanced G. -5.4% 0.2% 9.8% 2.4% -0.6% -6.3% c d h 5.3%  

 
5.2 Conductivity 
 
In order to show the influence of different parameters on the analysis methods, results 
have been grouped according to different parameters.  Soil conductivity was considered 
first.  This section arranges the results according to the measured conductivity of the site 
in an attempt to determine if a particular analysis method tends to provide more 
representative results based on low, medium, or high conductivity formations.  Test #34, 
#35, #36 and #37 from OPPD were not considered.  Avg. values of thermal conductivity 
were utilized to group all the data sets. 
 
Low conductivity is less than 1.0 Btu/hr-ft-oF (1.73 w/m-oC).  Medium conductivity is 
1.0 to 1.5 Btu/hr-ft-oF (1.73 to 2.60 w/m-oC) and high conductivity is greater than 1.5 
Btu/hr-ft-oF (2.60 w/m-oC).  Ten data sets had low, 23 had medium, and 15 had high 
conductivity. 
 
The average value and the standard deviation of the variation of k from the average value 
were found for different conductivity levels of each method.  It should be noted that the 
method of OSUNum was only used to analyze 15 data sets.  After being grouped into 
different levels of k, 4 data sets had low, 9 data sets had medium, and only 2 data sets had 
high conductivity for the method of OSUNum. 
 
The results were converted into Figure 5.2.  The reason for using the format of Figure 5.1 
was to display the relative change associated with different conductivity levels.  Figure 
5.2 shows variation of thermal conductivity (k) from the average value for different 
analysis methods. The analysis indicates the following. 
 
For low conductivity, 
•   ORNLS gave the closest average variation of k to zero and it was 2.4%.  The zero 

point represents the average value obtained from all the methods.  The method gave 
the next to the closest average variation of k was LS(1).  ORNLS gave the average 
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variation of k greater than zero, while LS(1) gave the average variation of k lower than 
zero.  

•   LS(1) gave the smallest range of variation of k and it was 7.7%.  The next to the 
smallest range of variation of k was 7.9% and given by Cyl.. ORNLS gave the range 
of variation of 8.3%.  

•   ORNum gave the greatest range of variation of k and it was 17.8%.  
 
For medium conductivity, 
•   ORNLS gave the closest average variation of k to zero and it was 0.4%.  The zero 

point represents the average value obtained from all the methods.  The method gave 
the next to the closest average variation of k was Cyl..  ORNLS gave the average 
variation of k greater than zero, while Cyl. gave the average variation of k lower than 
zero. 

•   ORNLS gave the smallest range of variation of k and it was 6.5%.  The next to the 
smallest range of variation of k was 8.3% and given by LS(1). Cyl. gave the range of 
variation of 9.6%. 

•   LS(5) gave the greatest range of variation of k and it was 17.7%. ORNum gave the 
range of variation of 15.1%. 
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For high conductivity, 
•   LS(1) gave the closest average variation of k to zero and it was 1.3%.  The zero point 

represents the average value obtained from all the methods.  LS(1) gave the average 
variation of k lower than zero.  

•   LS(1) gave the smallest range of variation of k and it was 6.8%. ORNLS gave the 
range of variation of 8.1%.  

•   LS(5) gave the greatest range of variation of k and it was 18.5%.  
•   ORNum gave the range of variation of 15.5% and the average variation of k lower 

than zero. 
 
In general, the results of low and medium conductivity levels were pretty similar to the 
results shown in Figure 5.1.  Methods of ORLS, LS(1) and Cyl. were more likely to give 
values of thermal conductivity close to the average value obtained from all the methods 
with small ranges of variation from the average value for low and medium conductivity 
levels. 
 
The result of high conductivity displayed changes from the results of the other two 
categories.  The average variation of k from the method of ORNum. was less than zero, 
while the average variations of k for the method of ORNum. were higher than zero for 
low and medium conductivity levels.  Methods of ORNLS. and LS(1) were more likely 
to give values of thermal conductivity close to the average value obtained from all the 
methods with small ranges of variation from the average value for high conductivity 
level. 
 
5.3  Test Duration and Bore Resistance Issues 
 
Proponents of short-term tests (12 hours or less) claim the data can be screened to arrive 
at accurate values even when there are heat input variations.  Traditional methods suggest 
longer tests (48 hours or more) are necessary.  One popular method requires a 12-hour 
test and allows the use of low conductivity, high-solids bentonite to grout the bore 
annulus.  The line labeled “12 Hour” in Figure 5.3 shows the temperature profile in the 
bore and surrounding ground at the end of this time period.  The profile was computed 
for a soil thermal conductivity of 1.4 Btu/hr-ft-°F (2.4 W/m-°C), a grout thermal 
conductivity of 0.43 Btu/hr-ft-°F (0.74 W/m-°C), a 250 ft. x 5 in. (76 m x 13 cm) bore, 
and a 4.5 kW heat source.  Note the large temperature variation in the bore (66.5 to 85°F) 
compared to the soil temperature change (55 to 66.5°F).  The accuracy of the test is 
compromised because a large portion of the measured temperature rise is a result of the 
bore hole thermal properties rather than those of the formation. 
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Figure 5.3  Temperature Profiles in Ground Conductivity Tests 
 
The second temperature profile in Figure 5.3 results when the test is repeated but 
extended to “48-Hours” and a grout with the same conductivity as the soil is used.  Note 
the relative amount of temperature rise across the ground is much higher. Since the 
amount of temperature rise in the loop due to the borehole effects is reduced, the 
accuracy in deducing thermal conductivity of the soil is improved.  Also, the heat has 
moved farther out into the formation and into soil that has not been disturbed by the U-
tube installation. 
 
In order to determine the effect of test duration on conductivity values, the data sets were 
grouped into three subgroups.  They are low, mid, and high conductivity soils.  The low 
conductivity group has reported conductivities of 1 Btu/hr-ft-°F (1.7 W/m-°C) or less.  
The mid-range has reported conductivities between 1.0 Btu/hr-ft-°F (1.7 W/m-°C) and 
1.5 Btu/hr-⋅ft-°F (2.6 W/m-°C).  The high conductivity group has values greater than 1.5 
Btu/hr-ft-°F (2.6 W/m-°C).        
 
The data sets were then analyzed using the line source method.  The line source method 
was applied to three time intervals for each data set.  They are 1-12 hours, 1-24 hours, 
and 1-48 hours.  The conductivity values were then plotted against the test duration.   
This was also done ignoring the first five hours of data. 
 
Figures 5.4a through 5.4c on the following pages are the plots showing soil conductivity 
versus test duration.  These figures ignore the first five hours of data.   
 
Figure 5.4a for the low conductivity soils indicates that for test duration does not play 
such a major role in determining conductivity.  The values change very little as the test 
length increases.  This is due to the fact that the grout and soil conductivities are similar.   
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Figures 5.4  Test Time vs. Conductivity for Low (a) Medium (b) and High (c) Ranges 
 
 

Sensitivity of kground to Time Domain (ignoring first 5 hrs)
for kground > 1.5

1.2

1.4

1.6

1.8

2

2.2

2.4

10 15 20 25 30 35 40 45 50 55 60

Elapsed Time (hr)

k g
ro

un
d 
(B

tu
/h

*f
t*

F)

NC3 Camp Lejeune
OSU 'E'
Bentonite w/10 clips
Enh.Grout w/5 clips
Enh.Grout w/no clips
Ft.Necessity,PA



 41

For the moderately conductive soils in the middle group, the effects are essentially the 
same.  However, the Holmen, WI test shows an increasing conductivity with test length.  
For this middle group, it is probable that test duration starts to play a more significant 
role when determining conductivity with the line source method. 
 
For the highly conductive soil group, the effect of test duration is apparent.  As the test 
duration increases, so do the values for conductivity.  The effect is magnified because the 
conductivity of the ground is much greater than that of the grout.  The method requires 
longer test times to overcome the borehole’s thermal resistance.   
 
Two noteworthy exceptions to these trends are the data sets for Sisseton, South Dakota, 
and Brookings, South Dakota.  These two sets show the opposite trend.  As the test 
duration increases, the value of thermal conductivity decreases.  This could be an 
indicator of moisture migrating away from the U-tubes, effectively lowering the 
conductivity of the soil near the borehole.  The soil near Sisseton is primarily silt and 
clay. 
 
5.4. Data Sets from Thermal Conductivity Testers 
 
As stated in Section 4.1, the data sets were obtained from different testers.  Since the 
testers might want to know which analysis method provides the most consistent results 
for their method of testing, the results were grouped into three categories.  The first 
category included all the data from GRTI/Remund.  The second category included all the 
data from Ewbanka and/or Smith.  The data from the other sources such as OPPD, 
OSU/Spitler-Yavuzturk, Shonder-Beck and TWEC are referred as the other.  Twelve data 
sets from Ewbank were tests that performed 12 – 20 hrs and were short tests.  All the 
other data sets were long tests. 
 
The average value and the standard deviation of the variation of k from the average value 
were found for different testers of each method.  It should be noted that the method of 
OSUNum was only used to analyze 15 data sets.  After being grouped into different 
testers, 12 data sets was from GRTI/Remund, 3 data sets from the other testers for the 
method of OSUNum. 
 
Figure 5.5 shows variation of thermal conductivity (k) from the average value for 
different analysis methods grouped by testers.  The analysis indicates the following. 
 
For the data sets from GRTI, 
•   Methods of ORLS, and LS(1) were more likely to give values of thermal conductivity 

closest to the average value obtained from all the methods and small range of variation 
from the average value, since the average variations of k from these two methods were 
relatively closer to zero and the ranges of variation of k from these two methods were 
relatively smaller than those from other methods. 

•   ORNum gave the greatest range of variation of k and it was 19.8%.  
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For the data sets from Ewbank, 
•   Methods of ORLS, LS(1) and Cyl. were more likely to give values of thermal 

conductivity closest to the average value obtained from all the methods and the 
smallest range of variation from the average value, since the average variations of k 
from these three methods were relatively closer to zero and the ranges of variation of k 
from these three methods were relatively smaller than those from other methods. 

•   LS(5) gave the greatest range of variation of k and it was 18.9%.  The next to the 
greatest range of variation of k was 15.7% and given by ORNum.. 

•  The results of all the methods, except Cyl. and ORNum, indicated relatively larger 
ranges of  variation of k from the average value than the results of all the data sets 
from other testers. 

 
For the data sets from other sources, 
•   Methods of ORLS and LS(1) were more likely to give values of thermal conductivity 

closest to the average value obtained from all the methods and had the smallest range 
of variation from the average value, since the average variations of k from these two 
methods were relatively closer to zero and the ranges of variation of k from these two 
methods were relatively smaller than those from other methods. 

•   LS(5) gave the greatest range of variation of k and it was 13.1%.  
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5.5. Power Quality and Temperature Variation 
 
Most analysis methods assume constant heat rate into the borehole and attempts have 
been made to stabilize the power and improve measurements of water loop temperature.  
It is difficult to avoid the variation in temperature measurements and to control the 
voltage.  There are also questions about how average loop temperature and power 
variation influences the results. 
 
During analysis, the power variation and temperature variation were found to have 
negative effects on the consistency of results between different analysis methods.  The 
standard deviation of thermal conductivity (σk) was introduced to demonstrate the 
consistency of different analysis methods.  The data of Test #31 serves as an example.  
Figure 5.6 is a plot of average loop temperature (tloop) and power versus elapsed time (τ).  
 
As shown in Figure 5.6, there was a pronounced change in power and a corresponding 
change exited in loop temperature.  The average value before the step was 2630 watts and 
2520 watts afterwards.  The step change was 4.3 % of average power. 
 
Since the step change of temperature curve began at 14.5 hr, a modified temperature 
curve from 14.5-50 hr was drawn parallel to the measured temperature curve.  This curve 
was generated by assuming that the step change did not take place.  Then the modified 
temperature curve was analyzed and results were included in Table 5.2.  The results of 
modified and measured temperatures were compared only for Line Source method.  
Significant difference existed between the results from the measured temperature and the 
modified temperature for Line Source method. 
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Figure 5.6 Average Loop Temperature and Power versus Elapsed Time curves 
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Results from the test site at Lake Tuscaloosa in Table 4.1 seemed to indicate that the 
numerical methods also cannot adequately handle power interruptions.  However, tests 
#28 and #31 from Table 4.1 indicated that the numerical methods can yield good results 
for step changes in power.  Therefore, the power quality and the temperature variation 
were investigated to see the effects of data quality on the consistency of different 
methods. 
 
Table 5.2. Conductivity Results Using Measured Temperature and Modified Temperature 

for Line Source Method with 4.3% Step Change of Power 
 Line source 
 Starting at 0.08 hr Starting at 1hr Starting at 5hr 
 *k12 *k24 *k48 *k12 *k24 *k48 *k12 *k24 *k48 
Measured 

Temp. 
1.266 1.437 1.596 1.294 1.561 1.726 1.360 2.055 2.026 

Modified 
Temp. 

1.266 1.346 1.469 1.294 1.412 1.550 1.360 1.600 1.729 

Results for Cylindrical Method: k(Rbore) = 1.457(0.160) Btu/hr-ft-oF 
Numerical Results for ORNL/Shonder: k(Rbore) ± = 1.590(0.197)  ± 0.033 Btu/hr-ft-oF 
Line Source Result for ORNL/Shonder: k = 1.805 Btu/hr-ft-oF 
 
The standard deviation of power (σ_power) was calculated for each data set.  Since 
different tests utilized different average power, the percentage of σ_power divided by 
average power was normally used to indicate the power quality.  There is a correlation 
between power quality and temperature variation.  The temperature variation was 
calculated based on the trend line from the Line Source Method, as shown in Section 4.1. 
 
Table 5.3 includes the standard deviation of power (σ_power) and temperature variation 
for each data set.  The average (Avg.), maximum (Hi) and minimum (Low) values and 
the standard deviation of thermal conductivity (σk) for methods are also included.  The 
type of power source and the reported results for each data set are also listed in the table.  
The standard deviation of thermal conductivity (σk) for methods has the same units as the 
thermal conductivity k.  Tests #38, #39, and #40 did not have power information in the 
files and were not considered in the following analysis.   
 
In general, 
•  Temperature variation has a stronger influence than power quality although the two 

variables are related.  When the temperature variation for two data sets were close, 
small difference of σ_power (less than 1%) between different data sets normally did 
not noticeably effect standard deviations of thermal conductivity.  Only differences of 
σ_power larger than 1% or 2% seemed to make a difference on the standard deviation 
of thermal conductivity (σk) for the different analysis methods.  
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Table 5.3  Standard Deviation and Deviation from Mean with Reference to Power 
Quality and Resulting Temperature Variations 

Source Location Avg. Hi Low σk Reported Avg. σ_power Power Temp. 
* Results Power Type Variation

Btu/hr*ft*oF σk k Watts σ   Watts oF
σk/Avg.       % %Variat. σ/Avg. %

Remund Brookings 0.914 0.984 0.845 0.044 0.980 3060.6 22.4 Generator 0.42
SD, #3 4.8% 7.2% 0.73%

Brookings 0.962 1.016 0.911 0.029 0.940 3086.0 28.4 Generator 0.33
SD,#4 3.1% -2.2% 0.92%

Sisseton 1.105 1.225 1.006 0.072 0.964 3160.7 22.3 Generator 0.34
SD 6.5% -12.7% 0.70%

Rich. Elem 1.075 1.238 0.982 0.079 1.020 3070.7 69.7 Generator 0.29
Richland,WA 7.3% -5.1% 2.27%
Carm. Mid 0.718 0.736 0.696 0.015 0.710 2941.7 2.4 Generator 0.37

Richland,WA 2.0% -1.2% 0.08%
Upland 0.780 0.910 0.700 0.073 0.780 2148.3 30.2 Generator 0.27

CA 9.3% 0.0% 1.40%
Albert Lea 1.320 1.566 1.198 0.112 1.550 2902.9 31.5 Generator 1.29

MN 8.5% 17.4% 1.08%
Holmen 1.170 1.239 1.108 0.041 1.170 3105.2 28.5 Generator 0.18

WI 3.5% 0.0% 0.92%
GRTI Ainsworth 0.905 0.947 0.846 0.040 0.958 2906.0 29.56 Utility 0.34
& NE 4.4% 5.9% 1.02% Grid
Skouby NC1, Camp 1.207 1.351 1.113 0.088 1.120 3163.3 42.94 Utility 0.51

Lejeune, NC 7.3% -7.2% 1.36% Grid
NC2, Camp 1.366 1.505 1.085 0.124 1.260 3390.8 39.15 Utility 0.52
Lejeune, NC 9.1% -7.8% 1.15% Grid
NC3, Camp 1.679 1.734 1.638 0.033 1.540 3316.2 43.79 Utility 0.29
Lejeune, NC 1.9% -8.3% 1.32% Grid
NC4, Camp 1.442 1.541 1.390 0.047 1.480 3062.4 29.83 Utility 0.34
Lejeune, NC 3.3% 2.6% 0.97% Grid
Colubus, NE 1.012 1.156 0.928 0.075 1.129 3032.6 27.53 Utility 0.49

7.4% 11.6% 0.91% Grid
Ft. 1.971 2.360 1.750 0.208 2.504 3214.1 35.00 Utility 0.55

Necessity,PA 10.5% 27.0% 1.09% Grid
Lexington 1.019 1.285 0.903 0.129 1.125 4037.2 57.22 Utility 0.64

KY 12.7% 10.5% 1.42% Grid
Rochester 1.370 1.609 1.171 0.134 1.400 3732.3 38.80 Utility 0.85

MN 9.8% 2.2% 1.04% Grid
Stromsberg 0.994 1.255 0.883 0.128 1.120 2970.6 9.84 Utility 0.46

NE 12.8% 12.6% 0.33% Grid
Mason City 1.498 1.707 1.371 0.113 1.760 3015.5 29.47 Utility 0.45

IA 7.5% 17.5% 0.98% Grid
San Antonio 0.915 0.971 0.832 0.052 0.969 4337.2 71.61 Utility 0.60

TX 5.7% 5.9% 1.65% Grid
Clarksville 1.417 1.492 1.345 0.057 1.570 4397.6 37.57 Generator 0.23

#1 4.1% 10.8% 0.85%
Clarksville 1.535 1.607 1.490 0.041 1.600 4358.0 33.18 Generator 0.17

#2 2.6% 4.3% 0.76%
Clarksville 1.580 1.703 1.445 0.083 1.570 4242.8 42.10 Generator 0.24

#3 5.2% -0.6% 0.99%
Sylacauga 2.519 2.635 2.381 0.093 - 4402.7 46.72 - 0.23

AL 3.7% 1.06%
Knoxville 2.401 2.840 1.843 0.382 - 4340.2 32.25 - 0.50

TN 15.9% 0.74%  
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Table 5.3 Standard Deviation and Deviation from Mean with Reference to Power Quality 
and Resulting Temperature Variations (cont’d) 

Source Location Avg. Hi Low σk Reported Avg. σ_power Power Temp. 
* Results Power Type Variation

Btu/hr*ft*oF σk k Watts σ   Watts oF
σk/Avg.       % %Variat. σ/Avg. %

OSU A 1.362 1.538 1.297 0.076 - 2525.6 36.32 - 0.12
& 5.6% 1.44%
Spitler B 1.353 1.502 1.220 0.090 - 2465.8 56.11 - 0.34

6.6% 2.28%
C 1.441 1.535 1.324 0.069 - 3221.6 42.59 - 0.30

4.8% 1.32%
D 1.216 1.252 1.146 0.035 - 2597.8 51.04 - 0.11

2.9% 1.97%
E 1.711 2.026 1.457 0.171 - 2551.3 63.48 - 0.32

10.0% 2.49%
Shonder Campbell 1.176 1.196 1.151 0.014 1.190 2614.3 36.94 Generator 0.08

Lincoln, NE 1.2% 1.2% 1.41%
Campbell 1.228 1.252 1.198 0.019 1.200 2598.8 40.20 Generator 0.11

Lincoln, NE 1.6% -2.3% 1.55%
OPPD Omaha, 1.038 1.065 1.005 0.020 1.360 2425.1 46.87 Generator 0.52

NE 1.9% 31.1% 1.93%
Bellevue, 0.549 0.706 0.503 0.079 0.700 4850.3 71.01 Generator 0.45

NE 14.4% 27.6% 1.46%
East, 0.964 1.143 0.873 0.088 3.350 4295.8 81.33 Generator 0.60

Omaha,NE 9.1% 247.7% 1.89%
West, 0.849 1.057 0.411 0.213 1.800 4254.4 60.72 Generator 0.88

Omaha, 25.1% 112.1% 1.43%
Ewbank 101 Nebraska 2.294 2.979 1.875 0.393 2.470 2500 - - 0.49
& Cir., AR 17.1% 7.7% -
Smith 101 Arkansas 1.570 2.004 1.213 0.257 - 2500 - - 0.62

Cir., AR 16.4% -
101 Colorado 0.843 0.877 0.778 0.035 - 2500 - - 0.29

AV., AR 4.2% -
*****106 1.150 1.405 0.977 0.172 1.430 2127.9 282.92 - 0.70
Georgia 15.0% 24.4% 13.30%
*****113 0.964 1.157 0.787 0.142 1.070 2138.8 22.61 - 0.76

Delaware 14.7% 11.0% 1.06%
*****128 0.818 0.894 0.766 0.043 1.050 2389.9 26.19 - 0.35
Indiana 5.2% 28.4% 1.10%
*****188 1.422 1.563 1.230 0.126 1.440 2398.0 14.49 - 0.35

Ohio 8.9% 1.3% 0.60%
*****163 1.244 1.397 1.082 0.122 1.230 1659.1 24.55 - 0.41

Ohio 9.8% -1.1% 1.48%
Ewbank - 1.228 1.360 1.157 0.063 1.330 2487.9 23.39 - 0.15
& Smith 5.1% 8.3% 0.94%
Ewbank Sylacauga 2.518 2.610 2.323 0.102 2.500 3357.1 54.65 - 0.17

AL 4.1% -0.7% 1.63%
TWEC Johnson 1.288 1.401 1.218 0.061 1.900 4135.4 48.82 - 0.17

City 4.7% 47.5% 1.18%
TN
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Table 5.3 Standard Deviation and Deviation from Mean with Reference to Power Quality 
and Resulting Temperature Variations (cont’d) 

Source Location Avg. Hi Low σk Reported Avg. σ_power Power Temp. 
* Results Power Type Variation

Btu/hr*ft*oF σk k Watts σ   Watts oF
σk/Avg.       % %Variat. σ/Avg. %

Ewbank Clips (10) 1.657 1.753 1.571 0.054 - 2870.2 17.54 - 0.23
& 27% Benton. 3.3% 0.61%
Smith Clips (5) 1.713 1.845 1.608 0.088 - 2921.8 18.65 - 0.20
& 27% Benton. 5.1% 0.64%
OSU Standard spa. 1.532 1.690 1.314 0.134 - 2952 25.94 - 0.48

27% Benton. 8.8% 0.88%
Clips (5) 1.779 1.821 1.745 0.027 - 3023.9 19.00 - 0.06

Enhanced G. 1.5% 0.63%
Standard 1.794 1.969 1.681 0.096 - 3050.6 25.83 - 0.22

Enhanced G. 5.3% 0.85%  
 
• As expected, larger temperature variations result in larger standard deviations of 

thermal conductivity (σk).  There were 11 data sets having temperature variations 
greater than 0.5oF(0.3 oC) (Noted Test #39 were not considered).  Nine of these 11 sets 
had a standard deviation of thermal conductivity (σk) greater than 0.1 Btu/hr-ft-oF 
(0.17 W/m-oC).  

• Normally the percentage of σ_power around 1% will be sufficient to provide good 
results for a test if the standard deviation of the temperature is less than 0.5 oF (0.3 oC). 
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Figure 5.7  Distribution of Temperature Variation and σ_power/Avg. vs. σk/Avg. 
 

According to Chauvenet’s criteria (Holman, 1978), the mean value and the standard 
deviation of σk/Avg were calculated for all the data point, and the deviation of σk/Avg for 
individual points were compared with the Chauvenet’s criteria.  Data points beyond the 
criteria were eliminated.  The rest of data points were turned into Figure 5.7.  It is 
indicated there is a trend between the increases in the temperature variation and 
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σ_power/Avg. with σk/Avg, but there is obviously many other factors involved as shown 
by the scatter in the plots. 

 
5.6. Heat Flux Rate per Unit Length  
 
The heat flux rates per unit length (q/L) are listed in Table 4.1 and were used to group the 
data into three different categories.  These were q/L less than 12 w/ft (39 w/m), 12 to 18 
w/ft (39 to 59 w/m), and greater than 18 w/ft (59 w/m).  There were 11 data sets for the 
first category, 31 data sets for the second category, and 6 data sets for the third category.  
 
The average value and the standard deviation of the variation of k from the average value 
were found for different heat flux rates of each method.  It should be noted that the 
method of OSUNum was only used to analyze 15 data sets.  After being grouped into 
different ranges of heat flux rate, 4 data sets had heat flux rates less than 12 w/ft (39 
w/m).  Ten data sets had heat flux rates between 12 to 18 w/ft (39 to 59 w/m), and only 1 
data set had a heat flux rate greater than 18 w/ft (59 w/m) for the method of OSUNum. 
 
Figure 5.8 shows variation of thermal conductivity (k) from the average value for 
different analysis methods grouped by q/L. The analysis indicates the following. 
 
For q/L smaller than 12 w/ft (39 w/m), 
•   ORNum gave the closest average variation of k to zero and it was 0.2%.  The zero 

point represents the average value obtained from all the methods.  The methods gave 
the next two closer average variations of k to zero were LS(1) and ORNLS.  ORNum 
and ORNLS gave the average variations of k greater than zero, while LS(1) gave the 
average variation of k lower than zero.  

•   LS(1) gave the smallest range of variation of k and it was 5.3%. The next to the 
smallest range of variation of k was 6.5% and given by ORNLS.  

•   LS(5) gave the greatest standard deviation of deviation of k and it was 12.6%.  
•   All the methods gave relatively smaller ranges of variation of k from the average value 

than the results using data sets from other ranges of heat flux rate.  LS(1) and ORNLS 
were more likely to give values of thermal conductivity close to the average value 
obtained from all the methods and small ranges of variation from the average value. 

 
For q/L from 12 to 18 w/ft (39 to 59 w/m), 
•   ORNLS gave the closest average variation of k to zero and it was 2.5%.  The zero 

point represents the average value obtained from all the methods.  The method gave 
the next to the closest average variation of k was Cyl..  ORNLS gave the average 
variation of k greater than zero, while Cyl. gave the average variation of k lower than 
zero.  

•   ORNLS gave the smallest range of variation of k and it was 7.6%. The next to the 
smallest range of variation of k was 8.3% and given by LS(1). Cyl. gave the range of 
variation of 12.4%. 

•   LS(5) gave the greatest range of variation of k and it was 20.2%.  
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•   LS(1) and ORNLS were more likely to give values of thermal conductivity closest to 
the average value obtained from all the methods and with the smallest ranges of 
variation from the average value. 

 
For q/L greater than 18 w/ft (59 w/m), 
•   ORNLS gave the closest average variation of k to zero and it was 0.9%.  The method 

with the next closest to zero average variation of k was Cyl..  ORNLS gave the 
average variation of k greater than zero, while Cyl. gave the average variation of k 
lower than zero.  

•   Cyl. gave the smallest range of variation of k and it was 7.4%.  The next to the 
smallest range of variation of k was 9.0% and given by LS(1).  ORNLS gave the 
range of variation of 13.0%.  

•   ORNum gave the greatest range of variation of k and it was 18.00%.  
•   LS(1) and Cyl. were more likely to give values of thermal conductivity closest to the 

average value obtained from all the methods and with the smallest range of variation 
from the average value. 
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Figure 5.8 Variation of Thermal Conductivity (k) from Average Value for Different 

Analysis Methods grouped by q/L 
 
An important point to consider in addition to the above comments is the need to simulate 
actual conditions during the thermal conductivity test.   If low heat rates are used to 
conduct the test, moisture reduction or migration phenomena that impact thermal 
properties, may not occur.  Thus, the test may provide results that do not account for a 
lower conductivity that could result when the loop field is stressed in the cooling mode. 
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5.7 Bore Resistance 
 
Different types of grouts or materials are used to fill the annular region between the U-
tubes and the borehole. The conductivity of these materials impacts the heat rate 
penetration through the borehole and out into the formation. It surely will influence the 
choice of which method should be used to analyze the data, the amount of data to ignore 
after the test start-up, and the length of time the test should be conducted. 
 
Different types of grouts and fills have been used. Table 5.4 shows several commonly 
used grouts and fill sands with their recipes and resulting thermal conductivity. Even if 
the same materials are used for two different boreholes, the influence of two boreholes on 
the test will be different if the geometry of the borehole and U-tube are different. In order 
to represent the effects of the whole region of borehole, bore resistance (Rbore or Rb) is 
introduced into the analysis. 
 

Table 5.4. Constituents and Thermal Conductivities of Bore Grouts and Fills 
(Kavanaugh and Parker, 2000) 

 
Thermally Enhanced Bentonite     Thermally Enhanced Cements 
Recipe Ther. Cond. 

Btu/hr-ft-°F 
Recipe Ther. Cond. 

Btu/hr-ft-°F 
50 lb Sodium Bentonite + 100 lbs. 
Silica Sand* + 15 Gal. Water 

0.65 Mix 111 - 94 lb Cement + 200 lbs. 
Silica Sand* + 6.2 gal. water + 1 lb. 
Bentonite + 21 fl.oz. superplasicizer 

1.2 - 1.4 

50 lb Sodium Bentonite + 200 lbs. 
Silica Sand* + 17.5 Gal. Water 

0.85   

50 lb Sodium Bentonite + 350 lbs. 
Silica Sand* + 21.5 Gal. Water 

1.15   

50 lb Sodium Bentonite + 600 lbs. 
Silica Sand* + 25 Gal. Water 

1.45   

Bentonite        Cements 
Recipe Therm Cond 

Btu/hr-ft-°F 
Recipe 

50 lb Sodium Bentonite  + 33 Gal. 
Water (15% Solids) 

0.38 Not recommended – high heat of hydration and pipe 
separation possible (k = 0.45 – 0.50 Btu/hr-ft-°F) 

50 lb Sodium Bentonite  + 23 Gal. 
Water (20% Solids) 

0.41-0.43  

50 lb Sodium Bentonite  +14 Gal. 
Water (30% Solids) 

0.43-0.45  

* Values based on silica sand.  Using sands with higher organic content will result in lower conductivities. 
Sands (NO voids)      
Recipe Thermal 

Cond. 
Recipe Thermal 

Cond. 
Recipe Thermal 

Cond. 
lb/ft3-% Moist. Btu/hr-ft-°F lb/ft3-% Moist. Btu/hr-ft-°F Lb/ft3-% 

Moist. 
Btu/hr-ft-°F 

    80 - 5% 0.6 – 0.9    80 - 10% 0.7 – 1.0     80 - 15% 0.7 – 1.1 
  100 - 5% 1.0 – 1.2   100 - 10% 1.2 – 1.5   100 - 15% 1.3 – 1.5 
  120 - 5% 1.3 – 1.8   120 - 10% 1.5 – 1.8   120 - 15% 1.5 – 2.1 
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The following equation was used to calculate the bore resistance (Rbore) (Paul and 
Remund, 1997). This equation describes the most likely location for actual installations. 
 

bbf
bf Sk

R
×

=
1

 where 
6052.0

44.17
−

−
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⎠

⎞
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⎝

⎛
=

tubeu

bore
b D

DS                                                    (5.1) 

tubeubfb RRR −+=  
where 

bfk                       : Thermal conductivity of borehole backfill 

bfR                       : Resistance of the borehole backfill 

tubeuR −                  : Resistance of the u-tube, for SDR=11, tubeuR − = 0.075 (hr-ft-oF/Btu) 

bR                        : Resistance of the borehole  
 
Based on the calculated Rbore, the data were grouped into three different categories.  They 
were Rbore less than 0.3 hr-ft-oF/Btu (low bore resistance), 0.3 to 0.4 hr-ft-oF/Btu (medium 
bore resistance), and greater than 0.4 hr-ft-oF/Btu (high bore resistance).  Seventeen data 
sets had low, 12 data sets had medium, and 11 data sets had high bore resistance 
 
The average value and the standard deviation of variation of k from the average value 
were found for different bore resistance of each method.  It should be noted that the 
method of OSUNum was only utilized to analyze 15 data sets.  After being grouped into 
different ranges of bore resistance, 3 data sets had Rbore less than 0.3 hr-ft-oF/Btu. 6 data 
sets had Rbore between 0.3 to 0.4 hr-ft-oF/Btu, and 6 data sets had Rbore greater than 0.4 hr-
ft-oF/Btu for the method of OSUNum. 
 
Figure 5.9 shows variation of thermal conductivity (k) from the average value for 
different analysis methods grouped by Rbore.  The analysis indicates the following. 
 
For low bore resistance, 
•   OSUNum gave the closest to zero average variation of k and it was 0.2%.  The middle 

point represents the average value obtained from all the methods.  The next to the 
closest average variation of k was 2.1% and given by ORNum.  Both of these two 
methods gave the average variation of k greater than zero.  

•   Cyl. and ORNLS gave the smallest range of variation of k and it was 9.9%. The next 
to the smallest range of variation of k was 11.1% and given by LS(1).  OSUNum gave 
the range of variation of 12.6% and ORNum gave the range of variation of 15.2%. 

•   LS(5) gave the greatest range of variation of k and it was 21.0%.  
•   All the methods gave relatively larger ranges of variation of k from the average value 

than the results using data sets from other Rbore .  LS(1), Cyl. and ORNLS were more 
likely to give values of thermal conductivity closest to the average value obtained from 
all the methods and with the smallest ranges of variation of k from the average value. 
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Figure 5.9 Variation of Thermal Conductivity (k) from Average Value for Different 

Analysis Methods grouped by Rbore 
 
For medium bore resistance, 
•   LS(5) gave the closest to zero average variation of k and it was 0.2%.  The method 

gave the next to the closest average variation of k was ORNLS.  ORNLS gave the 
average variation of k greater than zero, while LS(5) gave the average variation of k 
lower than zero. 

•   LS(1) gave the smallest range of variation of k and it was 5.8%. The next to the 
smallest range of variation of k was 6.5% and given by ORNLS.  

•   LS(5) and ORNum. gave the greatest range of variation of k and it was 15.2%.  
•   LS(1) and ORNLS were more likely to give values of thermal conductivity closest to 

the average value obtained from all the methods and with the smallest range of 
variation of k from the average value. 

 
For high bore resistance, 
•   ORNLS gave the closest to zero average variation of k and it was 0.2%.  The method 

that gave the next to the closest to zero average deviation of k was LS(1).  ORNLS 
gave the average variation of k greater than zero, while LS(1) gave the average 
variation of k lower than zero. 

•   LS(1) gave the smallest range of variation of k and it was 5.8%.  The next to the 
smallest range of variation of k was 7.1% and given by ORNLS.  

•   ORNum. gave the greatest range of variation of k and it was 19.2%.  
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•   LS(1) and ORNLS were more likely to give values of thermal conductivity closest to 
the average value obtained from all the methods and with the smallest ranges of 
variation of k from the average value. 
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6.  ADDITIONAL FACTORS EFFECTING RESULTS 
 
6.1  Retest Delay Duration/Adjustment 
 
A common occurrence during an in-situ test is failure of the generation equipment or an 
unmanageable variation in supply wattage due to voltage swings in the power grid.  Most 
models assume a constant field temperature at the start of the test.  In cases where the 
field test has proceeded for any length of time before failure, the assumption is invalid 
and the expensive U-tube heat exchanger is no longer an effective tool for thermal 
property predictions.  Providers of in-situ testing have posed the questions: 
 Can the heated loop be used for another test? 
 If so, how long must one wait to initiate a second test? 
 Are there procedures available to account for the impact of the initial heat input? 
 
For several of the analysis methods, an important parameter is the undisturbed ground 
temperature of the soil.  The borehole temperature must have time to reach equilibrium 
before another test can be run.  In order to know when equilibrium had been established, 
the temperature of each borehole was monitored with a long temperature probe after the 
first round of conductivity tests. 
 
A series of retests were run on three different bores at the controlled test site in order to 
determine what effect retesting a borehole has on the thermal conductivity results.  The 
bores were the two grouted with the enhanced bentonite and the one filled with sand.   
 
Results indicate that retesting a borehole after a previous test has been performed does 
significantly affect the calculated value for thermal conductivity.  The amount of heat 
stored near the borehole is obviously a function a time.  If a retest is performed on a bore 
before this heat has dissipated, errors will occur when calculating thermal conductivity 
from the measured data.     
 
A plot showing how the time delay before retesting influences the calculated value of 
conductivity is shown as Figure 6.1.  The x-axis in Figure 6.1 is the temperature 
difference between the measured initial ground temperature of 62.5ºF and the loop 
temperature measured at the time of the retest.  The marks representing 1, 3, and 11 days 
on top of the graph indicate the number of elapsed days passed before retesting. 
   
The graph indicates that for similar formations, at least 11 days are required for the heat 
to fully dissipate from the previously tested borehole if the line source method is used.  
Even then, the error using the cylindrical source or the numerical method from ORNL is 
significant.  Waiting 3 days before restarting a test will result in errors between 9% and 
12% using the line source method.  The graph also indicates that the line source method 
is the most accurate once the heat has dissipated.  
 
Another approach to interpreting the graph is based on the temperature difference 
between the true initial ground temperature and the measured ground temperature at the 
time of retesting.  The 11-day delay corresponds to a temperature difference of 0.2˚F.  If  
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Figure 6.1  Effect of Time Delay Before Retesting on Thermal Conductivity 
 
one waits until the ground temperature is to within 1ºF of the actual initial ground 
temperature, the graph shows an error in conductivity of about 4% using the line source 
techniques.  Similarly, the resulting error is about 5% with the cylindrical source and 6% 
for the numerical method from Oak Ridge National Laboratories (ORNL).   
  
It should be noted that there are several factors influencing the amount of time that needs 
to pass before retesting a borehole.  As the graph indicates, these tests were run for 48 
hours on a soil with a high conductivity.  Furthermore, the grouts are highly conductive, 
as they are thermally enhanced.  Test duration and soil/grout conductivities will greatly 
influence the required time for recovery.  Tests run in formations with lower thermal 
diffusivities and high bore resistance will likely require longer recovery periods.  A 
temperature difference (between the original ground and the restart ground 
temperatures) of 0.5°F is a more universal recommendation. 
 
6.2  Bore Disturbance to Formation During Installation  
 
Regardless of which analysis method is incorporated, the procedures must minimize 
measurement error and account for disturbances to the soil that may alter thermal 
properties near the bore. Drilling methods typically inject a drilling fluid (wet clay) or 
compressed air (warm, dry) into the formation near the bore as shown in Figure 6.2. 
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In air rotary and air hammer drilling,
hot dry air is forced into the formation.
Near-bore thermal properties will be
altered temporarily.

With mud rotary drilling, low conductivity
fluids will be injected into the formation.
Near bore thermal properties will be
changed, especially in porous formations.

 
 

Figure 6.2    Impact of Drilling Methods on Near-Bore Formation Properties 
 
With mud rotary drilling, a bentonite-based drilling fluid is injected into the formation to 
help hold the walls open.  Once drilling is complete, a layer of the low conductivity clay 
remains in the wall, altering the borehole’s thermal resistance.  In some cases, the drilling 
mud penetrates further into the formation.  Additionally, when a borehole is drilled and 
grouted, it is possible that the temperature is slightly raised.  This rise in temperature 
could be attributed to higher temperature drilling fluid or the curing processes in the 
grout. After the bores were completed, a T-type thermocouple was inserted down the U-
tubes.  The temperature was monitored at 10-foot (3 meter) increments every day until it 
appeared equilibrium had been reached.  Figure 6.3 is a plot of the average temperature 
loop after drilling.  
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As the plot indicates, it took approximately one week for the loop to cool down after 
drilling.  A major factor in this temperature rise is the fact that the drilling fluid was being 
used to cool the hydraulics of the drill rig and warm water was being pumped from the 
lake to wash the soil cuttings to the surface.  However, no additional bentonite was 
required to maintain the bore opening since only rock and clay were encountered.  Thus, 
it is unlikely that any material penetrated into the formation to generate any localized 
conductivity variation.   
 
In cases were unconsolidated formations are encountered, the impact of the clay in the 
bore wall can be modeled by adjusting the cylindrical heat source solution proposed by 
Ingersoll, Zobel, & Ingersoll (1954).  The required input information is the initial ground 
temperature, heat flux, and borehole depth, and hours in operation.  The additional 
thermal resistances of the layers of drilling mud were modeled as 0.5 inch (1.25 cm) thick 
cylinders of lower conductivity material.  Values were chosen that represent a heavy 
drilling fluid and a mixture of natural formation and drilling fluid.  Different values were 
used to represent that the second ring of drilling mud penetrates out into the formation.   
There were three cases modeled. 

(1) No disturbance: 4-inch (10 cm) bore with 1.0 inch (2.5 cm) HDPE U-tube, 
thermally enhanced grout.  

(2) Slight disturbance: 4-inch (12.5 cm) diameter bore with 1.0 inch (2.5 cm) HDPE 
U-tube, thermally enhanced grout, and a 4 x 5 in (10 x 12.5 cm) thick cylinder of 
bentonite-natural soil mixture with k = 0.8 Btu/hr·ft·ºF(1.4 W/m·ºC) 

(3) Disturbance: 4-inch (12.5 cm) diameter bore with 1.0 inch (2.5 cm) HDPE U-
tube, thermally enhanced grout, a 4 x 5 in (10 x 12.5 cm) thick cylinder of 
bentonite with k = 0.4 Btu/hr·ft·ºF(0.7 W/m·ºC), and a 5 x 6 in (12.5 x 15 cm) 
thick cylinder with k = 0.8 Btu/hr·ft·ºF(1.4 W/m·ºC)  

 
In the first case a temperature profile was generated for various times in a 48-hour 
thermal conductivity test using the cylindrical heat source solution for a four-inch (10 
cm) bore.  The values for bore resistance were calculated as suggested by Paul and 
Remund (1997).  This was repeated for the second case but the thermal resistance for the 
cylinder with k = 0.8 Btu/hr·ft·ºF(1.4 W/m·ºC) was added and the cylindrical heat source 
was based on a 5-inch (12.5 cm) bore.  Temperature profiles for the final case were 
developed using thermal resistances of both cylinders and a heat source solution for a 6-
inch (15 cm) bore.  Figure 6.4 is a description of the conditions for each case. 
 
This procedure was conducted to generate temperature profiles that would result in the 
field if a thermal conductivity test were conducted where significant amounts of hole-
stabilization additives had been injected into the formation near the bore wall. The 
temperature response for each case was plotted against the natural log of time in the 
typical line source fashion.  The slope of the linear best-fit line through this data is then 
used with the line source methods.  Input files were also created so that the profiles could 
be used with cylindrical source and the ORNL numerical methods to determine how 
much the calculated value of ground conductivity is affected by these added resistances. 
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The results of this analysis are included as Tables 6.1, 6.2, and 6.3.  Table 6.1 includes 
the results using the line source method and the ORNL line source method.  Table 6.2 
includes the results using the cylindrical source solution.  Table 6.3 includes the results 
from the ORNL numerical method.  It appears that an added resistance due to the drilling 
mud caking in the formation near the borehole has a significant impact. Results with 
short-term (12-hour) tests are especially impacted.  Differences of 9% to 28% will result 
between the base value and the computed value with disturbances when the line source 
method is used.  Differences using the cylindrical source and numerical methods are even 
greater.   However, values are substantially reduced when 48-hour tests are conducted.  
 
The lower portion of Table 6.1 is an extension of the normal procedure employed for 
analyzing data in this project.  A full 48-hour test is conducted and more of the data (first 
12, 18 or 24 hours) are ignored.  Results indicate this procedure provides results that are 
closer to the base values of the ground.  Therefore, these results add much more weight to 
the recommended procedure of conducting long-term (40 to 48-hour) conductivity tests.  
This is especially encouraged when large amounts of formation stabilizing materials with 
low conductivity are necessary to hold the bore open before U-tube insertion.   

Figure 6.4   Near Bore Disturbances of Formation Resulting from Drilling Fluids 
 

Table 6.1:  Effect of Borehole Disturbance on kG Using Line Source 
Line Source 

 
 

6-12 hr 
 

6-24 hr 
 

6-48 hr 
ORNL Line 

Source 
 

6-12 hr 
 

6-24 hr 
 

6-48 hr 
kG = 1.0 kG (%err) kG (%err) kG (%err) kG = 1.0 kG (%err) kG (%err) kG (%err) 

No disturb. 1.10 (10%) 1.07 (7%) 1.04 (4%) No disturb. 1.17 (17%) 1.15 (15%) 1.12 (12%) 
Slight dist. 1.27 (27%) 1.12 (12%) 1.08 (8%) Slight dist. 1.33 (33%) 1.18 (18%) 1.15 (15%) 

Disturbance 1.28 (28%) 1.17 (17%) 1.12 (12%) Disturbance 1.70 (70%) 1.23 (23%) 1.19 (19%) 
kG = 1.6    kG = 1.6    

No disturb. 1.72 (7%) 1.71 (7%) 1.64 (2%) No disturb. 1.87 (17%) 1.86 (16%) 1.76 (10%) 
Slight dist. 1.75 (9%) 1.72 (7%) 1.66 (4%) Slight dist. 1.86 (16%) - 1.79 (12%) 

Disturbance 1.98 (24%) 1.74 (9%) 1.71 (7%) Disturbance 2.05 (28%) 1.85 (15%) 1.84 (15%) 
48 Hour 

Line Source 
 

12-48 hr 
 

18-48 hr 
 

24-48 hr 
kG = 1.0 kG (%err) kG (%err) kG (%err) 

No disturb. 1.02 (2%) 1.01 (7%) 0.99 (1%) 
Slight dist. 1.07 (7%) 1.04 (4%) 1.04 (4%) 

Disturbance 1.09 (9%) 1.07 (7%) 1.06 (6%) 
kG = 1.6    

No disturb. 1.6 (0%) 1.59 (1%) 1.65 (3%) 
Slight dist. 1.64 (2%) 1.62 (1%) 1.62 (1%) 

Disturbance 1.71 (7%) 1.67 (4%) 1.64 (2%) 
 

Table 6.2:  Effect of Borehole Disturbance on kG Using Cylindrical Source 
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Table 6.3:  Effect of Borehole Disturbance on kground Using ORNL Numerical 

6 – 12 Hour Data Test 6 – 24 Hour DataTest 6 – 48 Hour Data Test 
kG = 1.0 kG (±) RB Error kG (±) RB Error kG (±) RB Error 

No disturb. 3.78 (±4.8) 0.20 278% 2.22 (±1.4) 0.26 122% 1.76 (±0.57) 0.32 76% 
Slight disturb. 3.98 (±5.3) 0.21 298% 2.24 (±1.5) 0.26 124% 1.78 (±0.61) 0.33 78% 
Disturbance 3.22 (±8.0) 0.21 222% 2.21 (±1.7) 0.29 121% 1.81 (±0.70) 0.34 81% 

kG = 1.6          
No disturb. 3.28 (±8.3) 0.16 105% 2.34 (±1.9) 0.28 46% 2.04 (±0.93) 0.29 27% 

Slight disturb. 3.30 (±8.1) 0.17 106% - - - 2.02 (±0.95) 0.30 26% 
Disturbance 3.83 (±6.7) 0.21 139% 2.44 (±2.4) 0.34 52% 1.99 (±1.04) 0.34 25% 

Cylindrical 
Source 

6-12 hr  6-24 hr  6-48 hr  

kG = 1.0 RB (pcp) kG (%err) RB (pcp) kG (%err) RB (pcp) kG (%err) 
No disturbance 0.44(30) 1.06 (6%) 0.46(35) 1.12 (12%) 0.44(30) 1.07 (7%) 
Slight disturb. 0.49(30) 1.31 (31%) 0.48(35) 1.14 (14%) 0.47(35) 1.11 (11%) 
Disturbance 0.54(35) 1.33 (33%) 0.55(45) 1.19 (19%) 0.50(20) 1.19 (19%) 

kG = 1.6       
No disturbance 0.44(25) 1.76 (10%) 0.45(30) 1.79 (12%) 0.44(25) 1.77 (10%) 
Slight disturb. 0.47(30) 1.77 (11%) 0.48(35) 1.82 (14%) 0.47(30) 1.78 (11%) 
Disturbance 0.56(40) 2.07 (30%) 0.55(45) 1.82 (14%) 0.55(45) 1.82 (14%) 
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6.3  Initial Ground Temperature Measurement 
 
When analyzing data using the cylindrical source or a numerical method, the initial 
ground temperature, tg, is an important initial condition which must be known as an input 
to the models.  Several methods have been utilized in order to get an accurate 
measurement for initial ground temperature.  Although the line source method does not 
require this temperature, it must be reported.  The initial ground temperature is required 
for the design of the ground heat exchanger.  Thus, accurate determination of the initial 
ground temperature is essential.   
 
One method is to simply insert a long thermocouple into the U-tube and measure the 
temperature at several points along the borehole.  This method was used to determine the 
initial ground temperature at the test site for this project.  A 12-foot (37-meter) long, T-
type thermocouple was inserted into the U-tube, and temperature measurements were 
taken every 10 feet (3 meter).  By the fifth day after drilling, the average loop 
temperature stabilized at 62.5°F (16.9°C).  Figure 6.5 is a plot of one of the borehole’s 
temperature variation with depth as it was cooling from the drilling. 
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Figure 6.5   Initial Ground Temperature Measurement After Drilling 

 
Another method that has been employed is to hook up the test rig to the U-tube and then 
turn on the pump and data acquisition equipment.  The temperature is then logged until 
the supply and return legs approach equilibrium.  Then, the assumption is made that the 
wet-rotor type circulator pump dissipates all of its heat into the water.  With that 
assumption and the recorded temperature and power measurements, a corrected startup 
temperature can be determined.  This method was also attempted during the testing at the 
project site.  The corrected temperatures were too high compared to the direct 
measurements taken as shown in Table 6.4.  Furthermore, that is assuming 100% heat 
dissipation into the water, which is optimistic. 
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Another method was used for comparison.  The inlet temperatures were monitored upon 
startup.  When a U-tube is inserted into a borehole, it is typically filled with water to ease 
installation.  Therefore, at startup the loops contain water that is at the equilibrium 
temperature of the surrounding soil.  The lowest temperature reached at the inlet is 
recorded to compare with the measured average value of 62.5°F.  This method provided 
the most consistent results.  Upon startup, the entering water temperature always came 
within 0.2 °F of the average value of 62.5°F for the initial 48-hour tests.  The only 
exceptions were the retests, which were started before the borehole temperature had 
recovered to the initial ground temperature.  These values are listed in Column 2 of Table 
6.4.  Table 6.5 lists the required time for the water to fully circulate throughout the bore.  
Any temperature measured after this time is suspect. 
 

        1            2                       3a                      3b 

Table 6.4.  Results of Initial Ground Temperature Measurement at Project Site. 

       For other flows & lengths:  with ¾ in., DR 11 pipe:  t (min.) = 0.0301 × LPipe ÷ gpm, 
             1 in. DR 11 pipe:   t (min.) = 0.0475 × LPipe ÷ gpm 

               1¼ in. DR 11 pipe: t (min.) = 0.0753 × LPipe ÷ gpm 
 

Table 6.5.  Required Time for Full Circulation at 5 gpm  

    Gallons of H2O / Bore Depth Req'd Measurement Time (min)
Pipe Size 100 ft 200 ft 300 ft 100 ft 200 ft 300 ft
3/4 inch 6.0 12.1 18.1 1.2 2.4 3.6
1 inch 9.5 18.9 28.4 1.9 3.8 5.7

1-1/4 inch 15.1 30.2 45.3 3.0 6.0 9.1

Initial 
48hr Test 

tg (°F) 
U-

tube 

tloop 
(min.)
(°F) 

 
Error 
(°F) 

 
tEqv. 

(°F) 

 
PPUMP 
watts 

 
tg 

(Cor.) 

 
Error 
(°F) 

T-85 #1 62.5 62.6 0.1 64.4 437 63.2 0.7 
T. Select #1 62.5 62.6 0.1 65.5 379 64.4 1.9 

 Sand #1 62.5 62.5 0.0 64.3 305 63.5 1.0 
Concrete #1 62.5 62.7 0.2 65.6 380 64.6 2.1 

Retests        
T–85 (1 hr. 

interruption) 
65.7 63.5 1.0 69.3 383 68.2 2.5 

T-85 
(1 day off) 

65.7 66.1 0.4 69.1 310 68.2 2.5 

Sand 
(3 days off) 

64.5 64.9 0.4 68.8 303 68.0 3.5 

T-85 
(11 days off) 

62.7 63.5 0.8 67.7 318 66.8 4.3 

TS (gen.) 62.5 62.5 0.0 65.9 365 64.9 2.4 
Conc. (1 ele.) 62.5 63.1 0.6 67.4 380 66.4 3.9 
T85 (1 ele.) 62.5 63.4 0.9 68.2 371 67.2 4.7 
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As is evident from the values in Table 6.4, a convenient and accurate way to determine 
the initial ground temperature is to simply turn on the pump and watch the inlet 
temperatures.  When they reach a minimum, this value is taken to be the initial ground 
temperature.  This method is more consistent than trying to back calculate an initial 
temperature based on the pump power input. 
 
6.4  Sensitivity of Measured Data to Test Results  
 
In this section the uncertainty of individual measurements on the resulting uncertainty of 
thermal conductivity is investigated.  Inlet and outlet water loop temperatures, power into 
the test unit, initial ground temperature (tg) and bore length (Lbore) are normally measured 
during the in-situ test. Some errors exist in these measurements. The effects of errors 
from these measurements on the thermal conductivity are analyzed. 
 
From the analysis of power quality and temperature variation, one good data set was 
chosen and is shown in Table 6.5.  It was Test #9 from Remund.  The temperature 
variation was 0.18 oF and the percentage of σ_power was 0.92%. Some test information 
of the data set is shown in Table 6.6.  The results of original analysis are also included in 
Table 6.6. 
 
Table 6.5 Summary of Avg., Hi., and Low Values of k from Different Analysis Methods, 

σk of all the methods, σ_power, and Temp. Variation 
Source Location Avg. Hi Low σk Reported Avg. σ_power Power Temp. 

* Results Power Type Variation
Btu/hr*ft*oF σk k Watts σ   Watts oF

σk/Avg.       % %Varia. σ/Avg. %
Remund Holmen 1.170 1.239 1.108 0.041 1.17 3105.2 28.52 Generator 0.18

WI 3.5% 0.0% 0.92%  
 
6.4.1 Power 
 
In this section, a ±5% power change was applied to the measured power of the data set. 
The data file was modified with all the other measurements unchanged. All the analysis 
methods were used to obtain k for the offset power inputs. These methods included Line 
Source Method with 12, 24, and 48 test length, combined with different initial 0.08, 1, 
and 5 hours being ignored, Cylindrical Method, the ORNL Line Source Method and 
Numerical Method.  
 
The results are shown in Table 6.6. 
•   With 5% increase of the power, the results of k from Line Source Method increased 

5%. With 5% drop of the power, the results of k from Line Source Method decreased 
5%. The result of k from Line Source Method is linearly proportional with the change 
of power. 

•   With 5% increase of the power, the result of k from Cylindrical Method increased 
5.07%. With 5% drop of the power, the result of k from Cylindrical Method decreased 
3.06%. 
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Table 6.6 Summary of k from Different Analysis Methods with Uncertainty in Power, tg, 
tloop, Lbore and Corrected Power from Heat Loss ( Test #9 at Holmen, WI from Remund) 

 
Type Uncertainty Results of k from Different Analysis Methods 
Of Lb P tg   ORNL 
Change  {q/L}  LS Cyl LS num 

   
 

W 

 08.0
12k
 

08.0
24k
 

08.0
48k
 

1
12k  

1
24k
 

1
48k
 

5
12k  

5
24k
 

5
48k
 

k 
 

k k 
 

 ft {w/ft} oF Btu/hr*ft*oF 
Holmen, WI 

original 200 3105 50.5 1.05 1.07 1.11 1.07 1.10 1.14 1.21 1.15 1.19 1.14 1.17 1.20 
results  {15.5}              

5% 200 3261 50.5 1.11 1.13 1.16 1.12 1.16 1.20 1.27 1.21 1.25 1.20 1.23 1.25 

increase   +5%  + + + + + + + + + + + + 
of P  {16.3}  5.00

% 
5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.07
% 

4.97
% 

4.17
% 

5% 200 2950 50.5 1.00 1.02 1.05 1.02 1.05 1.08 1.15 1.10 1.13 1.11 1.11 1.09 

drop  -5%  - - - - - - - - - - - - 
of P  {14.8}  5.00

% 
5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

5.00
% 

3.06
% 

4.79
% 

9.00
% 

1 oF 200 3105 51.5 1.05 1.07 1.11 1.07 1.10 1.14 1.21 1.15 1.19 1.14 1.17 1.19 
increase  {15.5}           -  - 

of tg     0% 0% 0% 0% 0% 0% 0% 0% 0% 0.26
% 

0% 0.67
% 

1 oF 200 3105 49.5 1.05 1.07 1.11 1.07 1.10 1.14 1.21 1.15 1.19 1.15 1.17 1.21 

drop  {15.5}           +  + 
of tg     0% 0% 0% 0% 0% 0% 0% 0% 0% 0.70

% 
0% 0.58

% 
+1 oF  200 3105 50.5 1.05 1.07 1.11 1.07 1.10 1.14 1.21 1.15 1.19 1.15 1.17 1.16 

Of tloop   {15.5}           +  - 
change    0% 0% 0% 0% 0% 0% 0% 0% 0% 0.70

% 
0% 3.75

% 
-1 oF  200 3105 50.5 1.05 1.07 1.11 1.07 1.10 1.14 1.21 1.15 1.19 1.14 1.17 1.19 

Of tloop   {15.5}           -  - 
change    0% 0% 0% 0% 0% 0% 0% 0% 0% 0.26

% 
0% 1.08

% 
5% 210 3105 50.5 1.00 1.02 1.06 1.02 1.05 1.08 1.15 1.10 1.14 1.09 1.11 1.15 

increase  {14.8}  - - - - - - - - - - - - 
of Lb  -

4.76% 
 4.76

% 
4.76
% 

4.76
% 

4.76
% 

4.76
% 

4.76
% 

4.76
% 

4.76
% 

4.76
% 

4.55
% 

4.62
% 

4.50
% 

5% 190 3105 50.5 1.10 1.13 1.17 1.13 1.16 1.20 1.27 1.21 1.26 1.21 1.23 1.197 
drop  {16.3}  + + + + + + + + + + + - 
of Lb  +5.26

% 
 5.26

% 
5.26
% 

5.26
% 

5.26
% 

5.26
% 

5.26
% 

5.26
% 

5.26
% 

5.26
% 

5.51
% 

4.97
% 

0.3% 

Correct. 200 3080 50.5 1.04 1.07 1.10 1.06 1.09 1.13 1.19 1.15 1.18 1.13 1.16 1.225 

Power  -  - - - - - - - - - - - + 
from 
heat 

 0.81%  1.25
% 

0.68
% 

0.80
% 

1.31
% 

0.68
% 

0.81
% 

1.39
% 

0.56
% 

0.76
% 

1.31
% 

0.68
% 

2.00
% 

loss  {15.5}              
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•   With 5% increase of the power, the result of k from the ORNL LS Method increased 
4.97%. With 5% drop of the power, the result of k from the ORNL LS Method 
decreased 4.79%. With 5% increase of the power, the result of k from the ORNL 
Numerical Method increased 4.17%. With 5% drop of the power, the result of k from 
the ORNL Numerical Method decreased 9%. 

 
6.4.2 Initial Ground Temperature (tg) 
 
Different measurement methods have been used to obtain initial ground temperature (tg). 
as discussed previously in Section 6.3.  The effects of the uncertainty of tg on the thermal 
conductivity is quantified here. 
 
With the ±1oF change of tg, the analysis methods were used to obtain the thermal 
conductivity. The results are shown in Table 6.6.  
 
•  For the Line Source Method, initial ground temperature (tg) was not used so that the 

results of k were not changed. 
•   With 1oF increase of tg, the result of k from Cylindrical Method decreased 0.3%. With 

1oF drop of tg, the result of k from this method increased 0.7%.  
•   With 1oF increase of tg, the result of k from the ORNL Numerical Method decreased 

0.7%. With 1oF drop of tg, the result of k from the ORNL Numerical Method increased 
0.6%.  

•   The results of k from the ORNL Line Source Method were not changed with ±1oF 
change of tg. 

 
6.4.3 Inlet/Outlet Temperature (tloop) 
 
During the in-situ test, water loop inlet and outlet temperatures are measured.  However, 
the average loop temperature (tloop) is actually used in many of the methods.  With 1oF 
increase in inlet and outlet temperatures, the average loop temperatures (tloop) increased 
1oF.  With 1oF drop in inlet and outlet temperature, the average loop temperatures (tloop) 
decreased 1oF.  All the results are included in Table 6.6. 
 
•   With ±1oF change of tloop, the temperature curve was moved up/down in parallel with 

the original temperature curve.  The slope of the temperature curve was unchanged.  
Therefore, the results of Line Source Method were the same as the original results. 

•   With 1oF increase of tloop, the result of k from Cylindrical Method increased 0.7%.  It 
was the same as the result of k from Cylindrical Method with 1oF drop of tg. With 1oF 
drop of tloop, the result of k from Cylindrical Method decreased 0.3%. It was the same 
as the result of k from Cylindrical Method with 1oF increase of tg. 

•   The results of the ORNL Line Source Method were almost the same as the original 
results. 

•   With 1oF increase of tloop, the result of k using the ORNL Numerical Method 
decreased 3.75%. With 1oF drop of tloop, the result of k with the ORNL Numerical 
Method decreased 1.1%.  
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6.4.4 Bore Length (Lbore) 
 
In this section, ±5% change was introduced into length of borehole (Lbore).  The Line 
Source Method uses Equation 4.1 to calculate k from the slope of temperature curve.  The 
relationship was also proved by the results of Line Source Method in Table 6.6.  
 

SlopeL
Pk

*4
*412.3

π
=                                                                                                         (4.1) 

 
•   With 5% increase of Lbore, the results of k using the Line Source Method decreased 

4.76%. With 5% drop of Lbore, the results of k with this method increased 5.26%. The 
result of k from Line Source Method is inversely proportional with the change of Lbore. 

•   With 5% increase of Lbore, the result of k using the Cylindrical Method decreased 
4.55%. With 5% drop of Lbore, the result of k with this method increased 5.51%. 

•   With 5% increase of Lbore, the results of k using the ORNL LS Method decreased 
4.62%. With 5% drop of Lbore, the results of k with this method increased 4.97%.  

•  With 5% increase of Lbore, the result of k using the ORNL Numerical Method 
decreased 4.5%. With 5% drop of Lbore, the result of k using this method decreased 
0.3%.  

 
6.4.5  Weighted Average Initial Ground Temperature  
 
During the analysis, it was assumed that the initial ground temperature did not vary with 
borehole depth.  Actually, the ground temperature 30 ft. (9 m) below the ground surface 
varies with the season and the depth (Kavanaugh and Rafferty, 1997).  An example test 
performed on 4/30/98 in Wisconsin is used to calculate the impact of the constant 
temperature assumption.  A ground temperature profile for this location was generated 
and is shown in Figure 6.6. 
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Ground Temp. Profile for Holmen, WI 
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Figure 6.6 Ground Temperature Profile for Holmen, WI 

 
The regression curve was found for ground temperature (tg) for depths less than 30 ft. (9 
m).  Then the weighted average initial ground temperature (tg/Lbore) was calculated by 
integration as in the following equation. 
 

bore

L

gg

bore

g

L

dLtdLt

L
t

bore

∫∫ +
= 30 2

30

0 1
                                                                                  (6.1) 

 
In this case, tg1 = 37.769(Lbore)0.083 oF and tg2 = 50.5 oF. Therefore, 
For Lbore= 200 ft, 
 

( )
86.49

200

)30200(5.50
083.01

769.37 30

0

083.01

=
−×+×

+=

+
bore

bore

g
L

L
t oF 

 
For Lbore=100 ft, tg/Lbore= 49.22 oF 
 
With the information of tg/Lbore, the effect of weighted average initial ground temperature 
(tg/Lbore) on the thermal conductivity can be analyzed.  In this example, the worse case 
error can be handled as an error of 0.64 oF (0.36oC) in ground temperature for a 200 ft. 
(60 m) bore and as a 1.28 oF (0.7oC) worse case error for a 100 ft. (30 m) bore. 
 
6.4.6  Heat Loss of Test Equipment and Piping  
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Insulation is normally used to cover the test unit and any bare pipe above the ground to 
reduce heating loss.  With the information of the temperatures inside/outside the test unit, 
the thermal conductivity of the insulation material, and the surface area of the test unit, 
heat loss through the test unit can be calculated by Equations 6.2 and 6.3.  The test unit is 
normally situated near the test bore to minimize the length of connection pipe between 
the test unit and the borehole.  The heating loss from an insulated connection pipe is 
small compared with heating loss from the test unit and can usually be neglected.  
 

( )
∑

−
=

R
ttq osis

s                                                                                                          (6.2) 

 
where, 

sq                  : rate of heat transfer per unit area of outer surface of insulation (Btu/h-ft2) 

ist                  : inside temperature of test unit (oF) 

ost                 : outside temperature of test unit (oF) 

∑R            : total thermal resistance (hr-ft-oF/Btu) which include inside surface 
resistance, outside surface resistance and thermal resistance of insulation materials 
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412.3
AqP s ×

=                                                                                                             (6.3) 

 
A is surface area of test unit (ft2), 3.412 is the conversion factor, P  has the units of 
watts. 
 
Some data sets provided temperatures inside/outside the test unit.  Information about the 
insulation material and surface area of the test unit was unavailable for the data set of 
Holmen, WI.  All the unknown information was based on the unit described in Section 
4.3, which is similar.  
 

Line Source Model-Slope Method
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Figure 6.7. Average Loop Temperature, Outdoor Temperature, Power and Corrected 

Power versus Elapsed Time Curves 
 
Our test unit was a 37”L×21”W×20”H box.  The insulation material was polyurethane 
foam with a thermal resistance of 6.25-5.56 (hr-ft-oF/Btu-in).  It was one-half inch thick. 
The inside surface resistance was 0.68 (hr-ft-oF/Btu). The outside surface resistance was 
0.17 (hr-ft-oF/Btu) (ASHRAE Handbook, 1997) 
 
A =2×(37×21+21×20+37×20)÷(12×12)=26.9 (ft2) 
 

∑R = 0.68+0.17+6.25×0.5=3.975 (hr-ft-oF/Btu) 
 
From the data set,  
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( )maxosis tt − =26.66 (oF) and ( )minosis tt − =-10.04 (oF).  Therefore,  
 
P max = 52.9 (watts) and P min = -19.9 (watts) 
 
Positive values indicate heat loss and negative values heat gain. P max was 1.7% of the 
average power. 
 
The heat loss was added to the power to obtain the corrected power.  The corrected power 
is shown as the dashed curve in Figure 6.7.  All the analysis methods were used to obtain 
k for the data file with corrected power.  The results are shown in Table 6.6. 
 
•  With the corrected power to account for heat loss, the percentage of average power 

decreased 0.81%.  
•   All the results of k from Line Source Method decreased. With the correction of power, 

the results of LS(0.08) decreased 1.3%, the results of LS(1) decreased 0.68% and the 
results of LS(5) decreased 0.8%. 

•  With the correction of power to account for heat loss, the results of Cylindrical Method 
decreased 1.31%. 

•  With the correction of power to account for heat loss, the results of the ORNL LS 
Method decreased 0.68% 

•  With the correction of power, the results of the ORNL Numerical Method increased 
2%. 
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7.  SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
7.1 Length of Thermal Conductivity Test 
 
The duration of the thermal test is an important issue given the added cost of longer tests, 
especially when a generator is required.  Examination of Figure 5.4 and the Line Source 
Method results presented in Table 4.1 indicate many thermal conductivity (TC) results do 
not change from analyses conducted with 12, 24 or 48 hours of data.  However, a 
significant number of data sets provide substantially different values for thermal 
conductivity when the data for longer tests are included. This is especially true for high 
conductivity formations [kg > 1.5 Btu/hr-ft-°F (2.6 W/m-°C)].  This trend is not as 
frequent in the mid and low conductivity formations, but it is present. 
  
The difference in results between the shorter and longer TC tests may be related to 
formation disturbances near the bore wall that are a result drilling practices. Analysis 
indicates that low conductivity drilling fluids that are frequently used to stabilize 
unconsolidated formations can substantially affect results as demonstrated in Tables 6.1, 
6.2 and 6.3.  Longer tests (~48 hours) that ignore a high amount of initial test data (12 to 
24 hours) appear to be the remedy for this situation.  This limitation can also be a result 
of using low conductivity grouts in the bore. 
 
Some data also indicates a change in results are possible beyond 48 hours (Table 4.1, #3) 
that might be attributed to moisture migration.  In these cases, additional tests at heat 
rates 10 to 20% higher than design rates for the loop field are recommended to insure 
adequate consideration for dry-out. 
 
For some of the data sets, the conductivity keeps increasing with increasing test duration.  
They do not appear to be leveling out.  There are a number of reasons for this effect, 
which include (1) groundwater movement, (2) evaporative cooling in saturated, porous 
soils that are recharged with moisture rather than drying out, or (3) cabinet heat losses. 
  
Data from another site (Table 4.1, #7) produced inconsistent results because of high 
ground water movement rates, which require very complex analysis procedures.  This 
situation can be detected by observing a constant loop temperature during the tests.  A 
recent history of rainfall patterns must be consulted to determine if this water movement 
is continuous and can be expected over the life of the proposed loop field.   
 
Based on these results, test durations of 36 to 48 hours are recommended.  Beyond 48 
hours, the change in temperature is slower and the impact of power quality and 
transducer uncertainty on results is high compared to the impact of ground conductivity.  
Thus, longer test may be counter-productive.  Advocates of shorter test should note the 
frequent occurrence of changes in conductivity when data sets beyond 24 hours are 
compared with 12-hour data.  Longer tests do not seem to be significantly more 
expensive when data collected during this project is examined. 
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7.2  Analysis Procedure 
 
There is no clear-cut “best” analysis procedure.  They each work well under certain 
conditions.  In general the Line Source method available from Oak Ridge National 
Laboratory and the traditional Line Source method that discards the first hour of data 
provided results that were closest to the average values determined by all methods.  
Traditional line source and the Cylindrical Source methods tended to be more 
conservative (giving a lower conductivity than average) and the numerical methods 
generated higher values.  However, test and site conditions can also influence which 
methods provide near-average values.  For example, Figure 5.2 indicates the line source 
method (ignoring the first hour of data) most frequently provides values that are closest to 
the average for high conductivity soils.  For low conductivity soils (kg < 1.0 Btu/hr⋅ft⋅°F), 
the Oak Ridge Line Source method most frequently provides values closest to the 
average conductivity.  For retests, the line source method provided the best results, 
especially when the loop is allowed to return to within 0.5ºF (0.3°C) of the original 
undisturbed value. 
 
It should be noted here that the average value is not necessarily the “true” value.  The 
results can be biased in either direction.  However, given the fact that the “true” value is 
almost never known, getting results that agree from several methods seems to be the best 
course of action. 
 
Results from the test site at Lake Tuscaloosa in Table 4.1 seem to indicate that the 
numerical methods cannot adequately handle power interruptions.  However, tests #28 
and #31 from Table 4.1 indicate that the methods can yield good results for step changes 
in power. 
 
The most important advantages of line source is due to its simplistic representation, since 
there is no way to adequately predict the U-tube location in the bore and (according to the 
commercial testers) limited capability of controlling grout conductivity in the field.  The 
line source methods appear to be superior when bore resistances are high or near bore 
formations have been disturbed.  In addition to the analysis presented in Section 6.2, this 
can be deduced logically.  Any method that depends on an accurate description of the 
bore and U-tube geometry will be compromised when these values are difficult to predict, 
especially if low conductivity materials (grouts, drilling mud, etc.) are involved.  

 
In the majority of data sets analyzed in this project, there was good agreement among 
several Line Source methods, the modified Cylindrical Heat Source, and the two 
numerical methods.  Since most of these are, or will be, available as “freeware”, it is 
recommended that a combination of these be used to calculate conductivity.  Higher 
levels of confidence will result if agreement is good.  The need for further testing and 
analysis will be warranted if agreement is poor. 
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7.3 Power Quality 
 
The correlation between power quality and variation in conductivity results is scattered 
(See Figure 5.7).  There is a stronger correlation between temperature variation, which 
often results from power spikes and more gradual voltage changes, and conductivity.  
Thus the recommendation covers all three variables.  Acceptable power quality can be 
obtained under the following conditions:  Standard deviation < 1.5% of average power 
and maximum variation (spikes) < 10.0% of average power.  If the deviations are larger, 
acceptable results can be obtained if the maximum deviation of the average loop 
temperature is < 0.5°F (0.3°C) when compared to a trend line of the data. 
 
Table 5.3 suggests there is no significant advantage to the power quality of a generator 
compared to many utility grids.  It should be noted that testers, who typically rent 
generators when on-site power is unavailable, have noted variations in power with 
outdoor air temperature when generators are operating near peak capacity.  Experience 
has taught them to use 50 to 100% oversized generators for more constant power and 
longer run times between refueling. 
 
The heat flux rate should be 15 to 25 W/ft (50 to 80 W/m) of borehole depth, as that is 
the expected peak load on the U-tubes.  The idea of thermal testing is to simulate 
operating conditions.  If moisture migration (dry out) conditions are a possibility, rates at 
the upper end of this range should expose potential problems. Lower heat rates do 
influence the results for conductivity.  Heat rates lower or higher than 15-25 W/ft (50 to 
80 W/m) of bore depth do not represent actual installation conditions, and are not 
recommended. 
 
7.4 Initial Ground Temperature Measurement  
 
The undisturbed ground temperature should be obtained by measuring and recording the 
minimum loop temperature as the liquid returns from the test loop at start-up.  The liquid 
should not pass through the pump or heating elements before measurement. A more 
direct but difficult measurement would be to insert a probe down one leg of the filled U-
tube and take readings at several increments. 
   
7.5 Time between Loop Installation and Testing 
 
Figure 6.5 indicates two days (after drilling and grouting) were required for the loop 
temperature to return to within 0.3°F (0.2°C) of the final value.  However, these 
measurements were taken in a high conductivity formation in a bore that was filled with 
thermally enhanced grout. 
   
A minimum delay of five days between loop grouting (or filling) and test start-up is 
recommended if; 
 

formations are expected to have low conductivity (high clay content), 
low conductivity grouts [< 0.75 Btu/hr-ft-°F (1.3 W/m-°C)] are used, 
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or when bores are left un-filled for more than one day. 
 
For all other conditions, a minimum three-day delay is recommended. 

 
7.6 Required Data and Instrumentation  
 
At a minimum, the following measurements are recommended for an in-situ thermal 
conductivity test: 
 

Entering/Leaving Water Temperatures with + 0.5°F (0.3°C) combined transducer- 
recorder accuracy 

Initial Ground Temperature with + 0.5°F (0.3°C) combined transducer-recorder 
accuracy 

Input Power to Elements and Pump with 2.0% combined transducer-recorder 
accuracy of reading (not Full Scale accuracy) 

Ground Heat Exchanger Depth (+ 1%) 
 
Recommended information for higher quality test 
 
 Test unit flow rate with 5% accurate meter 

Drilling log with site identification of formation in ASTM D-2488 format 
 Diameter of bore, depth of bore, tube dimensions and type 
 Grout (or fill) specifications and amounts placed in bore 
 Record of drilling fluid additives used 

Description of surface casing left in place 
 
The practice of determining heat rate with flow, inlet and outlet temperature 
measurements (Equation 4.5) is discouraged because of the resulting high experimental 
error even with highly accurate transducers (See Section 4.4.3). 

  
7.7  Installation Procedures for Test Loops 
 
The method of installing the U-tube or ground heat exchanger will impact the accuracy 
and the amount of time required to conduct a thermal conductivity test.  It is 
recommended that the bore diameters be a maximum of 6 inches (15 cm) with 3.5 to 4.5 
inches (9  to 11 cm) being the target  diameter.  Methods should be incorporated to ensure 
the bore annulus is completely filled with a product that has a thermal conductivity 
greater than 0.75 Btu/hr-ft-°F (1.3 W/m-°C)].  The amount (if any) of drilling additives or 
surface casing required to stabilize the bore hole before loop installation should be 
recorded.  If these materials are used or grouts with lower than recommended 
conductivities are used, the thermal conductivity tester should be notified. 
 
7.8 Correction for Near Surface Ground Temperature Variation 
 
If test bores are relatively shallow and tests are conducted in periods where the surface 
temperature is appreciably different than deep ground temperature, corrections are 
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needed.  Thus, if bores are less than 150 ft. (45 m) and tests are performed in the winter 
(December–March) or summer (June–September), a weighted average ground 
temperature should be calculated in a procedure similar to the one described in Section 
6.4.5. 

       
7.9 Test Rig  

 
Water heater elements are suggested since they are inexpensive, easy to replace, and 
permit relatively simple and accurate heat rate measurements.  An actual tank is not 
required, and if one is used, it should be as small as is required to house the elements.  
Air purging is critical since element burnout and pump cavitation are possible.  Air vents 
and strainers that are used in typical hydronic systems are recommended.  

 
The water flow rates that generate a 6 to 12°F (3 to 7°C) differential in the water loop are 
recommended.  The U-tube legs should be trimmed to the minimum length required to 
connect to the test apparatus.  These lines should then be insulated with closed-cell pipe 
insulation.  All above ground water lines and the water tank should be insulated.   
 
7.10 Delay before Retesting 
 
Experiments at the test site have shown 11 days after a thermal test was completed is 
required for the earth to cool to within 0.2ºF (0.1ºC) of its undisturbed temperature.  A 
standard test using line source analysis indicated minimal error at this condition.  A 5 to 
12 % error resulted after a three-day waiting period and the temperature was 2ºF (1.1ºC) 
above the undisturbed value.  However, this formation had a relatively high conductivity.  
Lower conductivity soils would require longer delays to return to normal temperatures.  
A ten to twelve day delay (or when the loop returns to within 0.5ºF (0.3ºC) of the original 
undisturbed ground temperature) is recommended before retesting a borehole if a 
complete 48-hour test has been conducted.  If the initial test was terminated before this 
time, the waiting period could be reduced in proportion to the amount of heat rejected 
into the formation compared to the  complete 48-hour test used at the experimental site.   
 
7.11 Suitability of Long-Term Test Data for Validation 
 
It is suggested that long-term test data on existing systems is unsuitable for validation of 
conductivity tests given the uncertainty of heat rate calculations using the small 
differential temperature measurements typical of ground source heat pumps.  Future work 
should include a long-term control test if this path is pursued for thermal conductivity test 
validation. 
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