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ABSTRACT

A computerized thermal conductivity measurement system utilizing the
transient needle probe technique was developed for solids and viscous liquids.
The thermal conductivity is determined by nonlinear regression of the
experimental data for the needle probe, and the estimate of the conductivity is a
maximum likelihood estimator. A n;lathematical heat transfer model is employed
that accounts for the probe thermal conductivity and volumetric heat capacity.
This model permits measurements at shorter experimental times compared to
models that do not account for the probe properties.

Thermal conductivities of solids and liquids with waterlike viscosities are
determined with an accuracy of 4%. The solids tested and their conductivities
are: 1) ice, 2.29 wm k-1 at 269 K, 2) tetrahydrofuran hydrate, 0.486 W-m'1.K-1
at 273 K, and 3) tertiary butyl alcohol, 0.122 w-m-1-K-1 at 293 K. The liquids
tested and their conductivities at 298 K are: 1) water, 0.623 w-m-1-K-1,
2) glycerin, 0.292 w-m-1-.K-1, 3) 1-methylnaphthalene, 0.135 w-m-1-K-!, and
4) tertiary butyl alcohol, 0.110 w-m-1-K-1. The water measurements demonstrate
that this system is also capable of measuring the conductivity of electrolytes.

In an application of this system the thermal conductivity of methane
hydrate, Structure |, in Ottawa Sands was determined to be 2.75 w-m-1-K-1 at
275 K. This study showed that the thermal conductivity of the hydrate
reservoir does not depend on the structure, Structure | or Structure I, of the in

situ hydrates.
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NOMENCLATURE

ENGLISH DESCRIPTION
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Radius of the probe.

Estimates of the equation parameters B;.

Radial thickness of the contact resistance layer.
exp(y) = 1.7811..., the exponential of Euler's constant.
Function to minimize in linear regression.
Acceleration of gravity.

Constraining equations.

Thermal contact resistance coefficient.

Bessel function of the first kind, zero order.

Bessel function of the first kind, first order.

Thermal conductivity of the sample.

Thermal conductivity of the probe.

Thermal conductivity of the contact resistance layer.

Probe length.
L / a, ratio of probe length to probe radius.
Total number of experiments performed.

Number of multiple experiment thermal conductivities used in
determining an average thermal conductivity.

Number of data points for linear regression, a subset of N.

Total number of time increments in an experiment.

Step power supplied per unit probe length.

Radial distance.

p=1,2,..,time dependent error term for ith experimental point.

Arithmetic average of all sample standard deviations.
Sample standard deviation for the ith time increment.
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. Sk Standard deviation for an set of apparent thermal conductivities.
s2(b;) Estimate of the variance of the parameter B;.
t Time elapsed since Q began and time for onset of convection.
t Time at ith time increment in an experiment.
T Temperature rise at the probe and medium interface.
Ty Temperature rise of the probe at a given position.
T Temperature rise for the jth experiment, ith time increment.
T; Average temperature rise for j experiments, ith time increment.
Up,i p=1,.2, ..., error term for linear regression for ith experimental
point.
Yol) Bessel function of the second kind, zero order.
Yq() Bessel function of the second kind, first order.
z Confidence interval multiplier.
GROUPED DESCRIPTION
Ak Confidence in the apparent thermal conductivity measurement.
At Constant time interval for temperature measurement.
NAt  Time length of the experiment.
(pCp) Volumetric heat capacity of the sample.

(PCp)+

Volumetric heat capacity of the probe.
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GREEK DESCRIPTION

o Thermal diffusivity of the medium.
B k/kq, the ratio of the sample to probe thermal conductivity.
Be k/ke, the ratio of the sample to contact resistance layer thermal
conductivity.
B Volume expansivity of the liquid.
Bi i=1,2, 3, 4,5,86, ..., equation parameters.
Y 0.5772..., Euler's constant.
& Random measurement error for the ith experimental point.
A Lagrangian multipliers.
) Viscosity of the liquid. _
i Actual temperature for the ith time increment.
T 3.14159265...
c Population standard deviation of the temperature measurement
(assumed independent of the time increment).
D, Set of equations that minimize F.
X (og / )12,
T 2 (pCp) / (pCp)1 , twice the ratio of the sample to probe volumetric

heat capacity.
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1.0 INTRODUCTION

Thermal conductivity is an industrially important physical property. Data
on the conductivities of many substances are scarce. Few means exist to
readily determine this physical property. An instrument capable of automatically
measuring unknown thermal conductivities would have widespread appeal. |

Experimental determination ‘of thermal conductivities was conducted and
is documented herein. The study is composed of three phases. These are:

1) Development of a computerized thermal conductivity measurement

system utilizing the tranéient needle probe technique,

2) Verifification of the operation of the thermal conductivity system by

‘ testing various solids and liquids, and

3) Measurement of the unknown thermal conductivities of methane

hydrates in porous medié.
The first phase is a study of the mathematical models for the needle probe, the
development of an algorithm for data acquisition and analysis, and the design
of the thermal conductivity measurement system (details presented sequentially
in Chapters 2, 3, and 4). Materials selected for the study in the second phase
are those with well known conductivities, while the third phase consists of
measuring materials of undocumented thermal conductivities (details for both

phases are presented in Chapter 5).
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The basic needle probe consists of a wire loop for heating and a
thermistor for temperature measurement, both of which are mounted inside a
small hypodermic needle (Figure 1.1). The basic concept of the needle probe
operation is as follows:

1) The probe is initially inserted into the sample.

2) Thermal equilibrium is obtained between the probe and sample.

3) At time zero a step power input is supplied to the probe. |

4) The temperature rise of the probe is monitored with respect to time.
Time requirements for the measurement of solids or liquids are
generally on the order of minutes or seconds, respectively.

5) A linear plot of probe temperature rise versus the natural logarithm of
time, yields a slope which is inversely proportional to the sample
thermal conductivity.

Figure 1.1 demonstrates the application of the thermal conductivity needle
probe. T, in this figure, refers to the probe temperature minus the initial
temperature of the probe. In any needle probe experiment only three operating
pafameters are necessary. These parameters are:

» Q, Time zero step power input supplied to the probe heater wire,

* At, Constant time interval for temperature measurement, and

* NAt, Time length of the experiment.
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Figure 1.1
Application of the Thermal Conductivity Needle Probe

THERMAL CONDUCTIVITY NEEDLE PROBE

A A A AT A

* THERMISTOR HEATING WIRE
HYPODERMIC NEEDLE EPOXY

INSERT PROBE INTO SAMPLE TEMPERATURE STABILIZATION

" Tvst

= Q 4dat
/d‘ T = Jry In(caz) + .
- . T

o« Slope is Inversely Proportional to the

Int Sample Thermal Conductivity
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The work presented herein advances the state of the art in needle probe

experimentation in several ways. These are:

1) Experimental data analysis is done in a mathematical model which

' employs the probe thermal conductivity and volumetric heat capacity.

2) The needle probe can determine thermal conductivities for liquids,
including electrolytes, with waterlike viscosities.

3) A system has been generated which automatically measures absolute
thermal conductivities. Detailed knowledge of the trahsport
phenomena involved is not required. Successful conductjvity
measurements require only knowledge of the system software. All

aspects of the experimental procedure are computerized.

Estimates of/natural gas existing in situ hydrated form, range between 5
and 12,000 percent of the proven United States gas reserves (Zielinski and
Mclver, 1982). Selim and Sloan (1985) are investigating the feasibility of
utilizing these reserves as a natural gas resource. The application to hydrates
presented herein is valuable for several reasons. Two of these are:

1) Predictive studies of the production rates from these reservoirs require
hydrate thermal conductivities. This work contributes to the thermal
conductivity data base of methane hydrates, which contains no
published measurements.

2) The work proves the versatility and usefulness of the thermal

conductivity measurement system.
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Several goals were selected for this work so the system would have
industrial appeal. First, all components have off-the-shelf availability and are
relatively inexpensive. Second, the resulting apparatus has an operating
system that requires minimal skill to operate. Last, the accuracy of this system is
desired to be better than five percent for the measured thermal conductivity.

The material in this text is presented fn the following order:

1) Literature Review

2) Méthematical Models for the Needle Probe

3) Algorithm for Data Acquisition and Analysis

4) Thermal Conductivity Measurement System

5) System Verification on Solids and Liquids

6) Application to Hydrates in Porous Media

7) Conclusions and Recommendations
Each of these subjects is a chapter in itself and builds upon the material

presented in the previous chapters.
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1.1 LITERATURE REVIEW

First a literature review is presented on the needle probe, and then a
review is presented on hydrates and thermal conductivity. The current research

helps to extend the knowledge base on thermal conductivity probes.

1.1.1 THERMAL CONDUCTIVITY NEEDLE PROBE REVIEW

Since its primary introduction by Von Herzen and Maxwell (1959) the
thermal conductivity needle probe has been widely used for solids and
saturated sediments. Most experimental applications employed either of two
\methods of data acquisition: the output of data to a strip-chart recorder, or to a
digital voltmeter interfaced to a cassette recorder. Bloomer and Ward (1979)
put their probe under microprocessor control, but their application was limited to
sedimentary rock.

Analyzing the experimental data for thermal conductivity predictions is a .
cumbersome task. The methods of data analysis reported in the literature
predicted the conductivity providing that the probe was calibrated on a known
material of similar properties to the test material. Basic data analysis used for
' determining thermal conductivity for the needle probes is presented in Carslaw
and Jaeger (1959). The equation used is:

T = (Q/47K) In(4ot/Ca2) (1.1)
Where the variables are defined as follows:

a = radius of the probe,
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C =exp(y) = 1.7811..., the exponential of Euler's constant,

k = thermal conductivity of the medium,

Q = step power supplied per unit probe length,

t = time elapsed since Q began,

T = temperature rise at the probe and medium interface,

o = thermal diffusivity of the'-medium, and

= 3.14159265... .

Past investigators (listed in the next paragraph) 'determined deviations
from this model by: 1) conducting a calibration experiment on a material of
known properties, (Q/4nk), 2) obtaining the slope of the semilogarithmic plot of
temperature rise versus time for this experiment, (Q/4nk)", 3) conducting an

experiment on an unknown and determining the slope, (Q/4nk),, 4) adjusting

the slope of the unknown by the correction factor of the from the calibration
experiment, (Q/4nk)," = (Q/4=nk), * (Q/4xnk)" / (Q/4nk), and then
5) determining the best estimate of the conductivity from4(0/41ck)u*.

Perhaps the most oft cited probe is that of Von Herzen and Maxwell
(1959). Their probe used the basic needle probe design mentioned above. Von
Herzen and Maxwell's probe has a diameter of 0.086 centimeters (0.034
inches) and a length to diameter ratio of 74.4. Length to diameter ratios
ranging from 20 to 100 are common for the needle probe. Other authors h'ave
used needle probes of a slightly modified configuration or exactly the same
configuration as that of Von Herzen and Maxwell (1959). These authors are
Woodside and Messmer (1961), Gerard, Langseth, and Ewing (1962), Von

Herzen and Uyeda (1963), Nason and Lee (1964), Langseth, Grim, and Ewing
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(1965), Lachenbruch and Marshall (1966), Corry, Dubois, and Vacquier (1968),
Mitchell, ASCE, and Kao (1978), Bloomer and Ward (1979), and Stoll and
Bryan (1979).

Several factors are important in probe construction. These are:

* Probe thermistor placement,
» Placement and control of the heating element, and
* Probe length to diameter ratio.

The probe thermistor placement is such that it maximizes the fit to the
simplified model, Equation 1.1. To properly fit this heat transfer model the probe
should be isothermal and infinite in extent, but in reality this is never the case.
According to the model derivation by Carslaw and Jaeger (1959), the
temperature should be measured at the probe and medium interface. Due to
the mechanical design of the needle probe, the temperature is measured at the
centerline of the probe, which is not at the same temperature as the interface.
Since the probe is finite in length the thermistor is typically located at probe
midlength. This minimizes the axial end effects, which is necessary because
these effects are not included in the model.

Heater placement and control are also such that the fit to the simplified
model is maximized. The model assumes that the heat generation is uniform
within the probe. For the small scale of the needle probe, uniform heat
generation is accomplished by running the heater wire axially along the probe.
Not only is the placement of the heating element important, but the stability of

the power supplied to the probe heater is important. Mitchell, ASCE, and Kao
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(1978) found that a one percent variation in the heater current can lead to a
twenty percent variation in the measured thermal co'nductivity.

The length to diameter of the probe is another important factor. The
probe temperature versus time response can vary strongly with the lengfh to
diameter of the probe. If the probe is too short axial effects will become
significant, and the simplified model given above can no longer be used for
data analysis. Blackwell (1956) developed a criterion that the probe length to
diameter ratio must be greater than 20 to 30. The probes presented in the
papers by the authors mentioned previously all satisfied this criteria.

Experiments are conducted after the probe has been built to maximize
the fit of the simplified model. Unless the sample to be tested is formed around
the probe a contact thermal resistance layer will exist. In the early portions of
the experiment, contact resistance will cause severe nonlinearities in the
semilogarithmic plot of temperature rise versus time (Morrow, 1979). To
minimize the effect of this resistance layer several factors should be considered.
These factors are: 1) the thickness of the layer should be as small as possible,
2) the mass of the layer should be small relative to that of the probe, and 3) the
thermal conductivity of the layer should be large relative to that of the probe. A
contact material of high conductivity can reduce the error caused by this
resistance to less than one percent of the measured thermal conductivity. A low
conductivity material, such as air, will add appreciable error to the measured

thermal conductivity (Beck, 1965)."
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1.1.2 HYDRATE AND THERMAL CONDUCTIVITY REVIEW

Gas hydrates are clathrate inclusion compounds. Gas molecules are
trapped as the guest, inside a cage of water molecules which is the host. Two
different crystalline structures can occur, named Structure | and Structure Il
Structure | or Il hydrates form depending upon the composition of the gas.
Propane forms Structure Il hydrates while methane forms Structure | hydrates.
Mixtures of methane and propane will form Structure | or Structure 1l hydrates
depending upon the amount of propane present in the gas. The structures are
diagrammed in Figure 1.2.

Tremendous quantities of natural gas exist in hydrated form. These
hydrates represent a substantial natural gas resource, and currently there are -
researchers who are concerned with evaluating the feasibility of producing
these reservoirs (Selim and Sloan, 1985). The locations of hydrate resevoirs
and resevoir production modeling schemes are presented in: Katz (1971),
Hitchon (1974), Makogen (1981), Goodman and Giussani (1982), Halleck
(1982), Holder, Angert, John, and Yen (1982), Judge (1982), Macleod (1982),
McGuire (1982), Weaver and Stewart (1982), Yamano, Uyeda, Aoki, and
Shipley (1982), Holder (1983), and Pearson, Halleck, McGuire, Hermes, and
Matthews (1983).

Production rates can be estimated by mathematically modeling the
" recovery of natural gas from a hydrate reservoir. Physical properties of hydrates
are necessary for modeling hydrate dissociation, three of which are: 1) the heat

capacity, 2) the heat of dissociation, and 3) the thermal conductivity.
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Figure 1.2

Structures of Hydrates (Clathrate Inclusion Compounds)
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Many hydrate properties appear similar to those of water ice, while
hydrate thermal conductivity is singularly different. Stoll and Bryan (1979) first
determined that the thermal conductivity of propane hydrate is one-fourth to
one-fifth that of ice. Recent work has verified this hydrate phenomena on
ethylene oxide and tetrahydrofuran hydrates (Ross and Andersson, 1982) and
Ross, Andersson, and Backstrom, 1981).

The thermal qonductivity data base for hydrates is insufficient. Stoll and
Bryan (1979) reported conductivity results on propane hydrates with and
without sediments. Their results are questionable because they could not’
discern the composition of their hydrates and also because their hydrates
appeared to be metastable, when considered in light of sound velocity
measurements. Ross and Andersson (1982) reported work on hydrates which
are not found in a naturally occurring hydrate reservoir.

In situ hydrates recovered from the Glomar Challenger leg in the Blake
Bahama Ridge contain large amounts of sediment. Mid-America trench
hydrates had a few percent sediment (Sloan, 1985). Proposed hydrates
located in the permafrost region exist mainly in consolidated and
unconsolidated sediments. The data base for hydrate thermal conductivity
should contain values for methane hydrates with and without sediments; to date

these data are not available.
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CHAPRPTER 2

MATHEMATICAL MODELS FOR THE NEEDLE PROBE
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2.0 INTRODUCTION

The intent of this chapter is to define the heat transfer models appropriate
in predicting the experimental behavior of the transient needle probe. From this
information, the experimental data acquisition and analysis is developed, a
transient needle probe system is built, and the system operation is verified. '

The goal of this heat transfer modeling is to determine the sample
thermal conductivity via the transient needle probe technique. Figure 2.1
diagrams the physics of the technique. The complete model assumptions for
the needle probe are given in Table 2.1. A mathematical model derived from all
of these considerations is quite difficult to employ.

Instead of solving the model with the assumptions and effects presented
in Table 2.1, this work employs a model with several simplifying assumptions:

* The probe has uniform physical properties.

* The probe has a finite thermal conductivity.

* The probe is infinitely long.

* The sample extends from the probe surface to infinity.
* Energy is transferred by radial conduction only.

The heat transfer model used with these constraints at long times is:
T = (Q/4nk) In(4at/Ca?2) + (Q/4wky) (2.1)
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Figure 2.1

Needle Probe: Radial Heat Conduction Between Concentric Cylinders
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Table 2.1

Needle Probe Experimental Factors and Effects

FACTOR

—»( EFFECT )

The probe has a finite heat

(Heat supplied to the medium

in liquid samples.

capacity. —»1 is time dependent.
\. : J
w | [The probe has a finite (The temperature within the )
o) thermal conductivity. ——i probe varies radially.
c
Q. . y,
The probe has a finite length (Radial and axial heat )
and a finite diameter. — transfer coexist.
\. y,
The sample has a finite size. (The thermal wave emitted )
—»{ by the probe may penetrate
&hrough the sample. y
The sample has temperature (Temperature rise during )
dependent properties. ——@»| experimentation is
u_l e .
E.' kmmlm:zed. )
=
g Convection may be induced (Convective and conductive )

A probe to medium thermal
contact resistance may exist.

—

heat flow coexist.

\. /
\

(The sample conductivity
cannot be determined.

. _J

17
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Where the variables are defined as follows:

a = radius of the probe. _

C =exp(y) = 1.7811.., the exponential of Euler's constant.

k = thermal conductivity of the medium.

ky = thermal conductivity of the probe.

Q = step power supplied per unit probe length.

t = time elapsed since Q began.

T = temperature rise at the probe and medium interface.

a = thermal diffusivity of the medium.

Tt = 3.14159265... .
A linear solution of probe temperature rise versus the natural logarithm of time,
yields a slope inversely proportional to the medium thermal conductivity. The
difference between this long time solution and the solution presented in
Chapter 1 is imbeded in the intercept term. The major difference between this
new model and the literature model is evident when long times cannot be
reached.

The effects of the model assumptions compared to the factors and effects

given in Table 2.1 are discussed in the remainder of this chapter. Chapter 3
presents how to use this information in designing an algorithm for data

acquisition and analysis.
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2.1 PROBE FACTORS AND EFFECTS

Several factors affect the reéponse of the needle probe. The variables

that characterize the effects are the following:
* Probe finite heét capacity; characterized by w =2 (pCp) / (pCp)¢, twice
the ratio of the sample to probe volumetric heat capacity.
* Probe finite thermal conductivity; characterized by B =k / k4, the ratio of
the sample to probe thermal conductivity.
- Probe finite length; characterized by L' =L / a, the ratio of the probe
length to the radius.
Due to the relationships between these three variables, it is not always possible
to discuss one without the other. In the discussion of the probe heat capacity
the probe is assumed infini'cely~ conductive and infinitely long. In the discussion
of the probe thermal conductivity the probe is assumed to have a finite heat
capacity and infinite length. In the discussion on probe length the probe is
assumed to have a finite heat capacity and thermal conductivity.

The model used for the heat capacity discussion assumes that the
temperature is measured at the probe surface. If the probe is a perfect
conductor, then the temperature is identical at all points within the probe. If the
probe has a finite conductance, then a temperature profile will exist within the
probe. Depending on the conductance of the probe, the centerline temperature
may be significantly higher than the surface temperature. It is important to

consider the temperature profiles within the probe.
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2.11.1 PROBE FINITE HEAT CAPACITY

The probe finite volumetric heat capacity will cause the power supplied to
the medium to vary with time, depending on the magnitude of the ratio of the
medium volumetric heat capacity to the probe volumetric heat capacity. Only
the power supplied to the heater wire remains constant with time.

A model is necessary that accouhts for the time variation of the power
supplied to the sample, namely the model used by researchers in the past. The
assumptions of this model are:

» The probe has uniform physical properties.

* The probe is infinitely long.

* The probe is infinitely conductive.

* The sample is infinite in extent.

» Energy is transferred only by radial conduction.

This model is refered to as the perfect conductor model in the text.
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Laplace's equation and the appropriate boundary conditions for this model are

oT _ a9 (,dT . (2.2)
o = rar(r ar) ; 120, a<sr<o
Initial Condition,
T=0 @ t=0, O<r<oeo

Boundary Conditions,
= 7a? aT _ oT
Q= ma“(PCo) 5 - (2ma) kS
T=0
The complete solution for the temperature at the probe and medium interface is

@ t>0, r=a
@ t>0, r— oo

(Carslaw and Jaeger, 1959):

" 2 /52 (2.3)
1-eg-0tuc/a

( ) du

T=2Q J
knao ud {62 (u) + V2 (u)}

Where,
ou) = 2o - Jy ()

Y(u)

Jo (u) and J4 (u) are Bessel functions of the first kind, and

aYoW - Yy

Yo (u) and Y4 (u) are Bessel functions of the second kind.
A solution at short times for this equation is (Carslaw and Jaeger, 1959):

- Q 4at w—2 4ot _a"’_
T- & (s {1 cas2, (Caz)} 2]

(2.4)
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The ratio of the medium to probe volumetric heat capacities, w, controls
the time required to reach the long time solution. Depending upon «, various
degrees of curvature are exhibited in the early time portion of the
semilogarithmic plot of temperature rise versus time. This effect is shown in
Figure 2.2 (based on Jaeger,1958). In this figure, = oo corresponds to zero
probe heat capacity, and as o decreases either the medium heat capacity
decreases or the probe heat capacity increases.

As will be shown in the probe finite length disc;ssion, the long time
solution will not necessarily be valid. For these times the probe heat capacity
must be known to determine the best estimate of the medium thermal
conductivity. Figure 2.3 demonstrates how the measured thermal conductivity
can vary when the heat capacity effect is not taken into account. The vertical
axis of this graph is thé ratio of the measured thermal conductivity using the
long time solution (Equation 2.1with k4 = o) to the measured thermal
conductivity using the short time solution (Equation 2.4). In the experiments
performed in this project, w is greater than 0.5 and less than 4.0. For this range
of heat capacity ratios, this figure shows that the corrections to the measured

thermal conductivity are less than = 10 % at In(at / a2) > 4.
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Figure 2.2

Probe Finite Heat Capacity Variation of Temperature with Timé

0.3
I l | | I
0.2 |— —
C
S~
i
0.1 |— -
(6]
oo Complete Solution
10
4
? Long Time Solution
0.5 '
0.0 L92 1 I I |
-2.0 -1.0 0.0 1.0 2.0 3.0 4.0

In (ot / a2)



T-3335

A

A

Figure 2.3

Probe Finite Heat Capacity Effect on Long Time Solution
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2.1.2 PROBE FINITE THERMAL CONDUCTIVITY

The probe finite thermal conductivity will cause the temperature to vary
radially within the probe depending on the magnitude of the ratio of the medium
thermal conductivity to the probe thermal conductivity. During experimentation
the temperature rise of the probe is measured at midlength of the centerline of
the probe.

A model is necessary that accounts for the radial vafiation of the probe
temperature. The model used for this discussion is the model presented by
researchers in the past and employed in this work. To reiterate, the
assumptions of this model are:

» The probe has uniform physical properties,
* The probe is infinitely long,
» The probe has a finite conductivity,
* The sample is infinite in extent, and
. Energy is transferred only by radial conduction.
This model, termed the finite conductor model, should reduce to the perfect

conductor model as the conductivity ratio tends to zero.
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Laplace's equation and the appropriate boundary conditions for this model are:

oT _ agd (2T C o (2.5)
ot = rar(r ar) ; 120, asr<
a_..T1 = & ) oT. ___,__Q .
5t = r1 ar(r ar1) + (pCp)11ta2 ; t20, 0<r<a
Initial Condition,
T=0 @ t=0, O<r<eo
Boundary Conditions,
T, is finite @ t>0, r=0
T=T, @ t>0, r=a
9T _ . 9T -
kar = k1ar1 @ t>0, r=a
T=0 @ t>0, r— o

‘The complete solution for the temperature within the probe is (Carslaw and
Jaeger, 1959):

(o o]

. QQI (1_e-X2atu2/a2 e
17 knd) ud (g2 (u) + V2 () (2.6)
Where:
O u) =FJy (U)o tey) - xJo (u)Jy (xu)
V(u) = Fdy )Y (xu) - xdo (u) ¥ (xu)
f(u) = Jo (rw/a) Js (U)

x =Voq/a = Vo/2p
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The solution for suitably short times has been solved by the author (derivation

given in Appendix A) as:

_ Q. (4at Lw=2. (4at)| _aZ
- % () {1 =2, (Caz)}m 27)

+4-$k-1[(1-(r/a)2) -(—12—+(1-(r/a)2));—)——ai

+ {2+2(1 -(r/a)2)+a(%-%(1 -(r/a)2) + %(1 -(r/a)4))

2
dat) | (1 _a%
.,.(2-%2 - (@-2)(1-(r/a)? )) '“(C(:z)} (CO .20ct) }

At long times at the probe center this equation reduces to Equation 2.1.
It is important to model the temperature profiles within the probe, since
the thermistor measures the temperature within the probe. Temperature profiles

for various experimental approximations of the thermal conductivity ratio, 8, and

heat capacity ratio are presented in Figure 2.4. In this figure, T4 is the
temperature within the probe (Equation 2.6), and Tg-g is the temperature of a
perfect conductor probe (Equation 2.3). Plots are given at various levels of

dimensionless time corresponding to actual times experimentally encountered.

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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Figure 2.4

Inner Probe Temperature Profiles
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From Figure 2.4 it is apparent that gross errrors can occur when using the
perfect conductor model to represent the centerline temperature of a probe of
finite conductance. The temperature profiles are relatively flat near the probe
centerline, and insignificant error is introduced by assuming that the thermistor
measures the temperature at probe centerline.

A more éxtensive representation of the effect of varying B and o is
presented in Figure 2.5. In this figure, T4 g is the temperature at the centerline

of a finite conductor probe (Equation 2.6), and Tg_q is the temperature of a

perfect conductor probe (Equation 2.3). Plots are given at various levels of
dimensionless time corresponding to actual times experimentally encountered.
From the plots given in Figure 2.5, it is apparent that the error in assuming the
probe is a perfect conductor can become quite large.

The tehperature at the probe centerline can be significantly higher than
the perfect conductor temperature, but the error in using the perfect conductor
model to measure the thermal conductivity of the medium will not be as
significant. The thermal conductivity is determined from the slope of
temperature rise versus the natural logarithm of time, and these plots show the
error in the slope will not be as great as the difference in the temperatures.
Errors attributed to the assumption of a perfect conductance are shown in
Figure 2.6 (this figure is determined from the derivative of temperature , given in

Equation 2.6, with respect to the natural logarithm of time).
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Figure 2.5

Probe Centerline Temperature Dependence on B and
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Figure 2.6

Probe Finite Thermal Conductivity Effect on Long Time Solution
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2.1.3 PROBE FINITE LENGTH
The probe finite length will cause axial heat flow to coexist with radial
heat flow. Axial effects complicate the mathematics of probe response versus
time, and if the effects are significant the infinitely long probe model is no longer
valid.
A model is necessary that accounts for the effect of finite probe length.
By_ making the probe sufficiently Iong and measuring the temperature at probe
_ midlength, thewerror caused by assuming only radial flow can be made
negligible within the experimental accuracy. Blackwell (1956) proposed a
minimum length to diameter ratio of 20 to 30, and the studies here suggest that
a length to diameter ratio greater than 30 is required.
The model used in this discussion is one presented in Kierkus, Mani, and
Venart (1973). The assumptions of their model are:
* The probe has uniform physical properties,
« The probe has a finite length,
* The probe has a finite conductivity,
* The sample is infinite in extent radially and its height is equal to that of the
probe, and
» Energy is transferred only by radial and axial conduction.
Throughout the text this model is referred to as the Kierkus, Mani, and Venart

(1973) model.
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Laplace's equation and the appropriate boundary conditions for this model are:

ot l’ar(r ar) + aazz ; 120, a<sr<oo, 0<z<L

Initial Condition,

T=0 @ t=0, O<r<oo, 0<z<L
Boundary Conditions,
T=0 @ t>0, roo0, 0<z<L
@ t>0, C<r<oo, z=08&L

3 2 aT _ oT _ 2ra oT
Q= ma"(PCp)y Gy - @ra) kG- - F75k5;

@ t>0, r=a, O0<z<L

The complete solution for the for the temperature at the surface of the probe at
probe midlength is (Kierkus, Mani, and Venart,1973):

. ' (2.9)
@i + 1) )2 at
1-exp{_{( L/a ) * uz} az]

i [o o]
T = .iz(%a | (2(1'1)1)[ ‘ > f(u) du
=0 0 {((____2‘“)") ¥ UZ}{q»z(u)wz(u)}
L/a
Where:
_iff(1 (@), @) -
o(u) = 1 _(m B)( [7a ) o Rl HW

i , 2 5]
vor=§|(6-5) BT e - e

f(u) = Jg (U)W(U) - Yy (u) d(u)
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The following discussion is based on the probe testing tetrahydrofuran
(THF) hydrate at 1 atm and 273 k; p = 0.89 gm.cm-3,C, =2.22 J.gm-1.K-1, and
k=5 mW.cm -1.K-1. Assuming that the probe of this work is similar to the probe
of Von Herzen and Maxwell (1959); @ = 1.6, B = 0.068, and L" = 38.33.

A typical response for the probe was obtained through this finite line
source solution for the given values of o, B, and L. A graph of dimensionless
temperature rise versus the natural logarithm of time is given in Figure 2.6. The
curve labeled Infinite Line'Sourcé is from Equation 21 with kq = oo, the curve
labeled Midlength is from Equation 2.12, and the curve labeled Integral
Average is the curve had the temperature been measured over the entire probe
length. The computer program used in solving the solution of Kierkus, Mani,
and Venart (1973) was a modified program of Perkins (1983). The modification
entailed the calculation of the temperature at probe midlength rather than an
integral average over the entire length of the probe.

Several conclusions are possible for general experimentation. First,
measuring the temperature at probe midlength is a good method of minimizing
axial end effects and approximating the long time infinite line source solution:
Second; though the long time solution may never be reached, the error in
assuming the probe is infinitely long is within the experimental accuracy. Using
Equation 2.1 on the results from the Kierkus, Mani, Venart (1973) solution given
in Figure 2.7, a thermal conductivity is obtained which is only 1.6 % different
from the true conductivity. Finally, there is a time period in which axial effects
are not significant. By analyzing experimental data within this time period, axial

effects can be ignored without inducing significant error.
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Figure 2.7

Theoretical Probe Response versus Time for Tetrahydrofuran Hydrate

0.5 T [ l T
Long Time
Infinite Line Source
0.4 — Midlength]|
0.3 -
Integral Average
&)
>
0.2 —_
0.1 Ld=50 | =
w=16
B = 0.068
0.0 | | | ]
0.0 1.0 2.0 3.0 4.0 50

In (at/ @2)



T-3335 36

2.2 SAMPLE FACTORS AND EFFECTS

After the needle probe has been designed the experimental response
depends upon the medium being tested. Several factors due to the sample
which affect the reéponse of the needle probe are:

» Sample finite size,

» Sample temperature dependency,
* Induced convection in liquids, and
» Thermal contact.

Each of these factors are discussed in this section.

2.2.1 SAMPLE FINITE SIZE

As power is supplied to the probe a thermal wave moves out through the
sample. If that sample is not large enough, then the thermal wave will reach the
edge of the sample. After this occurrence the thermal conductivity cannot be
determined from the models presented earlier.

A model is necessary that accounts for the penetration of a thermal wave
into the medium. From this model, a sample size is selected such that the
thermal wave never encounters the sample boundary. The model used for this
discussion is the same as that presented in the probe finite heat capacity
discussion, except instead of using the solution only at the probe sample

interface the solution is extended out into the sample.
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The complete solution for the temperature profile extending into the

sample is (Carslaw and Jaeger, 1959).

oo

-e-atu?/a?
T=_QI (1-en?® ™) f(u) du
u2 {02 (u) +y2(u)}

k2

Where:
o(u) =% Jo(U) - Jq ()

v() =45 () - Y, (u)

flu) =Jg(ur/a)yy(u) - Yy (ur/a)o(u)

(2.10)

Values of the heat capacity ratio encountered in this work were modeled.

It was found that the dimensionless thermal wave penetration (kT / Q) was

fairly insensitive to ® with respect to dimensionless time (ot / a2). The results

for o = 2 for the thermal wave penetration into the sample are shown in Figure

2.8. Assuming that the thermal wave ends when the temperature of the wave is

less than one percent of the probe surface temperature, an equation predicting

the thermal wave size is:
(r/a)=3 (at/a2)1/2

(2.11)

The sample is sized such that the thermal wave never reaches the sample

boundary. For the needle probe and samples used in this work, a sample

radius to probe radius of greater than thirty is required.

~
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Figure 2.8

Thermal Wave Penetration into the Surrounding Medium
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2.2.2 SAMPLE TEMPERATURE DEPENDENCY

As the temperature increases during an experiment .the physical
properties of the medium change. For the compounds tested in this work this
change in properties is not significant. To minimize this effect, the power
supplied to the probe is minimized to minimize the temperature increase. The
thermal conductivity is reported at one half of the experimental temperature
increase. The error induced is not significant compared to the overall

experimental inaccuracy.

2.2.3 INDUCED CONVECTION IN LIQUIDS

The power supplied to the probe will eventually cause convection in the
liquid phase, and this induced convection will transport heat away from the
probe at a faster rate than by conduction alone. Thereby nullifying the
implementation of the models presented earliér.

Typically there is an induction time until heat transfer due to convection is
significant to thaf by conduction. At the end of this, time a "rollover" will occur in
the temperature profile. By analyzing the data before this time, the models
presented earlier are still valid. A correlation for the onset of convection is

(Pantaloni, Guyon, Velarde, Bailleux, and Finiels (1977):

3/2 3,2~ ¥ -1 -1
ot sat) . sq0 (20208 Q1K) (G0
(az) In (Caz) = 380 ( p2 k (2.12)
=380 - Gr-1.Pr-1

Where the variables are defined as previously, with new variables:

g = acceleration of gravity,
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t = time for convection to become significant,

B’ = volume expansivity of the liquid, and

| = viscosity of the liquid.
If the viscosity of the liquid is large, then viscosity controls the onset of
convection. Only viscosity is studied in the verification of the thermal
conductivity system operation, because of doubt in the claim (Stoll and Bryan,
1979) that only liquids as viscous as glycerine can be measured by the needle

probe.

2.2.4 THERMAL CONTACT

A thermal contact resistance layer may exist between the probe and the
medium, therefore a temperature discontinuity ‘will exist between the outer
surface of the probe and the inner surface of the medium. This discontinuity is
not accounted for in the probe mathematical models presented earlier.

The effect at short times for the thermal ‘contact resistance layer on the

solution for the perfect probe model is (Carslaw and Jaeger,1959):

2 2\7 (2.13)
T=Q||n(4u) s l1 02 (4t L+(—2£) 1+
Where the variables are defined as previously, with the new variable:
H = the thermal contact resistance coefficient.
If long times can be reached during experimentation, then the thermal

conductivity can be determined regardless of the contact resistance. At long

times the contact resistance affects only the intercept and not the slope of the
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semilogarithmic plot of temperature rise versus time. Since the extent of the
contact layer and the properties of the contact layer vary from experiment to
experiment, there is no sufficient method for determining a best estimate of the
thermal resistance and medium thermal conductivity.

The errors associated with assuming no contact resistance when there is
contact resistance are shown in Figure 2.9. This figure is based on Equation
2.13. - In this figure, c is the radial thickness of the contact resistance layer and
B¢ is the ratio of the sample thermal conductivity to the contact resistance layer
thermal conductivity. As expected, the errors are minimized when the contact

resistance layer is thin and its thermal conductivity large.
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Figure 2.9

Thermal Contact Resistance Effect on Long Time Solution
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2.3 CONCLUSION

The intent of this chépter was to define the heat transfer models
appropriate in_predicting the behavior of the transient needle probe during
experimentation. From this information, the basis for experimental data
acquisition and analysis is developed, and a transient needle probe system is
built and its proper operation verified.

By considering many factors of the needle probe experimentation a
model was selected for data analysis. The model chosen was the finite
conductor model. To reiterate, the assumptions of this model are:

* The probe has uniform physical properties,

» The probe is infinitely long,

* The probe has a finvite heat capacity,

» The probe has a finite conductivity,

» The sample is infinite in extent, and

» Energy is transferred only by radial conduction.
If long times can be reached, then thermal conductivities can be measured
without knowing the probe properties. Estimation of the probe properties is
required when it becomes necessary to analyze experimental data when short
or long time solutions are valid. This estimation requires a solution which
solves for the probe properties given an experiment on a medium of known

properties.
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CRAPRPTER 3

ALGORITHM FOR DATA ACQUISITION AND ANALYSIS
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3.0 INTRODUCTION

In this chapter an algorithm for data acquisition and analysis is
presented. The algorithm is based upon _the mathematical modeling for the
transient needle probe presented in Chapter 2.

The experimentation process (refer to Figure 1.1) controls the data
acquisition and analysis. Typical experimental results are presented in Figure
3.1 for three compounds: a) 1-methylnaphthalene, b) water, and c) water ice. In
this figure, the optimum solution region is the closet approach of the data to the
long time infinite line source solution. Before this time, heat capacity or thermal
conductivity effects are excessive, and after this time convective or axial effects
are excessive.

An analysis of the data from the optimum solution region yields the best
estimate of the sample thermal conductivity. Table 3.1 details the differences
between the solution method presented in the literature (refer to Chapter 1) and
the solution method presented in this work.

The presentation of the acquisition and analysis algorithm is in four parts:

» Data acquisition algorithm,
» Data analysis algorithm basis,
* Algorithms for unknown media properties, and

+ Algorithm for unknown probe properties.
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Figure 3.1

Typical Experimental Responses for the Needle Probe
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Table 3.1

Method of Data Analysis: Reported in Literature and This Work
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REPORTED IN LITERATURE
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3.1 DATA ACQUISITION ALGORITHM

Typically, for past work presented in the literature, a single experiment is
conducted and the thermal conductivity is determined from that experiment. In
this work multiple experiments are performed under identical conditions, and
the temperature measurements at identical times are averaged. This procedure
allows for a more detailed data analysis.

At any given time a range can be predicted within which the experimenfai

temperatures will occur. This range is given as:

Ti= ot q-% (3.1)
m

T =1 Z T (3.2)
j=

1

Where: ]
m = Total number of experiments performed.
z = Depends upon the probability distribution function for the temperature
measurements and the degree of confidence for the data.
T;,i = Measured temperature rise for the jih experiment, ith time increment.
Ui = Actual temperature rise for the ill time increment.
o = Population standard deviation (assumed independent of i).
For a given measurement error the confidence that the measured
temperature is the actual temperature increases as the number of experiments
increase. The average temperature is a sufficient statistic, therefore no

statistical information is lost with this parameter.
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The population standard deviation, ¢, is a measure of the accuracy in
determining the actual temperature rise. It is determined by: 1) the inherent
characteristics of the thermistor, 2) the methodology of measuring the resistance
of the thermistor, and 3) the accuracy of the calibration process for the
resistance versus temperature characteristics of the thermistor.

The temperature standard deviation is unknown, and it is estimated by
the sample standard deviation, which is a sufficient statistic. The sample

standa;d deviation, s, is:
N
2 - rlu_zsiz (3.3)

£ = o 2T &4

Where:
N = Total number of time increments in an experiment.
s; = Sample standard deviation for the it time increment.
s = Arithmetic average of all sample standard deviations.

A minimal variance in the temperature measurement maximizes the
accuracy in the measured thermal conductivity. This is detailed in Figure 3.2,
where a smaller variance in the temperature measurement gives a smaller
variance in the measured thermal conductivity. |f the variance in the
temperature measurement is excessive, then a solution for the thermal

conductivity may not be possible.
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Figure 3.2

Comparison of Curve Fitting for Various Degrees of Accuracy
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3.2 DATA ANALYSIS ALGORITHM BASIS

After the data from a transient needle probe experiment is acquired, then
a data analysis procedure is used to determine the sample thermal conductivity.

From Chapter 2, the equation for modeling the probe as a finite conductor is:
T=Byg+ByInt+(Bo+B3zInt)t-1+(Bsg+Bs Int+BglIn2t)t-2 (3.5)

The equation parameters By are defined in Table 3.2. The temperature is at the -

probe centerline. Solutions for this model at long and short times are presented
in this text, these are:
* Long Time Solution,
T=Bg+BqInt (3.6a)
» Short Time Solution,
T=Bp+ByInt+(Ba+BzInt)t-1 (3.6b)
The basis for the data analysis algorithm is presented in two steps:
1) Filtering of the complete experimental temperature rise versus time data
set to determine the data set for the optimum solution region.
2) Application of least squares regression on the complete model equation,
and introduction of Lagrange multipliers into the least squares

regression.
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Table 3.2

Transient Needle Probe Model Equation

52

T=B8Bg+ByInt+(Bo+Bgint)t-1+(Byg+Bs Int+BgIn2t)t-2

= Q q(4c ), Q
Bo = 4mk In(Ca2)+41tk1
= Q
By 4nk -
5 _[Q{HQ;;”,(@_)} . Q a]_az
2 7| 4nk ® Ca? 4tk 2w | 2
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3.21 OPTIMUM SOLUTION REGION

From the optimum solution region for an experiniental data set, as shown
in Figure 3.1, the best estimate of the sample thermal conductivity is
determined. At times other than in this region, there are several factors that
adversely affect conductivity determinations:

* The shorter the time the more terms which must be included in the model.
If the time is too short, then the short time solution will have insufficient
terms to model the heat transfer. The short time solution may not be able
to converge, and if it does the confidence in the answer is small.

» At short times the accuracy in the temperature measurement is
comparable to experimental temperature increase. The short time
solution may not be able to converge, and if it does the variance in the
measured thermal conductivity is excessive.

» At times longer than the optiﬁum solution region the heat transfer model in
Table 3.2 is no longer applicable. Axial and convective effects are too
dominant.

The problem is in determining the solution region for an experiment.
Three operating parameters, Q, At, and NAt, control the position of the
solution region. Guidelines for selecting these parameters are:

* Q, the power supplied per unit probe length controls the extent of the
temperature increase. It must be large enough so that the experimental
temperature increase is significant, typically 1 to 2 Kelvin. Also, it must
be small enough such that the onset of convection (in liquids) occurs at

the largest time possible.
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* At, the time step is selected such that there are greater than 600 data

points per experiment. Fewer data points contribute to a larger variance

in each apparent conductivity.

* NAt, the time length of the experiment must be large enough to ensure the

onset of convection or axial heat flow effects. The onset of these effects
causes the apparent thermal conductivity to increase. To avoid the
taking of excessive data this onset time should be as close to the end of
the experiment as possible.

The method to determine the optimum solution region for an experiment

1) The apparent thermal conductivities are calculated at several points

along the experimental response curve, by employing the long time
solution. The conductivities are termed apparent because it is assumed
that the long time solution is valid. If the conductivity ratio, B, is large,
then the beginning of the ex;;eriment is ignored. At short times a large
conductivity ratio will cause severe nonlinearities in the experimental

temperature response.

2) From this set of apparent conductivities, the minimum apparent

conductivity and the corresponding time are determined.  Not ignoring
the early time portion for high conductivity ratios adversely affects finding

the minimum apparent conductivity.

Figure 3.3 gives an example of an actual experiment on 1-methylnaphthalene.

The temperature rise and apparent thermal conductivity versus natural log of
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time are shown in Figure 3.3 a and b, respectively. Further details are
presented in the discussion of measurements on solids and liquids.

Point estimates of the apparent thermal conductivity were calculated from
the experimental data. Each point estimate is actually an estimate for a
segment of the data whose average is the point. For a given pointi(i=1,2,...,

N), the lower bound point j and the upper bound point k for the segment are:

j=i-exp(1-finf/(f-1)) (3.7a)
k=j-f (3.7b)
f= NS

Where § is the length of the segment in natural log of time divided by the natural
log of the experimental time length. The minimum value, ipin, and maximum
value, imay, Which i can take on are:

imin = XP{ Xmin N N-1+fIn f/ (f-1)) (3.8a)

imax = ©XP( Xmax In N -1 + In f/ (f-1)) (3.8b)
Where xmin is the fraction of thev initial experimental data being ignored, and
Xmax IS the fraction of the final experimental data being ignored. In this work, the
complete set of point estimates extend linearly from imin 10 imax-

Note in the analysis algorithm, fhe data analyzed is for a data set
extending fromi= 1,2, ..., n. This refers to successive points in the solution

region, and n is the total number of data points in the region.
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Figure 3.3
Acquisition and Analysis on 1-Methylnaphthalene, T = 296 K, Q = 0.6 W-m-1
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3.2.2 REGRESSION AND LAGRANGE MULTIPLIERS
The long and short time solutions for the needle probe can be solved by
a modified least squares analysis. Rewritten in the format of least squares
regression, the equations are:
» Long Time Solution,
Ti=Bg + By Intj+uyq; (3.92)

+ Short Time Solution,

Ti=Bg+ByInt+ (B + Bz Int) 1+ uy, (3.9b)
Let g be the random measurement error, then the error terms are described by:
oo |
. Kt |t:!
Rp,|=zz (B%I(I+1)+k+1 ln tl)tI (3.118.)
I=pk=0
T Rpisr | < | Ry | (3.11b)
lim | Ry | =0 (3.11¢)
i—o0

The time dependency of the error terms violates some assumptions of
standard linear regression, namely: 1) g are independent random variables,

and 2) E(g) = 0. Any errors induced by assuming independent error terms is
minimized by properly selecting the region for data analysis. This region is:

* Long time solution, Rq ;<< Bg + By Int;

+ Short time solution, Ry << (Ba + Bz In t;) ;7
When these statements are true, there exists a high degree of confidence that

the by's determined by least squares analysis are the best estimates for the By's.
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Another problem with using a general least squares analysis is that the
. Bk's are not all independent. This problem is solved by modifying the linear
regression by the method of Lagrangian multipliers.

Given the equation:

Yi=Bg Xgi+ By Xqj+...+Bmg Xm1,i +Bm Xm,i (3.12)
Under the following set of constraints:

0; (Bo: B4, - - -, Bm-1, Bm) =0 ; j=0,1,...,1 (3.13)

And the following data set:

(Xgs X145 - - s Xm-1> Xm» Y )i i=1,2,...,n

The best estimates for the coefficients are determined by minimizing:

n

F= (vi -isix”)z (3.14)

i=1 j
The standard procedure for minimizing a function of several variables subject to
one or more constraints is the method of Lagrange multipliers. The equations

that minimize F are:

. |
oF 995 _ . _
(Dk aBk J._Zo}‘]ask = o ’ k—0,1,.,,,m (315)

Where the Kj's are the Lagrangian multipliers. The multipliers are solved for

through the constraints g;j- To solve for the m coefficients, B;, a set of (m+1+2)

equations with (m+l+2) unknowns is solved.
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There are two unknowns in the heat transfer model for the needle probe,
namely the thermal conductivity and the volumetric heat capacity. For the m+1

coefficients there are only two independent coefficients. Let these coefficients

be Bj and B;» . The m -1 constraining equations for this model are:
gj=Bj-Gj(Bj-,Bj--)=O j=0,1,...,mand=j,|" (3.16)

Under these constraints the solution for the Lagrangian multipliers is:

oF

Ak = 35, k=01,...,mand =], j" (3.17)

Substitue the partial derivative of gj with respect to ' and " and the solutions for

the Lagrangian multipliers into the expressions for ®; and @;- yields:

I
oF oF dB;
Pijr= a8 2 o8 3 = O (3.18a)
=0 :
¢jl’ l'l'
|
oF oF dB
(I)j. = -a—r;j" -+ IZ éTsl -a-é;“ == 0 (3.18b)
$jl’ jll
B; = Gj (By, By) (3.19)

The solutions for the best estimates, bj- and ij- , of the coefficients, Bj~ and Bj-v ,

are found by solving this set of equations with two unknowns.
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3.3 ALGORITHMS FOR UNKNOWN SAMPLE

In this section algorithms are presented for determining the unknown
sample thermal conductivity by employing the long time and short time
solutions. Complete equations for these models are presented in the data
analysis algorithm development. Solutions for smaller times than these two
solutions can be developed, but they would not increase the accuracy in the
measured thermal conductivity. The contribution to the temperature by the
smaller times is the same order of magnitude as the accuracy of the
temperature measurement. It is possible that solutions for these times will give
inaccurate results.

‘Both the long and short time algorithms are programmed into the thermal

conductivity system. The program listings are presented in the appendices.

3.3.1 LONG TIME SOLUTION FOR SAMPLE

The long time solution for the sample thermal conductivity is obtained
directly by least squares regression. A method is presented for estimating the
applicability of the long time solution.

The long time solution equation is:

Ti=Bg+ By Int+uy; (3.20)
The physical meaning of parameters By and B4 is given in Table 3.2. The best

estimates for Bg and B4 are bg and b4, respectively, which are determined by
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least squares regression. The solution that minimizes the sum of squared error

is (all summations fori=1,2,...,n):
b= tXInt;- by LET; (3.21)
Tilnt; - L>Int, 2 T;
by = 2Tilnt; - 7% '22' (3.21b)
22t -1 (Xint;)
An estimate of the apparent thermal conductivity is:
k=Q / (4r by) (3.22)

An estimate of the variance in the measured apparent thermal

conductivity is determined from the estimate of the standard deviation of the

coefficient B4. The confidence in the apparent thermal conductivity, Ak, is:

Q Q
Ak = | |K-ZmB-zso| * 1% o= 20 (3.23)
1 1 1 1

Where s(b4) is the standard deviation of b4, and its solution is:

1 Z(Tj- (bo+byInt;))?

2(by) =
1 -2 St -1(Sint, 2

(3.24)

All summations fori=1,2,...,n.

Estimating the applicability of the long time solution determines the
confidence in estimating the true thermal conductivity by the apparent thermal
conductivity. One method for determining the applicability is to estimate the
temperature contribution of Rq;. If its contribution is not significant, then there
exists a high degree of confidence in the apparent conductivity, else the

thermal conductivity should be estimated from the short time solution.
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In estimating Ry j only the first term of the infinite series is calculated.

Ryi=( B2+ Bz Int)t? (3.25)
Estimating R4 ; requires estimates for the coefficients B8, and Bz. The
parameters bg and b1 determined by the long time solution include the effects of

R4,. To estimate values for B, and B3, these effects must be removed, that is:

Ti'=Bg + By Intj+uq;-Ry; (3.26)
Simultaneous estimates for the Bj's are determined by successive substitution.
b; = Gj( bg, by ) i=2,3 (3.27a - b)
by'=b1-[(Ryn-Ry1)/(Inth-Inty)] (3.27¢)
bo'=bg-[ Ry 1+ ( by -by)Inty] (3.27d)

Where G, and G are solved by substituting the following expressions into the

expressions for B> and B3 given in Table 3.1 (given in Equation 3.31):

Q / (4nk) = B4 (3.28a)
In (40 / Ca2 ) = B, (3.28b)
a%/2o = 2C-1 exp(-B,) (3.28¢)
® =2 (BBy)! exp( -By) (3.28d)
- 1 . Q
- 4mk, Ca?
B = Q"1 2 (3.292)

The new estimates bg' and b4’ are compared to the previous values by and by,
and the steps are repeated until the values converge. Rq; is then estimated

from the values of b, and bg for a given experimental point i.
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3.3.2 SHORT TIME SOLUTION FOR SAMPLE

The short time solution for the sample thermal conductivity is obtained by
least squares regression modified with Lagrange multipliers. A method is
presented for estimating the applicability of the short time solution.

The short time solution equation is:

Ti=Bo+ByInti+(By+Bgint) ! +up; (3.30)
The physical meaning of parameters Bg and B4 is given in Table 3.1. B, and B3

explicitly in terms of By and B4 are:

By = G(By, By) =§B1 (1+ Bx)e'B" - B(B1Bx +%4-%'” (3.31a)

[

By = Gs( By, By) = 331 e B . 831} (3.31b)

B, and B are defined in Equation 3.29. The best estimates for Bg and B4 are by
and b4, respectively. The sum of squared error function to minimize is:

2

F =

n
i=1

From the discussion on Lagrange multipliers and regression the solution is:

@,= ggo + ggzggg + ggsggg =0 (3.33a)
-9F . dF db oF -
o=95 + 95 P2+ absg%f =0 (3.33b)

This is a nonlinear set of equations with two unknowns, bg and b4. In this work,

the Newton-Raphson technique is used to solve for the unknowns. The first
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This is a nonlinear set of equations with two unknowns, bg and b4. In this work,

the Newton-Raphson technique is used to solve for the unknowns. The first

guess at the solution is the values of bg and by from the long time solution. The

iterative equations are:

bo,k+1 = bo,k + 89,k (3.34a)

b1,k+1 = D1k + 31k (3.34b)
1 (. 2D oD

Sk = %(@%10 - ¢°3_b11)|k (3.35a)
- 15 0Dy )

ik = 5 (%abg @, %bf;)lk (3.35b)

- 99, 9D, _ 9D, 9P
D“‘?a_q?ab} %B?abg

The new by and by are compared with the previous values, and the steps are
repeated until the values converge. An estimate of the apparent thermal
conductivity is:

k=Q / (4n by) (3.36)
Complete definitions of all partials for the error function and Newton-Raphson
technique are presented in the appendices.

An estimate of the variance in the measured apparent thermal

conductivity is determined from the estimate of the standard deviation of the
coefficient By. The confidence in the apparent thermal conductivity, Ak, is

determined by Equation 3.23. Where s(b4) is the standard deviation of b4 for

the short time solution, and an estimate of the standard deviation is:



T-3335 65

— - - 2
52(b1) = n1 Z(Ti'(b0+b1|nti+b2ti1+ b3ti1|nti))

! (3.37)
4 Yin? t, -Jr-,(zlnti)2

All summations fori=1,2,...,n.

Estimating the applicability of the short time solution determines the
cénfidence in estimating the true thermal conductivity by the apparent thermal
conductivity. One method for determining the applicability is to estimate the
temperature contribution of Rp;. If its contribution is not significant, then there
exists a high degree of confidence in the apparent conductivity, else the
thermal conductivity should be estimated from the short time solution.

Rz is estimated indirectly by estimating R ;, where the first two terms of
the infinite series are calculated.

Ryi=~(Ba+Baint)ti1+( Bg+ Bslinti+ BgIn2t) 42 (3.38)
Simultaneous estimates for the Bi's are determined by successive substitution in

the same manner as for the long time solution.

bj = G ( by, by ) i=2,3,4,5,6 (3.39a - €)
by'=by-[(Rin-Ry1)/(Inth-Inty)] (3.39f)
bo'=bp-[ Ry, +(by"-by)Inty] (3-399) -

Where Ga thru Gg are solved by substituting the expressions in Equation 3.28
into the expressions for B5 thru Bg given in Table 3.2. | The new estimates by’
and by' are compared to the previous values by and b4, and the steps are
repeated until the values converge. Ry is then estimated from the values of by,

bs, and bg for a given experimental point i.
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3.4 ALGORITHM FOR UNKNOWN PROBE

Both the long and short time solutions for a unknown sample re.duire an
estimate of the probe thermal conductivity and volumetric heat capacity. The
_shoh time solution for the probe properties is obtained by least squares
regression modified with Lagrange multipliers.

The algorithm is programmed into the thermal conductivity operating
system. The program listings are presented in the appendices.

The short time solution equation is:

Ti=Bp+ByInt+(By+BzInt)t! +uy; (3.30)
Bo contains the probe thermal conductivity as an unknown, therefore it is still
used as an independent coefficient. B4 is not a function of any probe property,

therefore in this solution it is a constant not a coefficient. The choice for the

second independent coefficient is between B, and Bz, and this choice is
arbitrary. The parameter selected will affect the form of the algorithm, not the
final solution for the probe properties. B, depends on the probe thermal
conductivity and.volumetric heat capacity, and B3 depends only on the probe

volumetric heat capacity. For this reason B3 was selected as the second
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independent coefficient. The physical meaning of parameters Bg and Bj is

given in Table 3.2. B4 and B, explicitly in terms of By and B3 are:

by = 4% (3.40a)
_ . 3_2? 4 1 4o
by = 2 Ei—bo + %—% bo b3 + ) b3ln (Caz) (3.40b)
Q_a2 3[4
+ ik 2o (1 + 4 In (Caz))

The best estimates for By and By are by and bj, respectively. The sum of

squared error function to minimize is:

n

2
F=2 (T;-BO “ByInt; - By - 331;i|nti) (3.41)

i=1

From the discussion on Lagrange multipliers and regression the solution is:

_9F , 9F 2b, _

d)o‘abo"'al Y 0 (3.42a)
=9F , dF dby _

D=5+, 502 = 0 (3.42b)

This is a nonlinear set of equations with two unknowns, bg and bs. In this work,

the Newton-Raphson technique is used to solve for the unknowns. The first

guess at the solution is twofold: 1) let the probe volumetric heat capacity equal
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the sample volumetric heat capacity, and 2) assume the probe is a perfect

conductor. The iterative equations are:

bo,k+1 =Dbo,k + do .k (3.43a)

b3 k+1 = b3k + 83k (3.43b)
1 @ 2.

%k =D (‘1’3%53? - d’o'gb‘g) ) (3.44a)
1 @ @

B = 5 (23 - 2,320 ; (3.44b)

D = 9%, 903 _ 9D, 9By

The new by and bz are compared with the previous values, and the steps are

repeated until the values converge. Estimates for the probe thermal

conductivity and volumetric heat capacity are:

1

4
K = Z%(bo - in (-éi,z)) (3.453)
(PCp)1 = (pCp) (1 - %ﬁgﬁ'bs) (3.45Db)

Complete definitions of all partials for the error function and Newton-Raphson

technique are presented in the appendices.
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3.5 CONCLUSION

In this chapter an algorithm for data acquisition and analysis was
presented. The procedure for determining the thermal conductivity of a selected
sample by the transient needle probe technique is:

1) Confidence estimates on the long and short time solution require the
probe thermal conductivity\ and volumetric heat capacity to be known.
Therefore, an experiment is conducted on a sample of known thermal
conductivity and volumetric heat capacity. From this experiment, the
probe properties are estimated by the algorithm for an unknown probe. A
calibration of this type, unlike calibrations in the literature, does not
require that the probe test only samples similar to the calibration sample.
if it is known that an experiment on a sample will reach long times, then
absolute conductivities are measured and calibration is not required.

2) On an unknown sample, perform multiple experiments and average
these experiments into one composite experiment. The three operating
parameters, Q, At, and NAt, are adjusted to properly locate the optimum
solution region. After the experiment is completed, determine the
conductivity by the long time solution for an unknown sample. If the
confidence estimaté—s show that long times were not reached, then
determine conductivity by the short time solution for an unknown sample.

Implementation of the solution algorithms is presented in the chapter on

experimental results.
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CHAPTER &

THERMAL CONDUCTIVITY MEASUREMENT SYSTEM
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4.0 INTRODUCTION

In this chapter the thermal conductivity measurement system employing
the transient needle probe is presented. The mathematical modeling and data
acquisition and analysis presented earlier are incorporated into this system.

The thermal conductivity system is a flexible multifunctional software and
hardware package designed for automatic thermal conductivity measurements
on solids and viscous liquids. Experimental control, data acquisition, and data
analysis for a thermal conductivity needle probe are accomplished via an IBM
Personal Computer. A Keithley Series 500 System is the interface between the
probe and the computer. A software operating system was developed to
control the hardware.

Advantages of the thermal conductivity system design are: 1) all
components of the system have off-the-shelf availability and are relatively
inexpensive, and 2) a variety of probes can be used without requiring an
update in the system hardware. In addition to performing thermal conductivity
measurements, the system offers personal computer and analog / digital
interfacing capabilities.

The presentation of the thermal conductivity system is in three parts:

- 1) .System hardware specifications,
2) System hardware installation, and
3) System software.

Operation and documentation of the software is presented in the appendices:
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4.1 SYSTEM HARDWARE SPECIFICATIONS

The thermal conductivity system hardware requirements are minimal. A
diagram of the system is given in Figure 4.1. Table 4.1 lists all of the hardware
in the developmental thermal conductivity system. Also given in this table are
the modifications possible in creating a duplicate éystem. Further hardware
specifications are presented in two parts:

1) Thermal conductivity needle probe, and

2) Personal computer and interfacing.

4.1.1 THERMAL CONDUCTIVITY NEEDLE PROBE

The thermal conductivity system will accept a variety of transient needle
probes. Any needle probe selected must comply with certain system operating
specifications concerning the heater \_Nire and thermistor. These specifications
arise from the inherent characteristics of the needle probe and Keithley Series
500 System. The probes used in this work were purchased as off-the-shelf
items from Fluid Dynamics Corporation (operated by Warren Conner), Boulder,
Colorado. The complete schematic for the needle probe is given in Figure 4.1.
These probes are of a similar design as originally used by Von Herzen and
Maxwell (1959).

The physical properties of the probe determine the required sample size.
For the probes in this work, the sample should be a right cylindrical sample 30

times the probe diameter and the same length as the probe (refer to Chapter 2).
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Figure 4.1

Thermal Conductivity System Hardware
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Table 4.1

Developmental and Required Thermal Conductivity System Hardware

74

DEVELOPMENTAL REQUIRED
E IBM Personal Computer iBM Personal Computer, PC or XT
= | 2 Floppy Disk Drives, IBM and Tandem 2 Floppy Disk Drives
&P | Apparat, Inc.,15 Mbyte Hard Disk or Hard Disk
@ | 512 kbytes Internal Memory 320 kbytes Internal Memory
a | IBM Color Graphics Card IBM Compatible Color Graphics Card
W | Quadram Quadboard Printer Port
= | NEC 12" Monochrome Monitor Monitor
S | Epson MX80/FT Printer Printer
(@)
© | MS-DOS, Version 3.00 MS-DOS, Version 3.00 or Higher
IBM Advanced Basic, Version 3.0 IBM Advanced Basic, Version 3.0
DEVELOPMENTAL REQUIRED
E Keithley Data Acquisition & Control, Inc. | Keithley Data Acquisition & Control, Inc.
5 System 500 - Modular System System 500 - Modular System
h AIM1, Analog Input AIM1, Analog Input
ADM2, 14-bit Analog/Digital ADM2, 14-bit Analog/Digital
g AOM?1/5 12-bit Digital/Analog AOM1/5, 12-bit Digital/Analog
o AIM6, RTD and Strain Gauge AIM6, RTD and Strain Gauge, optional
;t_ Keithley Soft500, Versions up to 4.0. Keithley Soft500, Versions up to 4.0.
o
‘,_-'_-' CSM Physics Dept., Electronics Shop Power Amplifier, > 5 kohm load,
= Precision D.C. Power Amp upgrade current for > 1 ohm load
Switcher, Manual Switcher, controls amp output to probe
= DEVELOPMENTAL REQUIRED
= | Fluid Dynamics Corporation, Needle Probes,
b4 Needle Probes P/N 2-204 Any that comply with specifications
w»
=~ | Omega Engineering, Platinum Resistance Thermometers,
E Platinum Resistance Thermometers For measuring bath, optional
=
ln':" Sample Cell, Sample Cell
8 CSM CEPR Dept., Technicians Shop
<
w | Neslab, Inc., Temperature Bath
= Temperature Bath Controls sample temperature
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Power is supplied to the heater wire by a constant d.c. vbltage source (P
= V-1 =V2.R-1 = I2.R; P=power, V=volts, I=current, R=resistance). ACurrentIy, the
digital to analog power supply in the Keithley Series 500 is set to a maximum of
5 volts. The maximum power input to the probe is:

Qmax = 25-Rptr 1 Lt ? (4.1)
Where Qpnax is the power input per unit length in W-m-1, Ry, is the heater

resistance in ohms, and Ly, is the length of the heated section of the probe in

meters. From this equation, it appears that maximum powér'input is obtained by
forcing the length and resistance to be infinitesimal, but this may require
currents in excess of the heater wire current limitations. The heater wire
specifications for maximum current and voltage must not be exceeded for any
power input.

The temperature of the thermistor is determined by its resistance.
Resistance measurements are obtained by a series comparison to a known
resistance. Several specifications exist for the probe thermistor resistance,
Rtherm. @and standard resistance, Rgqy:

» For maximum accuracy the standard resistance should be matched to the
thermistor resistance. Due to current limitations of the Keithley Series

500 digital to analog converter:

Rstd + Ritherm > 5 kohms (4.2)
* The voltage supplied to the standard resistor and the thermistor is limited

‘to 1 volt each, and the current supplied to the thermistors will never

exceed 100 pamps. The total voltage supplied to both resistances is

determined by a short algorithmic program as follows:
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If (Rstg > 10 kohms) or (Riherm > 10 kohms) then (4.3)
(If (Rtherm > Rstqg) then
Volts = 0.95-(Rinerm + Rsta)-Rtherm™

Else
Volts = 0.95-(Riherm + Rstd)'Rsta™? )-

Else
Volts = 0.095-(Riherm + Rstq)

4.1.2 PERSONAL COMPUTER AND INTERFACING

The IBM Personal Computer is a industry standard, with operational
information widely available. The interface between the probe and the
computer, the Keithley Series 500 System, is operated from interpreted
Microsoft Advanced BASIC.

The Keithley Series 500 System is a state of the art analog / digital
interfacing machine. The System 500 is capable of analog to digital input,
digital to analog output, and several other features. The essential features of
the Keithley system as equipped are:

» 8 channels of differential 14-bit analog to digital.

* 5 channels of 12-bit digital to analog.

* 4 channels for 100 ohm platinum resistance thermometers.
« Sampling rate to 15 kHz.

* Programmable interval timers.

- Internal power supplies.

+ Comprehensive software package.
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The use of the Keithley Series 500 System requires first loading their
Soft500 system into the computer, and then writiﬁg a MS-BASICA program that
includes Soft500 commands. Direct interaction with the Series 500 hardware is
performed by Soft500, which supports all available hardware features in any
configuration. The thermal conductivity system software supplies the necessary
MS-BASICA programs for thermal conductivity measurements using a needle
probe.

A precision direct current power amplifier, designed by the Electronics
Shop in the Physics Department at the Colorado School of Mines, corrects for
deficiencies the Keithley System 500 has in supplying power to the needle
probe heater wire. The voltage source of the System requires a 5 kohm load
resistance, and since the probe heater wires are less than ;00 ohms the power
amplifier is necessary. The schematic for the amplifier is presented in Figure

4.2.
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‘Figure 4.2

Schematic for Precision D.C. Power Amplifier
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4.2 SYSTEM HARDWARE INSTALLATION

Installation of the thermal conductivity system is completed in three steps:
1) Computer system installation,
2) Interfacing system installation, and
3) Measurement system installation.
Install the computer system with all required components (listed in Table
4.1) as per their manuals.
There are three parts to the interfacing system installation: 1) the Keithley
Series 500, 2) the power amplifier, and 3) the switcher.
The thermal conductivity system software assumes that the modules of

the Keithley System 500 are arranged as:

AlIM1, Slot 1, Gain X10, Differential Input
ADM2, Slot 2, Range -10/10v

AIM6, Slot 4, Gain X1

AOM1/5, “Slot 5, Range 0/5v on All Channels

Other arrangements require modification of the thermal conductivity software.
The power amplifier is wired into channel 4 on the AOM1. Wiring details
are presented in the Keithley Series 500 manuals. This channel is used as the
powér supply for all probe heater wires. The software assumes that the user
switches the heater wire connections. All probe thermistors are wired into the
other four channels on the AOM1{ and the software will automatically switch to

different probes.
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The thermal conductivity needle probes are interfaced to the Series 500
through the switcher. The_ switcher completes every part of the thermistor and
heating wire circuitry, except for the thermistor and heater wire themselves. It is
recommended not to directly hard wire the probeé into the Series 500. Power
surges from the AOM1 channels may occur when the Series 500 is turned on.
These surges can damage the needle probe electronics. Complete wiring
diagrams for the switcher are presented in Figure 4.3.

There are three paris to the measurement system installation: 1) the
sample cell and temperature bath, 2) the platinum resistance thermometers,
and 3) the thermal conductivity needle probes. |

An acceptable sample cell and temperature bath arrangement satisifies
two criteria: 1) the probe is inserted into the sample, and 2) the probe and
sample are kept at a constant uniform temperature.

For each needle probe there is an optional platinum resistance
thermometer (measures the bath- temperature). The platinum resistance
thermometer, corresponding to the ith probe, is inserted into the i-1 channel on
the AIM6. Consult Keithley's System 500 manual for the installation procedure.

The final step (of installing the thermal conductivity system), is the
installation of the thermal conductivity needle probes. The thermistor and
heating wire leads are connected to a standard 5 pin DIN plug. The DIN plug is
connected into the switcher. Figure 4.3 shows the -configuration of all pins in the
plug. Note, the needle probe is removed from the switcher whenever turning
the Series 500 on or off. This prevents a power surge from destroying the

thermistor or heating wire.
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Figure 4.3
Switcher Installation Diagram
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4.3 SYSTEM SOFTWARE

The thermal conductivity system software has three functions:‘
» Series 500 System Configuration,
» Temperature Response Calibration, and
* Thermal Conductivity Measurement.
The operating procedure for this software is presented in the Appendices.

Series 500 System Configuration establishes the configuration of the
needle probes and platinum resistance thermometers. Thermal Conductivity
Apparatus informs the thermal conductivity system of the configuration of the
Se.ries 500 and the thermal conductivity needle probes.

Temperature Response Calibration determines the temperature“
characteristics of the needle probes and platinum resistance thermometers, and
it has two parts. First is Data Set Acquisition, which acquires the temperature
response data sets for the selected probes and thermometers. Second is
Analysis and Plotter, which analyzes and plots two types of data: 1) the
temperature versus resistance characteristics for the probe, and 2) the actual
temperature versus measured temperature for the thermometers.

Thermal Conductivity Measurement determines the thermal conductivity
of a given solid or viscous liquid, and it has two parts. First is Acquisition and
Analysis, which performs the experiment and determines the sample thermal
conductivity. Also, it determines the probe thermal conductivity and volumetric

heat capacity from an experiment on a known sample. Second is File Search
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and Plotter, which displays an experiment, two experimenfs, or the thermal
conductivities from all experiments for a given material. Also, it locates past
experiments according to a given set of specifications.

The IBM, Keithley, and thermal conductivity system software necessary to
run the system are given in Figure 4.4. This table also lists how the software is
stored on two diskettes. In this table, " DIR "Default™ " refers to the default
directory, and all other directory references are defined from the default
directory. There are three subdirectories which must be defined, but require no
initial information. These directories are used by the thermal conductivity
system for data storage during System operation. The interaction of these

programs is shown in Figure 4.5.
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Figure 4.4

Thermal Conductivity System Software Installation Requirements

UTILITIES ~ DISK:3%

DIR "Default"\

FILES

.| DOS 3.0 or higher.
IBM Advanced Basic, Version 3.0, BASICA.EXE.
Screen Dump Utility, PRTSC.EXE (for Epson Printer)

KEITHLEY, Soft500, All Software

----- * DIS

DIR "Detault™
TCS\ TCS.BAS TCSLOGO.BAS TCS.MAP
TCSCON.BAS TCSCOM.BAS TCS.DAT
TCSALL.BAS TCS.CHR
TCSPLOT.BAS
DAT\ EMPTY For storage of
experimental data.
DAT\PRB\ | EMPTY For storage of
probe calibration
data sets.
DAT\PRT\ | EMPTY For storage of
prt calibration data
sets.
TRC\ TRCACQ.BAS
TRCANAL.BAS | ¢ %
TCM\ TCM.BAS TCM.MAP
TCMACQ.BAS TCM.DAT
TCMACQA.BAS TCMACQ.DAT
TCMACQB.BAS TCMMAT.DAT
TCMACQC.BAS
TCMACQD.BAS
TCMFILEBAS | o’
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Figure 4.5

Thermal Conductivity System Program Flow Diagram

TCS SOFTWARE [FLOW DIAGRAM
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4.4 CONCLUSION

In this chapter the thermal conductivity measurement system employing
the transient needle probe was presented. Experimental control, data
acquisition, and data analysis for a thermal conductivity needle probe are
accomplished via an IBM Personal Computer. A Keithley Series 500 System is
the interface between the probe and the computer.

The system is designed to handle a variety of needle prbbes. lﬁ this work
only one type of needle probe is employed. The probe is similar to that of Von
Herzen and Maxwell (1959), and is fabricated by Fluid Dynamics.

All aspects of the experimental procedure are computerized and under
software control. Successful conductivity measurements require only
knowledge of the system software. Detailed knowledge of the transport
phenomena involved is not required. In this software, absolute thermal

conductivities are measured by the probe heat transfer model presented earlier.
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CHAPRPTER 5

SYSTEM VERIFICATION ON SOLIDS AND LIQUIDS
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5.0 INTRODUCTION

In this chapter the correct operation of the thermal conductivity
measurement system is verified. Materials selected for this study are those with
known conductivities.

Conductivity measurements were performed on several solids: 1) tertiary
butyl alcohol, 2) tetrahydrofuran hydrate, and 3) water ice. The thermal
conductivity of solid and liquid tertiary butyl alcohol differ by approximately ten
percent, and it is a good substance for comparing the difference between axial
conduction and liquid convection. Tetrahydrofuran hydrate has been measured
previously (Ross and Andersson, 1981), and its conductivity should be similar to
methane and propane hydrate (presented in the next chapter). All solid
measurements are within five percent of accepted literature values.

Conductivity measurements were performed on several liquids: 1) tertiary
butyl alcohol, 2) glycerin, 3) 1 - methylnaphthalene, 4) water, and 5) toluene.
The long time solution adequately models experiments on the first three
samples. Accurate measurements on water and toluene require the short time
solution. All liquid measurements, with the exception of toluene, are within
fourpercent of accepted literature values.

The presentation of the system verification is in six parts:

1) Prior to any measurements there are two calibration steps. First, the
analog to digital and digital to analog responses of the Keithley Series

500 System are calibrated. Second, the resistance versus temperature
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characteristics of the probe thermistor are calibrated. Both of these steps
are independent of the model used for data analysis.

2) The initial measurements on solids are described. All of these
measurements employ the long time solution with no error analysis,
therefore no probe properties are required. These tests demonstrate the
overall validity of the model.

3) The initial measurements on liquids are described. All of these
measurements employ the long time solution with no error analysis,
therefore no probe properties are required. These tests demonstrate the
use of the needle probe on viscous liquids.

4) Full utilization of the long and short time solutions requires the probe
thermal conductivitiy and volumetric heat capacity. The calibration of the
probe properties is dependent on the heat transfer model employed. For
this reason, the measurement of the properties is after the initial
measurements on solids and liquids that verify the validity of the model.

5) Measurements employing the long and short time solutions are
presented for various liquids. These measurements require the probe
properties. The short tirﬁe solution improves the accuracy of the
measurements. In fact, the results show that the needle probe can
meaéure the thermal conductivity of a liquid far less viscous than
glycerin, which is opposite of the statement by Stoll and Bryan (1979).

6) Guidelines are presented for the selection of model, the long or short
time solution, employed for data analysis. These guidelines are used in

the selection of the model for the application to hydrates in porous media.
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5.1 THERMAL CONDUCTIVITY SYSTEM CALIBRATION

The thermal conductivity system is calibrated prior to any thermal
conductivity measurements. First, the analog to digital and digital to analog
responses of the Keithley Series 500 are calibrated. Second, the resistance

versus temperature characteristics of the probe thermistor are calibrated.

5.1.1 COMPUTER AND INTERFACING CALIBRATION
The accuracy to which the Keithley Series 500 is calibrated affects the
accuracy of the probe resistance measurements and the power supplied to the

probe heating wire. The Series 500 modules to calibrate are:

AIM1, Slot 1, Gain X10, Differential Input
ADM2, Slot 2, Range -10/10v

AIMS6, Slot 4, Gain X1

AOM1/5, Slot 5, Range 0/5v on All Channels

The Keithley Series 500 manuals completely described the steps required to
calibrate these modules. The power supplies, volt meters, and resistors used to
calibrate these modules were all of greater accuracy than the accuracy of the
modules.

All modules were calibrated within the accuracy claimed by Keithley. For

the paired combination of the AIM1 and ADM2, the analog input is accurate to
+1/, least significant bits with 14 bits in the voltage range of -1/+1 volt. For the

AOM1, the analog output is accurate to +1/, least significant bits with 12 bits in

the voltage range of 0/+5 volt.
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5.1.2 PROBE THERMISTOR CALIBRATION

The accuracy in the calibration of the probe thermistor directly affects the
accuracy of the thermal conductivity measurement. The accuracy in
determinin.g the thermistor temperature is affected by: 1) the inherent
characteristics of the thermistor, 2) the methodology of measuring the
temperature of the thermistor, and 3) the accuracy of the calibration process for
the resistance versus temperature characteristics of the thermistor.

In this work, the heedle probes purchased from Fluid Dynamics used
thermistors made by Fenwal Electronics. These thermistors are rated for a
maximum current of 100 pamps and have platinum lead wires that are 0.001
inch in diameter.

The temperature of the thermistor is determined from its resistance. The
methodology of determining the resistance is presented in the previous chapter.
The accuracy of the resistance measurement is in part determined by the
accuracy of the Keithley Series 500. All connections between the probe and
the interfacing used shielded wire to minimize electrical interference.

For all probes used in this work, the resistance versus temperature
characteristics were determined. This determination, or calibration, employed a
bath that maintains temperature stability to an accuracy of 0.03 °C. The
temperature of the bath was set at several temperatures from -20 to 30 °C. At
each temperature set point the resistance of the thermistors(s) and the
temperature of the bath were measured. The reported thermistor resistance is
an average of several resistance measurements (averégiﬁg reduces the

variance of the resistance measurement). The reference temperature of the



T-3335 92

bath was measured from a platinum resistance thermometer with a Mueller
bridge. The calibration of this platinum resistance thermometer is traceable to
the National Bureau of Standards and is accurate to 0.001 °C. A typical
thermistor resistance plot and residual plot are given in Figures 5.1 a and b (the
residual is the difference between experimental data and the linear regression
curve fit of the data).

Note, the variance of the temperature rise measurement, discussed in the
data acquisition algorithm in Chapter 3, is not the same as the variance of the
absolute temperature measurement. If each experiment of a multiple
experiment were conducted under identical conditions, then the variance of the
temperature rise measurement is twice the variance of the absolute
temperature measurement, under the following assumptions: 1) the temperature
measurement is characterized by a normal distribution, and 2) the temperéture
measurement at any time during an experiment .is independent of the
temperature measurement at the beginning of the experiment. The variance of
the temperature rise measurement is also affected by the temperature stability
of the sample during the course of the multiple experiments.

The variance of the temperature rise measurement affects the number of
multiple experiments required. The magni"tude of the variance is a factof of the
specific probe thermistor and its calibration. A different probe may have a -
different variance for the same number of multiple experiments. The variance
in the temperature measurement is the determining factor for how many runs

must be made in a multiple experiment.
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Thermistor Resistance and Residuals for the Needle Probe TCP111

Figure 5.1
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5.2 INITIAL MEASUREMENTS ON SOLIDS

Thermal conductivity measurements were conducted on three solids:
1) tertiary butyl alcohol, 2) tetrahydrofuran hydrates, and 3) water ice. For the
needle probes employed in this work, conductivity ratio effects are not
significant on tertiary butyl alcohol, are fairly significant on tetrahydrofuran
hydrate, and are significant on ice.

Complete results for these compounds ére given in Table 5.1. In this
table, k is the best estimate of the thermal conductivity using the long time
solution, sy is the standard deviation of the data, and M is the number of
experiments performed. All conductivities are reported at the temperature
corresponding to half the experimental temperature increase (typically 1 to 2 K).

The responses of typical experiments are given in Figure 5.2.

5.2.1 SOLID TERTIARY BUTYL ALCOHOL

The system was initially evaluated by performing experiments on solid
tertiary butyl alcohol. The thermal conductivity was determined to be
0.122 + 0.006 W-m-1.K-1 at 293 K. A literature value of 0.123 W-m-1.K-1
('Perkins,1983) is in excellent agreement with this system’s value. Tertiary butyl
alcohol has é relatively high melting point (297.6 K) and is easily formed as a
solid around the probe. This is necessary to negate thermal resistance
between the probe and sample. Figure 5.3 presents a typical experiment with

the apparent conductivities and the solution region.
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Table 5.1

Measured Thermal Conductivities of Various Solids

= T(K) M k (W.m-1K1) S W.m-1 K1)
25 263 6 0.117 0.003
~5 271 3 0.121 0.008
g O 276 4 0.125 0.003
£< 288 5 0.119 0.002
= 293 6 0.122 0.006
T(K) M k(W.m1K™) S W.m1 K1)
2 254 7 0.473 0.013
5 259 5 0.474 0.009
= 264 5 0.476 0.008
c 270 5 0.480 0.007
S 273 6 0.482 0.008
5] 271 6 0.477 0.004
=3 267 6 0.473 0.006
5 262 5 0.476 0.004
= 257 4 0.477 0.005
= 253 4 0.477 0.005
+ 250 4 0.475 0.008
o T(K) M k(W.m1K1) si(W.m-1 K1)
5 268 2 2.28 0.01
S 269 14 2.29 0.03
= 270 2 2.32 0.03

o m =1, each experiment represents only one experiment, not an average of multiple experiments.
o long time solution for all conductivities, no error estimation.

1, o temperatures listed in experimental order.
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Figure 5.2
Experimental Response Behavior of Various Solids
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Acquisition and Analysis on Solid Tertiary Butyl Alcohol

Figure 5.3

Temperature Rise (K)

2.2

Solution
Region

0.0
0.0

6.2
Log of Time (secs)

Apparent Conductivity W/m K

0.2

0.0

Solution
Region

0.0

6.2
Log of Time (secs)

97



T-3335 98

5.2.2 TETRAHYDROFURAN HYDRATE

Liquid tetrahydrofuran rich hydrates were formed. The molar ratio of
water to tetrahydrofuran V\;as 16.88 to 1, and pure structure I hydrates have a
molar ratio of 17 to 1. The thérma! conductivity was determined to be
0.486 £ 0.008 W-m-1.K-1. A literature value of 0.5 W-m-1-K-1 for slightly ice rich
hydrates is reported by Cook and Laubitz. The very early time portion of an
experiment exhibited slight conductivity effects, and this time was ignored in
finding the optimum solution region. Figure 5.4 presents a typical experiment

with the apparent conductivities and the solution region.

5.2.3 WATER ICE

Ice measurements (structure Ih) were the most difficult to determine from
an experiment. The thermal conductivity was/ determined to be 2.29 + 0.03
W-m-1.K-1 at 269 K, which compares favorably with a literature value of 2.21
W-m-1-K-1 (Ross, Andersson, and Backstrom, 1977). The early time portion of
an experiment exhibited significant conductivity effects, and this time was
ignored in finding the solution region. Figure 5.5 presents a typical experiment
with the apparent conductivities and the solution region.

Figure 5.2c shows that conductivity ratio effects are so significant that the
slope at the beginning of an experiment is reversed from normal. Figure 5.2
shows that the slope reversal increases as the conductivity ratio increases. At
some conductivity ratios the initial slope will match the slépe during the long
time portion of the experiment. The entire experiment then appears to be at

long time, and it is possible that none of the experiment is at long time.
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Figure 5.4

Acquisition and Analysis on Tetrahydrofuran Hydrate
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Figure 5.5

Acquisition and Analysis on Water Ice
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5.3 INITIAL MEASUREMENTS ON LIQUIDS

Three liquids, tertiafy butyl alcohol, 1-methylnaphthalene, and glycerin,
were analyzed at room temperature using the thermal conductivity needle
probe. No elaborate safeguards were taken to minimize the effect of liquid
convection. A technique for building cells to minimize convection for the
transient hot-wire technique is described by Graham (1985) and Perkins (1983).
A cell to minimize convection effects could also be built for the needle probe.

Table 5.2 summarizes the results of all liquid measurements. All thermal
conductivities are reported at the temperature corresponding to half the
experimental temperature increase (typically 1 to 2 K). Figure 5.6 shows the
responses of typical experiments for the liquids.

For the compounds presented, the corrections due to heat capacity
effects (short time solution) are within the stated experimental accuracy. This
result was determined by using the actual fluidvproperties and the theory for all

times presented by Carslaw and Jaeger (1959).

5.3.1 LIQUID TERTIARY BUTYL ALCOHOL

Experiments were conducted on 99.9% pure liquid tertiary butyl alcohol
(viscosity, 6 cP) at room temperature. A thermal conductivity of 0.110 £ 0.006
W-m-1.K-1 at 301 K was determined, which is in excellent agreement with that of
0.109 W-m-1.K-1 reported by Perkins (1983); Figure 5.7 presents a typical

experiment with the apparent conductivities and the optimum solution region.
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Table 5.2

Measured Thermal Conductivities of Various Liquids

_ T(K) M K(Wm-1TK1) s (Wm-1K1) Q(W.m)
>

25 300 7 0.122 0.006 0.8
=5 300 5 0.119 0.005 0.6
2 300 3 0.113 0.005 0.5
2 301 4 0.110 0.006 0.4

o LT(K) M k(Wm-1K1!) s (Wm-1K1) Q(wWm')
=8 | 297 4 0.135 0.002 1.0
8| 297 4 0.134 0.002 0.9
=E | 297 2 0.136 0.001 0.8
- a 296 4 0.133 0.002 0.7
296 4 0.136 0.003 0.6

T(K) M K(Wm- 1K) s (Wm-1K1) Q(Wm)
£ 297 1 0.298 - 1.3
] 301 2 0.292 0.005 1.1
) 298 4 0.296 0.004 1.0
298 4 0.287 0.005 0.9
297 3 0.289 0.004 0.8

o m =1, each experiment represents only one experiment, not an average of multiple experiments.
o long time solution for all conductivities, no error estimation.
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Figure 5.6

Experimental Response Behavior of Various Liquids
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Figure 5.7

Acquisition and Analysis on Liquid Tertiary Butyl Alcohol
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At first consideration of the raw data in Table 52 it appears that the
measured thermal conductivity varies with the heat supplied to the medium.
Further analysis showed that this effect was due to convection instabilities. The
occurrence of this phenomenon is delayed by decreasing the supplied heat.
Therefore, the maximum confidence in the measured thermal conductivity
occurs at minimum heat input.

Heat inputs lower than those shown in Table 5.2 were not feasible. As
the heat input decreases, the temperature rise of the probe decreases. The
relative discretization error in the temperature measurement then increases.
This causes a large error associated with fitting the temperature rise versus log
of time plot.

Both liquid convection and probe finite length have the same effect on
the experimental temperature response in that both cause a temperature
rollover. Experiments on solid tertiary butyl alcohol were performed in order to
distinguish between convection effects and axial effects.

As theoretically predicted by the model of Kierkus, Mani, and Venart
(1973) and experimentally observed, the time when axial effects dominate is not
related to the heat input to the probe. In liquids, the onset of convection is
directly related to the probe power input. Minimizing the power input lengthens
the time period until convection, then the long time infinite line source solution

yields a more accurate fit.
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5.3.2 LIQUID 1-METHYLNAPHTHALENE

Experiments were conducted on 1-methylnaphthalene (viscosity, 3 cP) at
room temperature. A thermal conductivity of 0.135 + 0.002 W-m-1-K-1 at 296 K
was determined, which is in excellent agreement with that of 0.134 W-m-1-K-1
reported by Graham (1985). Convection did not appear significant in any of the
measurements. Figure 3.3 presents a typical experiment with the apparent
conductivities and the optimum solution region.

More results are presented for this liquid in the rest of this chapter.

5.3.3 LIQUID GLYCERIN

Experiments were conducted on pure liquid glycerin (viscosity, 3800 cP)
at room temperature. A thermal conductivity of 0.292 + 0.004 W-m-1-K-1 at 298
K was determined, which is in agreement ;Nith a literature value of 0.288
W-m-1.K-1 ( Thermal Properties of Matter, 1970). Figure 5.8 presents a typical
experiment with the apparent conductivities and the optimum solution region.

Stoll and Bryan (1979) recommended using needle probes on liquids
only as viscous as glycerin. In this research, no convective instabilities
occurred with any level of power input. Experimental temperature increases
were observed in excess of 2 K without causing convection. Temperature
increases of this magnitude cause convection in tertiary butyl alcohol and 1-
- methylnaphthalene. Through accurate data analysis it becomes possible to use

~

the probe on liquids far less viscous than glycerin.
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Figure 5.8

Acquisition and Analysis on Liquid Glycerin
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5.4 MEASUREMENT OF PROBE PROPERTIES

The measurements on solids and liquids verified the correct operation of
the system. In all cases, the long time sclution was employed, and it was not
necessary to employ the short time solution. The applicability of the long time
solution was determined by comparison to literature. Solving the short time
solution or estimating the applicability of the long or short time solution requires
the brobe thermal conductivity and volumetric heat capacity.

All probes used in this work are of the same design and construction. In
the following discussion the physical properties for a particular probe (Fluid
Dynamics P/N 2-204, P/N 111, reterred by TCP111) are determined. The
process is the same for all probes, and the thermal co_nductivity and volumetric
heat capacity of other Fluid Dynamic probes are similar.

1-Methylnaphthalene was selected as the standard for determining the
probe properties. Graham (1985) measured the thermal conductivity and
volumetric heat capacity of this fluid by the transient hot-wire technique. At
room temperature (297 K), the values are: k=0.134 W-m-1.K-1, and
(pCp) = 1.66 X 106 J-m-3-K-1,

The process for determining the probe properties was:

1) Three multiple experiments, m = 2, 4, and 9, were performed on ;-
methylnaphthalene with Q = 1.0 W-m-1, At = 0.03 secs, NAt = 30 secs.
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2) The optimum solution region was located for each experiment (refer to
selection on optimum solution region in Chapter 3). For 6 =0.10 the
region for all experiments extended from Int=2.17to Int=2.87.

3) For 1-methylnaphthalene the optimum solution region was adequately
described by the long time solution. The unknown probe algorithm is a
“short time solution. Therefore, the region selected to measure properties
should include shorter times, but should not be short enough that the
short time solution is not applicable. The region selected extended from
Int=2.00 to In t=2.70.

4) The algorithm for unknown probe properties (consult Chapter 3) was
then used to determine kq and (pCp)¢. The results are:

*m=2, N=1000

— kq =0.383 W-m-1K-1, (p.Cp)1 =2.214 X 106 J-m-3.K-1
*m=4,N=1000

— kq =0.380 Wm-1-K-1, (pCp)4 = 2.232 X 106 J-m-3-K-1
*m=9, N=1000

— ky =0.384 W-m-1K-1, (pCp); = 2.208 X 106 J-m-3.K1

5) The best estimates for the probe properties are then:
kq = 0.382 W-m-1-K-1, (pCp)1 =2.22 %X 106 J- m-3-K-1
The estimation of the volumetric heat capacity by this method is

reasonable. Rueff (1985,1) measured the heat capacity of a different probe and
estimated a value of 2.6 X 106 J-m-3-K-1. The method employed by Rueff
(1985,2) to measure the heat capacity required the destruction of the probe and

is not a viable means of measuring the heat capacity of a good probe.
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The estimate of the thermal conductivity by this method is reasonable.
First, the conductivity is reasonable for an epoxy. Se>cond, the conductivity
effects shown in the earli;ar time of the ice measurements require that the
thermal conductivity of the sample be significantly greater than the probe. In
another estimation technique, the heat capacity for this probe was fixed to the
value measured by Rueff (1985,1) for another probe. Then the thermal
conductivity was determined by the long and short time solutions. In both cases
the thermal conductivity estimates were the same and they were slightly lower

than the estimated value given above.
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5.5 MEASUREMENTS WITH SOLUTION ANALYSIS

The long time solution with remainder analysis, R4 ;, and the short time

solution with remainder analysis, Ry ;, are determined with the probe properties.

Measurements, with solution analysis are presented for three liquid compound:

1) 1-methylnaphthalene, the calibration compound, 2) water, and 3) toluene.

5.5.1 1-METHYLNAPHTHALENE LIQUID

A set of measurements on 1-methylnaphthalene are presented in Tables
5.3 and 5.4. When estimating the probe properties, it was assumed that
measurements on this liquid reach long times. As expected, the long and short
time solution yield thermal conductivities that are not statistically different.

The sample standard deviation of the temperature measurement, s,
decreases with the square root of m. By the central limit theorem for statistics,
normality of the temperature rise measurements is assumed.Past the average of
16 experiments the small decrease in s does not warrant the increase in
experimental time.” To calculate s the number of averaged experiments, m, must
be greater than one. Therefore, an optimal range formis 2<m <16.

The remainder terms for the long time solution, R4 j, are greater (in most
cases) than than stanﬂdard deviation of the temperature rise measurement, s, but
they are not significantly greater. The remainder terms for the short time .

solution, Ry, did not converge for all cases. For 1-methylnaphthalene a large

number of multiple experiments are necessary to justify the short time solution.
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Thermal Conductivity Measurements on Liquid 1-Methylnaphthalene

Table 5.3

LONG TIME SHORT TIME ~
m N SOLUTION ' k+ Ak SOLUTION ° k't Ak
2 300 0.136 + 0.003 0.137 + 0.003
600 0.138 + 0.002 +
1000 0.137 + 0.001 0.137 + 0.001
4 300 0.136 + 0.002 0.136 + 0.002
600 0.136 + 0.001 0.134 + 0.001
1000 0.136 + 0.001 0.136 + 0.001
9 300 0.137 + 0.002 0.136 + 0.002
600 0.136 + 0.001 0.135 % 0.001
1000 0.137 + 0.001 0.136 + 0.001
16 300 0.136 + 0.001 0.134 + 0.001
600 0.137 + 0.001 0.133 + 0.001
1000 0.137 + 0.000 0.137 + 0.001
25 300 0.136 + 0.001 0.134 + 0.001
600 0.137 + 0.000 0.136 + 0.001
1000 0.137 + 0.000 0.137 + 0.001
30 300 0.138 + 0.000 0.132 + 0.001
600 0.135 + 0.002 0.137 + 0.001
1000 0.137 + 0.001 0.137 + 0.001

o All conductivities W-m-1-K-1

o All experiments at 297 K, with probe TCP111,and Q = 1.0 W-m-1, NAt = 30 secs.

1, o Short time solution converged for all cases except m = 2, N = 600.
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Solution Analysis for Measurements on Liquid 1-Methylnaphthalene

Table 5.4

m N s T (R T (R )
2 300 0.012 1.443 {0.014}, 1.783 {0.017}
600| 0.009 1.395 {0.048}, 1.749 {0.039}
1000| 0.015 1.412 {0.012}, 1.814 {0.017}
4 300| 0.007 1.424 {0.005}, 1.748 {0.007}
600| 0.008 1.418 {0.012}, 1.827 {0.003}
1000 | 0.007 1.424 {0.008}, 1.822 {0.015}
9 300| 0.006 1.418 {0.011}, 1.768 {0.016}
600| 0.006 1.407 {0.002}, 1.749 {0.011}
1000| 0.004 1.411 {0.020}, 1.809 {0.021}
16 300| 0.004 1.408 {0.013}, 1.807 {0.002}
600| 0.004 1.374 {0.029}, 1.742 {0.007}
1000| 0.004 1.412 {0.012}, 1.814 {0.017}
25 300| 0.003 1.448 {0.001}, 1.773 {0.010}
600| 0.003 1.438 {0.005}, 1.804 {0.012}
1000| 0.003 1.376 {0.011}, 1.777 {0.017}
30 300| 0.003 1.407 {0.006}, 1.738 {0.013}
600| 0.003 1.445 {0.012}, 1.804 {0.016}
1000 | 0.003 1.376 {0.010}, 1.776 {0.016}

os, Tjand Ry ; are in Kelvin.

o All experiments at 297 K, with probe TCP111,and Q = 1.0 W- m‘1 NAt = 30 secs.
o Optimum solution region,i=1, 2, .

, N

o Short time solution converged for all cases exceptm =2, N = 600.
o Rp; did not converge for all cases.
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5.5.2 WATER LIQUID

An estimate of the thermal conductivity of water at 298 K (viscosity 1 cP)
from the long time solution, 0.663 £ 0.07 W-m-1-K-1, is ten percent in excess of
the literature, 0.605 W-m-1-K-1 (Venart, Prasad, and Stocher, 1979). The short
time solution reduces the difference to three percent, 0.623 +0.13 W-m-1.K-1,
Tables 5.5 and 5.6 summarize the measurements on liquid water.

Employing the short time solution is justifiable since the remainder terms
for the long time solution, Ry ;, are significantly greater than than standard
deviation of the temperature rise measurement, s. The remainder terms for the

short time solution, Ry ;, are the same order of magnitude as s. Therefore, the

short time solution determines the best estimate of the thermal conductivity.

5.5.3 TOLUENE LIQUID

An estimate of the thermal conductivity of toluene at 298 K (viscosity 0.6
cP) from the long time solution , 0.147 W-m-1-K-1, is 12.2% in excess of the
literature, 0.131 W-m-1-K-1 (Graham, 1985). The short time solution reduces the
difference to 7.6 %, 0.141 W-m-1.K-1. Tables 5.7 and 5.8 summarize the

measurements on liquid toluene.
The remainder for the short time solution, Ry, did not converge for any

measurement. Rj; did not converge for 1-methylnaphthalene either, but unlike
these measurements a short short time solution is necessary for toluene. Due
to the accuracy of the temperature measurements, this is not possible. The
thermal conductivity value determined from the short time solution is the best

estimate for the thermal conductivity of toluene.
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Table 5.5

Thermal Conductivity Measurements on Liquid Water

-

LONG TIME SHORT TIME

m N SOLUTION ° k+ Ak SOLUTION °? k+ Ak
2 300 0.632 + 0.021 0.569 + 0.017
600 0.670 + 0.012 0.643 + 0.011
1000 0.666 + 0.011 0.618 + 0.009
4 300 0.654 + 0017 0.603 + 0.014
600 0.664 + 0.010 0.626 + 0.009
1000 0.667 + 0.006 0.634 + 0.005
9 300 0.655 + 0.013 0.612 + 0.011
600 0.664 + 0.007 0.624 + 0.006
1000 0.662 + 0.005 0.622 + 0.005
16 300 0.653 + 0.011 0.604 + 0.009
600 0.665 + 0.007 0.633 + 0.006
1000 0.673 + 0.005 0.637 + 0.004

o All conductivities W-m-1-K-1

o All experiments at 298 K, with probe TCP111, and Q = 3.0 W-m1, NAt = 30 secs.

o Due to excessive remainder terms the experiment for m = 2 and N = 300 was
disregarded in determining the average thermal conductivity.



T-3335 116

Table 5.6

Solution Analysis for Measurements on Liquid Water

m N S Ty {hm ’,R2,1 Lo Th {hl,n ’hz,n }

2 300| 0.007 | 1.721 {0.072,1.721}, 1.937 {0.048, 1.937}
600| 0.009 | 1.722 {0.027,0.006}, 1.928 {0.017, 0.003}
1000| 0.009 | 1.544 {0.055,0.007}, 1.812 {0.034, 0.003}

4 300| 0.010 | 1.670 {0.054,0,023}, 1.879 {0.035,0.012}
600| 0.006 | 1.643 {0.039,0.014}, 1.870 {0.025, 0.006 }
1000| 0.014 | 1.702 {0.032,0.009}, 1.937 {0.020, 0.004 }

9 300 0.005 1.695 {0.045,0.016}, 1.915 {0.029, 0.008 }
600| 0.006 1.684 {0.042,0.014}, 1.922 {0.026, 0.006 }
1000 | 0.004 1.630 {0.043,0.016}, 1.873 {0.026, 0.007 }

16 300| 0.003 1.679 {0.053,0.021}, 1.907 {0.035,0.011}
600| 0.005 1.693 {0.034,0.010}, 1.916 {0.021, 0.004 }
1000| 0.004 1.591 {0.039,0.014}, 1.836 {0.024, 0.006 }

os, T;, Ry,jand Ry are in Kelvin.

o All experiments at 298 K, with probe TCP111,and Q = 3.0 W-m-1, NAt = 30 secs.
o Optimum solution region,i=1,2,.. ., n.
o If Rj;="T;, then no convergence for R; ; .



T-3335 117

Table 5.7

Thermal Conductivity Measurements on Liquid Toluene

LONG TIME SHORT TIME

m N soution ' K E Ak sotuTion ' K+ Ak
2 300 0.146 + 0.002 0.141 % 0.002
600 0.145 £+ 0.002 0.145 = 0.002
A 4 300 0.145 = 0.002 0.141 £ 0.002
600 0.146 £ 0.001 0.141 £ 0.001

9 300 0.145 + 0.001 0.139 + 0.001
600 0.145 £+ 0.001 0.138 + 0.001
2 1000 0.147 £ 0.001 0.141 % 0.001
1000 0.145 £ 0.001 0.141 *+ 0.001
Bl 4 1000 0.147 = 0.001 0.140 + 0.001
1000 0.146 = 0.001 0.141 = 0.001
9 1000 0.146 £ 0.001 0.141 * 0.001

o All conductivities W-m-1-K-1
0 A, experiments at 298 K, with probe TCP111, and Q = 1.2 W-m-!, NAt = 18 secs.
o B, experiments at 297 K, with probe TCP111,and Q = 1.2 w-m-1, NAt = 20 secs.
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Table 5.8

Solution Analysis for Measurements on Liquid Toluene

-

m N s T {lhm vlh2,1 Lo Th {Ih1,n s?:2,n }
2 300| 0.007 1.412 {+, 1}, 1.787 {1, 1}
600 | 0.009 1.334{t+, 1}, 1.727 {t, 1}
Al 4 300| 0.010 1.361 {t,t}, 1.735 {t, 1}
600| 0.006 1.337 {t+,1}, 1.735 {1, 1}
9 300| 0.005 1.365 {t,1}, 1.745 {1, 1}
600| 0.006 1.364 {t+,1}, 1.784 {1, 1}
2 1000 | 0.005 1.308 {t,1}, 1.767 {{.1}
1000 | 0.006 1.316 {t+.t+}, 1.760 {1, 1}
Bl 4 1000| 0.005 1.318 {+, 1}, 1.758 {1, 1}
1000| 0.006 1.311 {f, 1}, 1.754 {1, 1}
9 1000| 0.005 1.316 {t,1t}, 1.759 {1, 1}

o.s, Tj, Ry jand Ry are in Kelvin.
0 A, experiments at 298 K, with probe TCP111, and Q = 1.2 W-m-1, NAt = 18 secs.

o B, experiments at 297 K, with probe TCP111, and Q = 1.2 W-m"1, NAt = 20 secs.
1, Estimates of remainders did not converge for all cases.
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5.6 SELECTION OF LONG OR SHORT TIME SOLUTION

The long time solution with remainder analysis, Ry ;, and the short time
solution with remainder analysis, Ry, are determined with the calibrated probe
properties. With these parameters and the standard deviation of the
temperature rise measurement, s, guidelines are established for the selection of
when the long or short time solution is appropriate. The number of multiple
experiments required is also presented in the guidelines.

The sample standard deviation of the temperature measurement, s,
decreases with the square root of the multiple experiment number, m. A better
estimate of the thermal conductivity is determined when s is minimized. Past
multiple experiments of 16, the small decrease in the standard deviation does
not warrant the increase in experimental time. To calculate s, the number of
averaged experiments, m, must be greater than one. Ultimately, the standard
deviation is sufficiently small that it does not come into consideration in the long
or short time solution. But, this cannot be determined until after the experiment
is complete and the data analyzed.

To acheive a reasonable value for the multiple experiment number, the
following steps are recommended:

1) Perform an experiment and monitor s during the experiment, and when s
becomes small terminate the experiment.

2) Analyze the data by the long and/or short time solution.
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3) If more information can be gaiﬁed from the experiment by decreasing s,
then return to the first step.

_ As presented in the probe thermistor calibration, different probes may require

different multiple experiment numbers to acheive the same value for the

standard deviation, s. For the probes employed in this work, a suitable range

formis2<mc<16.

If the estimate for the remainder of the long time solution, Ry, is less
than one percent of the temperature rise, T;, then there is a high degree of
confidence that the long time solution is valid. Convergence is not possible on
the estimate for R4 ; when: 1) the true value of R4 is significantly lower than s,
or 2) Ry ; is comparable in value to Rq; . For the first case, m should be
increased to decrease s. If the problem still occurs, then the population
standard deviation of the thermistor is excessive (refer to the data acquisition
algorithm section of Chapter 3). In the second case, the short time solution is
applied.

If the remainder terms for the long time solution are approximately the
same as the standard deviation of the temperature rise, then the long time
solution determines the best estimate of the thermal conductivity. In this case
the short time solution may converge, but its estimate of the thermal conductivity
may or may not be valid. The short time solution cannot distinguish between
error in the fit of the long time solution and the accuracy of the experimental

data.
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If the estimate for the remainder of the short time solution, Ry , is less
than one percent of the temperature rise, T;, then there is a high degree of
confidence that the short time solution is valid. Convergence is not possible on
the estimate for Ry ; when: 1) the true value of Ry is significantly lower than s,
or 2) R3; is comparable in value to Ry . In the first case, the long time solution
determines the best estimate of the thermal conductivity. In the second case,
the best estimate of the thermal conductivity cannot be determined by the long
or short time solution.

Solutions for times smaller than in the short time solution cannot be
determined for the probes used in this work. At these very short times the
additional terms in the solution are too close in value to the temperature rise

standard deviation.
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5.7 CONCLUSION

In this chapter, the -correct operation of the thermal conductivity
measurement system was verified. Materials selected for this study are those
with known conductivities. Conductivity measurements on solids are threefoid:
1) tertiary butyl alcohol, 2) tetrahydrofuran hydrate, and 3) water ice.
Conductivity measurements on liquids are fivefold: 1) tertiary butyl alcohol, 2)
glycerin, 3) 1 - Methylnaphthalene, 4) water, and 5) toluene. All
measurements are within 5 % of accepted literature values, except for toluene
‘which is within 8 % . Table 5.9 summarizes the results on the compounds.

The needle probe, in this work, exhibits limitations on liquids of
viscosities less than 1 cP. But, it does not exhibit the limitation of no accurately
measuring liquids less viscous than glycerin (Stoll and Bryan, 1979).

The long time solution will generally predict accurate thermal
conductivities for solids and viscous liquids. For low viscosity liquids, the short
time solution is required to predict the conductivity. If neither method is
applicable, then the conductivity cannot be determined on an absolute basis.

It is necessary to account for the probe thermal conductivity for the
compounds and probe employed in this work. Assuming the probe thermal
conductivity is infinite causes several errors. First, estimates for Ry ; are
incorrect and the applicability of the long time solution cannot be determined.
Second, the short time solution does not converge, because the inner probe

temperature profiles are assumed flat when they are highly curved.
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Summary of Thermal Conductivity Measurements

-

LITERATURE LONG TIME SHORT TIME
k k % k %

" Tertiary Butyl Alcohol 0.123 ¢t 0.122 0.8
g THF Hydrate 05 § 0.486 5 Not Used
@ Water Ice 221 A 2.29 3.6
o Tertiary Butyl Alcohol 0.109 ¢t 0.110 0.9
(% 1-Methylnaphthalene 0.134 ¢ 0.135 0.8 Not Used
= Glycerin 0.288 * 0.292 1.4
2 1-Methynaphthalene 0.134 % 0.135 0.8 0.134 Ca"i:?;?;b"
(53 Water 0605 - 0.663 9.6 0.623 3.0
= Toluene 0.131 0.147 12.2 0.141 7.6

o All conductivities W-m-1-K-1.

0 % is percent difference from literature.

1t Perkins (1983)
§ Cook and Laubitz

A Ross, Andersson, and Backstrom (1977)
* Thermal Properties of Matter (1970)

$ Graham (1985)

« Venart, Prasad, and Stocher (1979)
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CHAPTER 6

AN APPLICATION TO HYDRATES IN POROUS MEDIA
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6.0 INTRODUCTION

In this chapter., the thermal conductivity measurement system is applied
to hydrates in porous media. The hydrates tested in this chapter were formed in
conjunction with A. Ouar, and complete details of the formation process are
documented in his thesis (1987).

Tremendous quantities of natural gas exist in hydrated form. These
hydrates represent a substantial natural gas resource. Determining the
economic feasibility of producing these resevoirs is crucial. Estimates of natural
gas existing in hydrated form range from 5 to 12,000 % of the proven United
States gas reserves (Zielinski and Mclver, 1982). Production rates can be
estimated by mathematically mbdeling the recovery of natural gas from a
hydrate reservoir. Several physical properties are necessary for hydrates in a‘
resevoir: 1) heat capacity, 2) heat of dissociation, and 3) thermal conductivity,
4) density.

Thermal conductivity measurements of hydrates in sediments are
presented herein. The presentation is in three parts:

» Factors influencing effective thermal conductivities,
» Hydrate formation around the probe, and

* Measurements on hydrates on porous media.
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6.1 EFFECTIVE THERMAL CONDUCTIVITY

A great deal of work has been conducted on the thermal conductivity of
porous sediments. The porous sediment is considered to consist of a
continuous and discontinuous phase. An interest in the thermal conductivity of
oil-bearing sand and rock has existed for many years (Woodside and Messmer,
1961). Many applications (refer to Chapter 1) have employed the needle probe
in determining conductivities of porous sediments.

When experimentally determining thermal conductivities on porous
media, neither the conductivity of the continuous or discontinuous phase is
measured. The effective thermal conductivity is measured. The conductivities of
the continuous and discontinuous phase along with the shape and packing
arrangement of the continuous phase determine the effective thermal
conductivity. Crane, Vachon, and Khader (1977) reviewed the major published
correlations of thermal conductivity of granular materials. Such thermal
conductivity correlations are limited in accuracy, typically to within twenty
percent. Maxwell (1881) presented the initial correlation for effective
conductivities, and work still continues today (Dauvis, 1 986) in search of the best
correlation. Whenever possible, it is more desirable to experimentally

determine the effective thermal conductivity of sediments.



T-3335 127

6.1.1 THE CONTINUOUS PHASE

The continous phase is the sediment. The thermal conductivity of rocks
reflect the consitution of the rocks in terms of their principal minerals and of the
conductivities of aggregates of these minerals. An example of this is rock
samples collected by Birch (1954) near Calumet, Michigan:

Conductivity, W-m-1-K-1

Core Sample Range Average Standard Deviation
Copper Harbor Conglomerate < 0.9t0 3.3 2.1 0.6
Jacobsville Sandstone « 2.1t010.6 2.8 0.8
Nonesuch Shale + 26t029 2.8 0.2
Freda Sandstone « 221036 2.9 0.4

These measurements show the differences between rocks of differing
mineralogy, and demonstrate that the reservoir conductivity may vary greatly.

The purpose of measuring hydrates in sediments is to determine the
effective thermal conductivity for reservoir modeling. Ottawa sands (20-30
mesh) were chosen for the unconsolidated sediménts. This is the same
sediment as used by Stoll and Bryan (1979) for their propane hydrate in
sediment measurements.

Unconsolidated sediments were chosen because of the difficulty of
forming hydrates in consolidated sediments. Makogon (1981) gave various
factors influencing hydrate formation in porous rock: 1) the degree of moisture
saturation of the‘rock, 2) the gas/water contact area, and 3) the capillary radii
of the pores. Ouar (1987) also discusses the difficulties of forming hydrates in

consolidated sediments.
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6.1.2 THE DISCONTINUOUS PHASE

The discontinuous phase is water, ice, hydrocarbon gas, and hydrates.
Thermal conductivities of water and ice were determined previously (refer to
Chapter 5). It is not possible to determine the thermal conductivity of only a gas
phase with a needle probe. The gas convects readily and nullifies the pure
conduction heat transfer model used for experimental data analysis in this work.
But gas trapped in porous sediment cannot convect as readily. For sediments
of low porosities the heat transferred by gas convection is not significant, and
the conduction model is still a valid approximation.

Methane was selected as the guest species for the hydrate. This
compound forms structure | hydrates. Propane hydrates, structure Il, in Ottawa
sands were formed and tested by Stoll and Bryan (1979). Gas hydrates of
methane, structure |, in Ottawa Sand were made by Ouar (1987).

The formation of propane hydrates in sediment was also attempted by
Ouar (1987). In these experiments the hydrates formed above the sediment by
denuding the sediment of water, and, therefore, were not useful for thermal
conductivity measurements. Stoll and Bryan (1979) formed propane hydrates
while mixing and compacting the sample. In contrast, in the batch method of
Ouar (1987) the sample was not disturbed during formation, and the sample did

not form homogeneously.
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6.2 HYDRATE FORMATION AROUND THE PROBE

The experimental procedure for the formation of hydrates in sediments is
given by Ouar (1987). The following procedure was modified for the formation
of hydrates around the probe in conjuction with Ouar (1987). The hydrates in
sediment were formed around the probe to insure thermal contact between the
probe and hydrates. An abbreviated summary of the method is presented in
this section. '

A known volume of the hydrate formation cell (Figure 6.1) is packed with
a known mass of sediment. The porosity of the packed sediment and thus the
pore volume are determined, allowing the gvaiuation of the amount of water
requ‘ired to saturate the sediment. The hydrate formation cell is then sealed
with the needle probe placed in the sediment, connected to the system piping
("Gas Inlet" in Figure 6.1), and placed in a temperature bath maintained
between 10 and 16 °C. The system is evacuated for five minutes, and then
pressurized with methane up to 11.7 MPa (1700 psia). After temperature and
pressure stabilization the temperature of the bath is decreased progressively to
1 °C, where the hydrates start forming. As the hydrates form the pressure of the
system declines, and the hydrate formation is assumed complete when the rate
of change of the pressure drop approaches zero. The duration of a run varies

between 3 to 7 days.
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Figure 6.1

Schematic of the Hydrate Formation Cell
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In the case of unconsolidated sediments, the probe was in intimate
contact with the sediment and water before forming the hydrates. After the
formation and the thermal conductivity meas[Jrements on the first sample, the
needle probe broke when attempting to remove it from the sample. The
hydrates had formed around the needle probe, and upon removal of the probe
the hypodermic needle seperated from the epoxy housing. In subsequent
experiments the hydrates at the surface of the needle probe were dissociated
before the removal of the probe. From such occurrences, it was determined that
there was no thermal contact resistance between the probe and the sample
being tested.

In the case of consolidated sediments, it was required to drill a hole in the
sediment, thus there is no simple means of eliminating the thermal contact
resistance. To minimize this resistance the hole was drilled closely to the
diameter of the probe. From the discussion presented in Chapter 2, it was
determined that the contact resistance would not add any appreciable error if
the long time solution is applicable.

In all measurements, except for the sediment saturated with methane
gas, the long time solution determined the best estimate for the thermal
conductivity. The estimates of the remainder terms for the long time solution
were equivalent to the error in the temperature rise measurements, therefore
the short time solution was not applicable. The measurements of the gas
saturated sediments were determined best from the short time solution. All
errors in the temperature rise measurement were estimated to be less than

0.01°C.
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6.3 MEASUREMENTS ON HYDRATES IN SEDIMENTS

The results for this work's methane hydrate in sediment study are similar
to the measurement on propane hydrate in sediment reported by Stoll and
Bryan (1979). From this it is concluded that the thermal conductivity of a hydrate
is not a function of either the structure, | or ll, or the guest molecule.

Figure 6.2 shows the results of the present measurements of the
" methane hydrate in sediment study (sediment porosity of 0.38). Also, presented
are measurements of the present work on water, ice, and methane gas in
sediments. These substances were measured to determine the extent that the
conductivity changes for hydrates in sediments. In this figure, the numbers, 1, 2,
3, and 4 (with their corsseponding symbols), refer to the order of fabricating the
samples and the letters, a, b, ¢, and d, refer to the order of thermal conductivity
measurements on these samples during the hydrate formation process.

In these experiments, it was necessary to verify that the thermal
conductivity of methane hydrate, and not of ice, was measured. To accomplish
this, the conductivity was measured above and below the ice point. The
conductivity of ice is more than three and a half times that -of water. If the
sediment was saturated only with hydrate (no excess water phase), then the

thermal conductivity must be the same above and below the ice point.
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Figure 6.2
Thermal Conductivities of

Water, Ice, Methane Gas, and Methane Hydrate in Ottawa Sand
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In case number 1 the thermal conductivity measurement did not change
above and below the ice point (a and b). Therefore it is likely that the sediment
was methane hydraté. For cases 1 and 2 hydrate conversion tests via mass
loss by Ouar (1987) indicated that these samples were hydrated. In case 2 ice
(a) was first formed in sediment and then melted (b), then gas was added for the
formation of hydrates and the conductivity measured (¢). The gas was
subsequently released on melting of the hydrates and the conductivity
measured (d and e)Case 3 put the gas in sediment to determine the difference
in hydrate and gas in sediement conductivity measurements. In case 4 the
conductivity changed appreciably above (b) and below (a, ¢, and d) the ice
point; therefore, it is likely the sediment consisted mostly of water with a few
hydrates.

In Figure 6.2, the substance in experiment 4 was thought to have been
hydrate according to the pressure drop exhibited during formation. But, from the
thermal conductivity measurements this hypothesis was not verified. Visual
inspection of the hydrates revealed that the hydrates did not form in the
sediment, but instead the hydrates formed on above the sediment and on the
cell wall. In this experiment the sediment was completely saturated with water.

Several ‘explanations are hypothesized why hydrates did not form in the
sediment for this experiment. First, by complety saturating the sediment the gas
water interface was dramatically reduced in the sediment. Past experimental
research (Holder, 1983), indicates that hydrates form at the gas water interface.
In partially saturated sediments the gas water interface is greater, and hence

the chances of forming hydrates in the sediments is greater. Second, hydrates
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may have formed above the sediment in the water that was displaced from the
sediment by pressurizing the formation cell. These hydrates above the
sediment inhibited the mass transfer of gas into the sediments. It is possible for
a hydrate layer to form an impermeable barrier to the flow of gas.

There are several important results of this study, in addition .to the thermal
conductivity of a hydrate reservoir will not depend upon the structure or guests
of hydates in the reservoir, as shown in Figure 6.2.

First, thermal conductivity measurements provide a tool to determine the
integrity of the hydrate sample. The existance of the hydrates may be inferred
from the pressure drop during formation, but the quality of the hydrates cannot.
However, the tests of the present work only indicate the presence of hydrates
around the thermal conductivity probe. Moving out radially from the probe into
the sample, the effect of the local sediment compositioh decreases in
significance for the thermal conductivity measurement (refer to Chapter 2).

Second, the thermal conductivity of methane hydrate in sediment is not
statistically different from the conductivity of 80% water saturated sediment, as
shown by samples 1 and 2 in Figure 6.2.

Attempts were also made at forming hydrates in consolidated sediment.
The following discussion is a summary of this work from a thermal conductivity
standpoint. Complete details of the formation are given in Ouar (1987).

Methane hydrate could not be formed in consolidated sediments, namely
Berea Sandstone. All thermal conductivity tests indicated that it was largely ice
that formed around the probe. It was hypothesized that there was a large mass

transfer resistance for the gas to enter the sediment.
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To investigate this problem attempts were made at forming hydrates from
miscible hydrate formers, tetrahydrofuran and cyclobutanone. Measurements
on pure tetrahydrofuran hydrate are presented in Chapter 5. Figure 6.3
summarizes the results of the unconsolidated and consolidated sediments. As
can be seen by Figure 6.3, the thermal conductivity of the hydrate in
consolidated sediment should be below that of water in sediment. But Berea
Sandstone "hydrate" thermal conductivity tests indicated that mostly ice formed
around the probe.

A hypothesis as to why hydrates did not form in Berea Sandstone is
threefold. First, in the case of the methane hydrate, diffusion was the driving
force for the methane to enter the core and it was not possible to get sufficient
methane into the core. Secondly, in the case of the miscible hydrate formers,
the the complete saturation of the sediment did not pemit the formation of
hydrate. A consolidated rock core is a fairly rigid structure. As ice or hydrate
expand in the core, the rock must expand and the pressure will build up inside
of the core. Under these circumstance the formation of ice may be more
favored. Finally, preferential adsorption of either the guest of the host molecule
on the sandstone surface may have changed the liquid composition such that
hydrate formation was thermodynamically unfavorable.

Even though the hydrates did not form in consolidated sediment, it is
premature to conclude that hydrates will not form in consolidated sediments.
Future attempts at forming hydrates should be conducted in a flow system. The
flow system would increase the amount of gas in the core and also partially

saturate the core, and accomodate the adsorption phenomena.
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Figure 6.3

Summary of Hydrate Measurements in Sediments
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A hypothesis as to why the structure of the hydrate of the guest molecule
does not affect the hydrate thermal conductivity follows: 1) Phonons are
scattered by the guest molecule in the hydrate cavity. This scattering, rather
than the solid structure, iargely controls the thermal conductivity values. 2) In
ice, phonons whould pass through similar voids without scattering, due to the
abscence of guest molecules. 3) The phonon scattering by the guest molecule
is insensitive to the molecular structure. The energy given to the guest
molecule by the phonon is insufficient to change the transiational, rotational, or
vibrational energies of the molecule. Therefore the phonon is diffracted or

deflected, and the thermal conductivity values are low.
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6.4 CONCLUSION

-

Thermal conductivity measurements were presented for methane
hydrates formed in Ottawa sands. Formation of methane hydrates in
consolidated sediment were unsuccessful (refer to Ouar(1987) for complete
details), and therefore conductivity measurements for hydrates in consolidated
sediments were not obtained.

The thermal conductivity of methane hydrate, Structure 1, in Ottawa
Sands was determined to be similar to the propane hydrate, Structure I, in
Ottawa Sands determined by Stoll and Bryan (1979). The thermal conductivity
of a hydrate is not a function of either the structure, | or ll, or the guest molecule.
This is important in reservoir rriodeling, since the structure of the hydrate does
not need to be considered to determine the reservoir thermal conductivity.

As expected, the sediment dominates the measured value for the
thermal conductivity. The constitution of the sediment and whether it is
consolidated or unconsolidated is important in determining the thermal
conductivity of a hydrate reservoir.

The measurements of methane hydrate in porous sediment presented
herein are currently the only available values. The data base should be
expanded for several consolidated or unconsolidated sediments. These
sediments should be similar to sediments found in naturally occuring hydrate

reservoirs.
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CHARTER 7

CONCLUSIONS AND RECOMMENDATIONS
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7.0 CONCLUSIONS

The develdpment, verification, and application of a thermal conductivity
measurement system have been presented. The three phases of this
presentation are: 1) Development of a computerized thermal conductivity
measurement system utilizing the transient needle probe technique,
2) Verification of the operation of the thermal conductivity system by testing
various solids and liquids, and 3) Measurement of the unknown thermal
conductivities of methane hydrates in porous media.

This work employs a heat transfer model for determining thermal
conductivities from a transient needle probe experiment. While this model
accounts for the probe volumetric heat capacity, it goes one step further than
commonly used and accounts for the probe thermal conductivity. The mddel
was broken down into a solution for both short and long times. If long times can
be reached, then thermal conductivities can be measured without knowing the
probe properties. But, the probe properties are required to determine whether
the short or long time solutions are valid.

Thermal conductivities of solids and liquids with waterlike viscosities are
determined with an accuracy of 4%. The solids tested and their conductivities
are: 1) ice, 2.29 wm1-k-1 at 269 K, 2) tetrahydrofuran hydrate, 0.486 w-m1-K-1
at 273 K, and 3) tertiary butyl alcohol, 0.122 w-m-1-.K-1 at 293 K. The liquids
tested and their conductivities at 298 K are: 1) water, 0.623 w-m-1.K-1,

2) glycerin, 0.292 w-m-1.K-1, 3) 1-methylnaphthalene, 0.135 w-m-1.K-1, and

ARTHUR LAKES LIBRAR
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4) tertiary butyl alcohol, 0.110 w-m-1-K-1. The water measurements demonstrate
that this system is also capable of measuring the conductivity of electrolytes.

When analyiing an experiment the solution region can be discerned to a
better degree of accuracy for experiments with a low sample to probe thermal
conductivity ratio. In the discussion of the system verification on solids and
liquids the system was shown to have an inaccuracy of less than four percent
up to a thermal conductivity ratio of six. In all cases for solids of high thermal
conductivity ratios the long time solution was determined to be applicable. The
inaccuracy for thermal conductivity ratios above six is also approximated to be
less than four percent.

The work presented advances the state of the art in needle probe
experimentation in several ways. These are: 1) Experimental data analysis is
accomplished via a mathematical model, which employs both the probe
thermal conductivity and volumetric heat capacity. 2) The needle probe can
determine thermal conductivities for liquids with waterlike viscosities. 3) A
system has been generated which automatically measures absolute thermal

conductivities with an inaccuracy of four percent.
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7.1 RECOMMENDATIONS

There are several recommendations on ways in which this work can be
improved. These are:

1 The needle probe exhibits limitations when measuring liquids, and
attempts at reducing the livmitations are beneficial. A cell to control convection

would allow for liquids less viscous than 1cP.

2 Due to the design of the needle probe electrolyte thermal
conductivities can be measured by this technique. New work in this area

utilizing the needle probe would be useful.

3 Design a different thermal conductivity needle probe for the following
reasons: 1) increase the thermal conductivity of the probe, thereby decreasing
the conductivity ratio effect, and 2) increase the temperature range of the probe,

thereby increasing the usefulness of the measurement system presented.



T-3335 144

REFERENCES

Asher, G.B., Sloan, E.D., and Graboski, M.S., A Computer Controlled Transient
Needle-Probe Thermal Conductivity Instrument for Liquids, International
Journal of Thermophysics, 7:285-294 (1986).

Beck, A.E., Measuring Heat Flow on Land, in Terrestial Heat Flow. W.H.K.
Lee, Ed., Pubilcation 1288 of the American Geophysical Union of the
National Academy of Sciences - National Research Council, 36-40 (1965).

Birch, F., Thermal Conductivity, Climatic Variation, and Heat Flow Near
Calumet, Michigan, American Journal of Science, 252:1-25 (1954).

Blackwell, J.H., The Axial-Flow Error in the Thermal Conductivity Probe,
Canadian Journal of Physics, 34:412-417 (1956).

Bloomer, J.R., and Ward, J., A Semi-Automatic Field Apparatus for the
Measurement of Thermal Conductivities of Sedimentary Rocks, Journal of
Physics E: Scientific Instruments, 12:1033-1035 (1979).

Carslaw, H.S., and Jaeger, J.C., Conduction of Heat in Solids, (2nd ed.),
Oxford University Press, New York (1959).

Cook, J.G., and Laubitz, M.J., The Thermal Conductivity of Two Clathrate
Hydrates, National research Council of Canada, Ottawa, Canada.

Corry, C., Dubois, C., and Vacquier, V.,Instrument for Measuring Terrestial Heat
Flow Trough the Ocean Floor, Journal of Marine Research, 26:265-277
(1968).

Crane, R.A., Vachon, R.l., and Khader, M.S., Thermal Conductivity of Granular

Materials - A Review, Proceedings of the 7th Symposium on
Thermophysical Properties, 109-123 (1977).

Davis, R.H., The Effective Thermal Conductivity of a Composite Material with
Spherical Inclusions, International Journal of Thermophysics, 7:609-
620 (1986).

Gerard, R., Langseth, M.G., and Ewing, M., Thermal Gradient Measurements in
the Water and Bottom Sediment of the Western Atlantic, Journal of
Geophysical Research, 67:785-803 (1962).



T-3335 145

Goodman, M.A., and Giussani, A.P., In Situ Gas Hydrates: Evaluation of Past
Experience and Methods for Field Detection and Testing, Final Report, Gas
Research Institute, Contract No: 5014-321-0245 (1982).

Graham, G., M.Sc. Thesis, Colorado School of Mines, Golden, Colorado (1985).

Halleck, P.M., In Situ Properties of Natural Gas Clathrate Deposits, Methane
Hydrate Workshop, Technical Proceedings, DOE, Morgantown, West
Virginia (1982).

Hitchon, B., Occurrence of Natural Gas Hydrates in Sedimentary Basins,
Natural Gases in Marine Sediments, Edited by I.R. Kaplan, Plenum
Press, 195-225 (1974).

Holder, G.D., Angert, P.F., John, V.T., and Yen, S., A Thermodynamic Evaluation
of Thermal Recovery of Gas from Hydrates in the Earth, Journal of
Petroleum Technology, 1127-1132 (1982).

Holder, G.D., Laboratory Analysis of Gas Hydrate Cores for Evaluation of
Resevoir Conditions, Monthly Report No. 1, DOE Contract Number, DE-
AC21-83MC20013 (1983).

Jaeger, J.C., The Measurement of Thermal Conductivity and Diffusivity with
Cylindrical Probes, Transactions, American Geophysical Union,
39:708-710 (1958).

Judge, A., Natural Gas Hpydrates in Canada, Gas Hydrates and
Permafrost, 4th Canadian Permafrost Conference, 320-328 (1982).

Katz, D.L., Depths to Which Gas Fields (Gas Hydrates) May Be Expected,
Journal of Petroleum Technology, 23:419-423 (1971).

Kierkus, W.T., Mani, N., and Venart, J.E.S., Radial-Axial Transient Heat
Conduction in a Region Bounded Internally by a Circular Cylinder of Finite
Length and Appreciable Heat Capacity, Canadian Journal of Physics,
51:1182-1186 (1973).

Lachenbruch, A.H., and Marshall, B.V., Heat Flow Through the Artic Ocean
Floor: The Canadian Basin-Alpha Rise Boundary, Journal of
Geophysical Research, 71:1223-1248 (1966).

Langseth, M.E., Grim, P.J., and Ewing, M., Heat -Flow Measurements in the
East Pacific Ocean, Journal of Geophysical Research, 70:367-380
(1965).



T-3335 146

Macleod, M.K., Gas Hydrates in Ocean Bottom Sediments, The American
Association of Petroleum Geologists Bulletin, 66:2649-2662 (1982).

Makogon, Y.F., Hydrates of Natural Gas, Trans. by W.J. Cieslewicz, Penwell
Pub. Co. (1981).

Maxwell, A Treatise on Electricity and Magnetism, Volume 1, Second
Edition, Clarendon Press Series, Oxford (1881).

McGuire, P.L., Methane Hydrate Gas Production by Stimulation, Gas
Hydrates and Permafrost, 4th Canadian Permafrost Conference,
320-328 (19282).

Mitchell, J.K., ASCE, F. and Kao, T.C., Measurement of Soil Thermal Resistivity,
American Society of Civil Engineers, Journal of Geotechnical
Engineering Division, 104:1307-1320 (1978).

Morrow, G.D., Improved Hot Wire Thermal Conductivity Technique, American
Ceramic Society Bulletin, 58:687-690 (1979).

Nason, R.D., and Lee, W.H.K., Heat Flow Measurements in the North Atlantic,
Caribbean, and Mediterranean, Journal of Geophysical Research,
69:4875-4883 (1978).

Ouar, A., M.Sc. Thesis, Colorado School of Mines, Golden, Colorado (1987).

Pantaloni, J., Guyon, E., Velarde, M.G., Bailleux, R., and Finiels, G., Rev. Phys.
Appl., 12:1849 (1977).

Pearson, C.F., Halleck, P.M., McGuire, P.L., Hermes, R., and Matthews, M.,
Natural Gas Hydrate Deposits: A Review of In Situ Properties, Journal of
Physical Properties, 87:4180-4185 (1983).

Perkins, R., Ph.D. Thesis, Colorado School of Mines, Golden, Colorado (1983).

Ross, R.G., and Andersson, P., Clathrate and Other Solid Phases in the
Tetrahydrofuran-Water System: Thermal Conductivity and Heat Capacity
Under Pressure, Canadian Journal of Chemistry, 10:881-892 (1982).

Ross, R.G., Andersson, P., and Backstrém, G., Thermal Conductivity of Nine
Solids Phases of Ho0, High Temperatures - High Pressures, 9:87-96

(1977).



T-3335 147

Ross, R.G., Andersson, P., and Backstrém, G., Unusual PT Dependence of
Thermal Conductivity for a Clathrate Hydrate, Nature, 290:322 (1981).

Rueff, R., Personal Communication at Colorado School of Mines (1985,1).
Rueff, R., Ph.D. Thesis, Colorado School of Mines, Golden, Colorado (1985,2).

Selim,S., and Sloan, E.D., Modeling of the Dissociation of an In-Situ Hydrate,
Society of Petroleum Engineers 1985 California Regional Meeting,
Bakersfield, California (1985).

Stoll, R.D., and Bryan, G.M., Physical Properties of Sediment Containing Gas
Hydrates, Journal of Geophysical Research, 84:1629-1634 (1979).

Thermal Properties of Matter, Vol. 3, Thermal Conductivity,
Nonmetallic Liquids and Gases, |IFI/Plenum Press, NewYork (1970).

Venart, J.E.S., Prasad, R.S., and Stocher, D.G., The Thermal Conductivity of
Water and Heavy Water, Water and Steam, Their Properties and
Current Industrial Application, Straub and Scheffler, Ed., Pergamon
Press, 392-406 (1979).

Von Herzen, R.P., and Maxwell, A.E., The Measurement of Thermal Conductivity
Deep-Sea Sediment by a Needle Probe Method, Journal of
Geophysical Research, 64:1557-1553 (1959).

Von Herzen, R.P., and Uyeda, S., Heat-Flow Through the Eastern Pacific Ocean
Floor, Journal of Geophysical Research, 69:741-748 (1963).

Weaver, J.S., and Stewart, J.M., In Situ Hydrates Under the Beaufort Sea Shelf,
Gas Hydrates and Permafrost, Proceedings 4th Canadian
Permafrost Confernce, 312-319 (1982).

Woodside, W., and Messmer, J.H., Thermal Conductivity of Porous Media,
Journal of Applied Physics, 32:1688-1706 (1961).

Yamano, M., Uyeda, S., Aoki, Y., and Shipley, T.H., Estimated of Héat Flow
Derived from Gas Hydrates, Geology, 10:339-343 (1982).

Zielinski, R.E., and Mclver, R.D., The Occurrence and Magnitude of Methane-
Hydrate Accumulations, SPE/DOE Unconventional Gas Recovery

Symposium, Pittsburgh, PA (1982).



T-3335 148

APPENDIX A

MATHEMATICAL MODELING ADDENDUM
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A.1 FINITE CONDUCTOR MODEL EXPANSION

The following is the solution for the expansion for the finite conductor.
mode!l presented in Equation 2.7. Laplace's equation and appropriate
boundary conditions are given in Equation 2.5. The solution for the temperature

within the probe in the Laplace domain is (Carslaw and Jaeger (1959)):

= _ Q20 @ L Bx lo(r*u/x) Ky (u)
™= dnk a? s [1 Bx lp(u/x) Ky (u) + Iy (u/x) K (u) (A1)

u=(s a2/ a)1/2

rr=r/a
B, ®, and x are defined in Chapter 2. | and K are the modified Bessel's function
of the first and second kind,~respectiv_ely.

The inversion theorem for the Laplace transformation is:

V +i- o0
T (t) = 5 | eM T, (A)dA A.2
V-i-oo
Where v is of large magnitude so that all singularities of the function line to the
left of the line (v -i-eo, v + i-00). For the problem under consideration the
inversion theorem is rewritten as (Carslaw and Jaeger (1959)):
(0+)
T (t) = 5 | eM T, (A)dA A.3
(1) = 5= | M T (A.3)

- OO
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A inversion valid for large times is solved by; 1) expand the Laplace
equation for small values of s, and 2) apply the inversion theorem to the
expansion. First, expand the modified Bessel's functions for the numerator and

denominator of Equation A.2 and simplify.

s _ Q1 Co +C1S +CoS2 +. .. (Ad)
1 +ays+a,8%+... '
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Complete the long division and simplfy. Only terms of s up to and including

order 1 are saved. This corresponds to times of order 0 to -2.

T, = 4%([(\*0 +11n (%-zﬁ)) 1 (A.5)
+ (fa +HIn (922%'13) +14 Inz(%z—a)) %
+ (15 +f5In (%35) +171n? (%zi) + fg In3 (94%35]) (535-)23}
fo = B(1-r2)

fp=1-38

f3=-1+§-)(1~r*2)+%%
- 1l(lw=2

=3 (257
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Second, substitute this expression into the inversion theorem and solve.

(0+) (0+)
- Q1 1 At 1 Aty [CPa2s
- 00 - 00
(0+) (0+) :
2.2
+ (fg ertdar + f3 | e*tin (043 S) da
o
- 00 - 0O
(0+)
M .2 (CPa?s _a?
+ f4 | ' n (4a )dk)za
(0+) (0+)
2,2
+ (fsfle“dl + fg Jx et tin (%é) da
(0+) (0+)° 5
At .2(C%a%s At .3 (C%a2s 2
+f;Aetlin a dr+ fg |A e’ In dA| | &
o 4 20
Each contour integral is evaluated separately.
(
- o (i) - (o omun (i) 2

( 4at 44:1) (ﬂtm( a2)°
- _E . 2
+(f6+?f7(1 'n\Caz))+f8(2 (Sln(Caz +3In ca2))) Gu

This solution is for suitably large times. This equation rearranged and simplified
yields the expansion for the finite conductor presented in Chapter 2, Equation

2.7.
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A.2 TERMS FOR SHORT TIME DATA ANALYSIS

A.2.1 TERMS FOR UNKNOWN SAMPLE

All equations listed in this section are supplemental to the short time

solution for an unknown sample (refer to Chapter 3).
o 9F ,9F dbp ., F 3bs _ g
0= 3bg T obo abo ab38bo

_oF , oF dby , JF gbg _
= 3 ¥ abpdb; T obgob; = O

o

2@, _ 2%E | 9°F ob, , 9°F by, OF 9%b, . OF 92bs
abo ab2 aboabz abo 8b08b3ab0 abgab2 absabg

90, _ 9%F , 9%F b, ., 9%F by, OF 9%b> , 9F 02bs
ab-‘ - aboab1 8b ab2 abo ab ab3abo abgaboab-[ aba aboab1
2@, _ 9°F , 92F by , 0°F obs, OF 22b> , oF 92bs
dbo ~ Obgoby tobgob, dby; Tabgdbsob; T 9bpdbgdby T dba abgoby
2@, _ 9%F , 9°F b, , 9°F 2b, . OF 92b> , OF 22bs
db; 8b2 *ob 10by ab1 ab18b38b1 db2gb? absab2

The expressions for all first partials of F with respect to b; are:

(A.8a)

(A.8D)

(A.92)

(A.9b)

(A.9¢c)

(A.9d)

(A.10a)

(A.10b)

(A.10c)

‘-21%%0 = 2T, -bon-b1 X int, - ba Xt - baz;? In t;

28 = STint;-boint;- b1 T2t - b2t Int; -baZt In?t
38, = ZTt! - b2t - byt int; - b2 27 -bs e,

‘% 3—53 = ZTit?ln t, -boX t'i1|n t;- b12t}1ln2 t,- szt}%n t - b33t In2 t, (A.100)
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The expressions for all second partials of F with respect to b; are:

1% _ g (A.11a)
ab3
z agzab = -2Int (A.110)
%%&E - -Sin2t, (A11c)
41 a%%b; Sy (A.11d)
2 a%j—gb; T tiint, (A.11e)
3 25, = iy, (A1)
3 8%%b3= -3 t7'1n2 t, (A-11g)
The expressions for all first partials of b; with respect to b; are:
g‘tb;(f = %[bxe + Bb& (A.12a)
22 - é[(nb“bf)e'b"-smbx- %4%18} (A.12b)
%%g =2 ¢ bx (A.12¢)
g%f - é[(1 N bx) e Px. 28b1] (A.12d)
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The expressions for all second partials of b; with respect to b; are:
%b, _.2 ( - ) 14" bx
abg ="C 1 by b1 e
22b> _ 2 - -1, by |
dbgdb; = C [(1 b") bx by’ e B]
2b, _ 2 ( ) ) 2, -1 - by
ab12 = 1- by |bxbye

02b,
ob?
92bs
9b,ob,
0%bs _
ob2

bile P2

o

o

O
s,
(o]
]
g

o

[bxzb;‘ e Px 23}
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(A.13a)

(A.13b)

(A.13c)

(A.13d)

(A.13e)

(A.13f)
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A.2.2 TERMS FOR UNKNOWN PROBE

All equations listed in this section are supplemental to the short time

solution for an unknown probe (refer to Chapter» 3).

@y = %EO + %Ez ggg =0 (A.14a)
=35 + 3 B2 - o (A.14b)
%cb%o _ _g_z% +a%?'a:'b2 g%f (A.15a)
g_q):f = a%i%b;a%_zg% '3%5 + a—gga%&; (A-150)
’gﬁa = aaszla:bs"'a%bz %E; * ggga%%%éa (A.15¢)
a_%a, - %g "a‘%‘i%ba g%: (A.15d)

The expressions for all first partials of F with respect to b; are:

29 = I -bon -1 Tint; -b2Zt} -baZti Int, (A.16a)
245, = ZTti -boZ ti -b1Zti Int; - bz Xt - ba Xt Int, (A.16b)

The expressions for all second partials of F with respect to bj.are:

;21§_2_E - -n (A.17a)

(A.17Db)
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1 9%F = .5 ;1
2 dbgobg ZTI In t;
4 9%F _ . -2
2 3boabg .Zt. Int;
49%F _ 5.2
2 ab% = "Zti In?-ti

ob, _ 3.2 .3 1
abf" 42q *4 Pabi
gb, _ 3 1.1, (40
abg— 4bob1 +4|n ((;32)

The expressions for all second partials of b; with respect to b; are:
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(A.17¢c)
(A.17d)

(A.17e)

(A.18a)

(A.18b)

(A.19)
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APRPPENDIIX

THERMAL CONDUCTIVITY SYSTEM SOFTWARE MANUAL
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B.0 INTRODUCTION

To perform a thermal conductivity experiment with a needle probe two
steps must be completed. First, the needle probe is inserted into the Keithley
Series 500 and the characteristics of the probe are input to the software.
Second, the resistance versus temperature characteristics of the probe are
determined. Prior to an experiment it may also be necessary to determine the
probe heat capacity and thermal conductivity.

This appendix contains the operating procedure and software description
for the thermal conductivity system software. There are four basic procedures;
1) log in, 2) Series 500 system configuration, 3) temperature response
calibration, and 4) thermal conductivity measurement. Before operating the
system complete the details of Chapter 4.

This appendix also contains the program code for the software. It is
written in Version 3.0 of IBM's interpreter BASICA for the IBM Personal

Computer.
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B.1 LOG IN AND OPERATING PROCEDURES

In the following text all input and output for the IBM PC text is in
Courier typeface (abcdefghijklmnopgrstuvwxyz1234567890). All
Courier typeface grouped by < > refers to keys on the IBM PC keyboard.
In all thermal conductivity system sections <Num Locks> must be off.

~ The thermal conductivity system follows a specific set of operating
conventions. Each section of the software is controlled via a menu bar, and
each item in the menu bar is controlled via a menu list. Additional input is via
full-time and pop-up dialog boxes. All text and numeric input is via the data
editor. Figures B.9, B.10, B.11, and B.12 detail the basic operating guidelines.
After logging into the thermal conductivity system there are three basic
operating procedures; 1) Series 500 System Configuration, 2) Temperature
Response Calibration, and 3) Thermal Conductivity Measurement. All of the
tasks necessary are detailed in the remainder of this appendix. A summary is

presented in Table B.1
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Figure B.1

Menu Bar, Menu List, and System Control Guidelines

. -4 MenuBar

MenulList SystemControl

161

MENU BAR

remaing items.

MENU LIST

Alt

[N 15 /15N (1 [ M [ X
M=
« Located at top of screen.
« Symbol "=" is a branch to the system menu. 4_|
L <2

» Menu List for selection activated by <Return>
« Selection changed and the menu list
activated by typing the number of the item in End \L |
the menu bar. The main menu branch is item
0. Increment by 1 for the numbers of the

» Selection changed by <¢,—>

- Selection changed by <T,«,{,—>.

« Selection is activated by <Return>.
"..." at the end of a selection requires further information.
* P at the beggining of a selection is an active item. P Item #3
"?" at the beggining of a selection is an altered item. 2  Item #4
A selection that is grayed cannot be activated. i
A grayed dash line is an inactive selection to divide the menu.

» Selection changed and activated by typing the item number.

= End the list by <End>.

« When activated the list is placed dlrectly the menu bar selection. MenulList |

Item #2...

Lheun Al

SYSTEM CONTROL

« Whenever the menu bar is active other portions of the system are
directly accessed by <ai1t>-<r1,F2,F3,F4,FS,F6,F7,F8,F9,F10>
as defined in the main system menu.

« Whenever the clock is active the Escape dialog box is activated
by <Esc>.

A warning will appear that if the escape is completed data may be
lost.The other sections of the system are transferred to by the Alt
keys.




T-3335

162

Figure B.2

Dialog Box Guidelines

. x DialogBox. ...

DIALOG BOX CONTROL
FUNCTION

Dialog boxes function in two modes:

1) Edit, is a list of variables to alter.
Variables are either numeric or text.

2) Menu, is a list of items for selection
of anitem. In some cases the selection
itself can be editted.

 APPEARANCE

Dialog boxes appear in two forms:

1) Full-time, appears on the screen
whether it is or is not active.

2) Pop-Up, appears on the screen only
while active and it is within a box that has a
thickened border.

Move the selection to the
indicated item in the dialog,
and select the item.

anohE

Edit Dialog: Activate the data
editor for the selected item.
Menu Dialog: Replace the
previous selection with the
new selection and terminate
the dialog.

Edit Dialog: Only method of
terminating the dialog.
Menu Dialog: Terminate the
dialog and keep the previous
selection.

Move the cursor up one
position in the dialog list.

ana

Move the cursor down one
position in the dialog list.

N
\ N

aai
:JJ_—fJJ

Menu Dialog: If appropriate,
the selected itemis inserted
or turned on.

.
e (]

Ins Del

Menu Dialog: If appropriate,
the selected item is deleted
or turned off.

ARTHUR LAEES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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Figure B.3

Data Editor Guidelines

—

DataEditor

163 _.

are temporarily

DATA EDITOR

For a single numeric value or a
single line of text. Whenever
the editor is active the cursor
blinks and all system controls

deactivated.

CELL LENGTH
CURSOR X . XX

- Cursor, in overstrike or non-insert mode.
M Cursor, ininsert or non-overstrike mode.

Delete all characters.

W

Delete character to
the left of Lhe cursor

Undo edit.

Accept edit and
terminate the editor.

Move the cursor left.
If the cursor is at the
beggining of the cell,
then the cursor goes
to the end of the cell.

Ignore edit and
terminate the editor.

I = e

Hilites the entire cell.
—_ Any key Unhilites

%

Move the cursor right.
If the cursor is at the
™ end of the cell, then
the cursor goes to the
beggining of the cell.

!/
/ End
g" / Ins Del
Insert Mode. Delete character

On; a new characteris
inserted to the left of
the cursor.

Off; a new character
replaces the character
under the cursor.

under the cursor.
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Figure B.4
Graph Editor Guidelines

GraphEditor v !

164

GRAPH EDITOR

Vertical Edit Bars.

and 5) 100.0. original settings.

For editting a file to
remove inaccurate data, Yt o
e _ op Fo)
and for editting the T 5 Horizontal
experimental data for a ol-e ° Edit Bars.
thermal conductivity y o °°
experiment. bottom o °
A = Xieft Xright

Alter the increment that the

edit bars move by; 1) 0.01, Return the edit bars .

2) 01, 3) 1.0, 4) 10.0, and/or graph to the Move the active

horizontal.cursor up .

aEnn

v

Perform a special

function on the data ——p»

Select the active
- horizontal edit bar.

,_I

isloated by the edit bars.

=

Move the active ___
vertical cursor left .

_»

End
Terminating the editor. _——"

Select the active
vertical edit bar.

Ins

Rescale and redraw the graph
according to the edit bars.

Move the active
horizontal cursor down .

Rescale and redraw the graph
according to a previous setting.

Move the active
vertical cursor right .
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Table B.1

Summary of the Operating Procedures

Log In Procedure.
Figure B.13.

Series 500 System Configuration - Thermal Conductivity Apparatus.
1. Install a needle probe and platinum resistance thermometer into one of four thermal
conductivity system channels. Figure B.14.

Temperature Response Calibration - Data Set Acquisition.
2. Obtain a set of calibration points for the thermal conductivity needle probe and the
platinum resistance thermometer. Figure B.15.

Temperature Response Calibration - Analysis and Plotter.
3. Determining a set of calibration coefficients and plotting the calibration data set for a
needle probe or a platinum resistance thermometer. Figure B.16.

Thermal Conductivity Measurement - Acquisition and Analysis.

4. Selecting and setting up a probe for an experiment. Figure B.17.

5. Selecting a material for the selected probe and inserting, editting, or deleting a material in
the material menu. Figure B.18.

6. Specifying the disk drive for experimental data storage and retrieval, and employing the
automatic save and print feature. Figure B.19. .

7. Setting up the general analysis specifications for an experiment. These hold
simultaneously for all probes. Figure B.20.

8. Use of the automatic repeat function for execution of successive experiments.
Figure B.21.

9. Performing an experiment, where the experiment is begun at a clock setting or when the
temperature of the probe stabilizes. Figure B.22.

10. Reanalyze a previous experiment or calibrate the probe from an experiment on a material
of known properties. Figure B.23.

11. Manually supplying heat to the probe, initializing the Keithley, and using the function
keys to store an experimental set-up. Figure B.24.

Thermal Conductivity Measurement - Data Set Plotter.
12. Searching through old data sets, and plotting experimental temperature rise or apparent
conductivity versus natural logarithm of time for experiments and all thermal conductivity
measurements for a material. Figure B.26.
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Figure B.5

Thermal Conductivity System Log In Procedure

Asherworks

The method of logging into the thermal conductivity system
follows; 1) the Keithley Soft500 is loaded, and 2) the thermal
conductivity system software is loaded and the Keithley Series
500 is initialized.

1 From DOS change the default drive and directory to that containing
the thermal conductivity system software.

2 Load Keithley SOFT500 as described in the Keithley Manuals:

3 Run the thermal conductivity system by typing in BASICA.

RUN "TCS\TCS <Return>

4 The TCS logo should now appear on the screen. Follow the
intructions on the screen prompt, which are,

Turn Keithley Data Acquisition and Control System On,
Then Strike <Space Bar>

NOTE, the probes should not be connected into the Series 500
whenever the Series 500 is being turned on or off. Possible power
surges from the Series 500 may damage the probes.

5 After a brief moment the thermal conductivity system menu appears.
This menu controls the two methods to transfer between all sections of
the software. Use the < «, T, =, 1 > keys to position the cursor to the
desired selection and then strike <Return>, or execute the desired |
transfer by typing <a1t> - <F1, F2, F3, F4, F5, F6, F7, F8,
F9, or F10>. The <alt> keys remain operational in all programs
-when the menu bar is operational.
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Figure B.6
Operating Procedure 1

SERIES 500 SYSTEM CONFIGURATION - THERMAL CONDUCTIVITY APPARATUS
. - | Channel Edit Restore - ’ ' ’

Install a needle probe and platinum resistance thermometer into one of the
four thermal conductivity system channels.

Channel |
1. Select the probe to be configured or altered:
P PROBE1, On a. In the menu bar select "Channe1™.
PROBEZ2, Off b. In the menu list select the probe channel .
PROBES, Off Or, select "Quick Config". The Quick Config dialog
PROBE4, Off is a menu type dialog. <Ins> turns the channel on,
and <pel> turns the channel off. Any function key
Quick Config... struck directly after <ins> will be saved to that
 — particular channel. See step 5 for function key
information.
Edit |
Channel On/Off 2. Edit the specifications for the channel:
Probe Name a. In the menu bar select "Edit™.
Probe Length b. In the menu list select the specification to edit. A
Probe Mount Length question mark is printed next to the specifications that
Probe Diameter have been altered from the orginal value. The channel
Probe Heater Resistance or prt on and off states are toggled, while all other

Probe Heat Capacity
Probe Thermal Conductivity
Standard Resistance

specifications require an input.

PRT Name T . . .
PRT On/Off 3. Restore a specification to its original value:
a. In the menu bar select "Restore™.
Restore | b.In the menu list select the specification to restore.
Only altered items are restored. All unaltered items are
Any or all of the altered grayed.
specifications.
4. Save a specification as the original value:
Save | a. In the menu bar select "save™.

Any or all of the altered

or all Only altered items are saved. Allunaltered items are
specifications.

grayed. This command is ignored
when the channel information to
be saved has a blank probe or prt and the channel or pm,
respectively , is on.

I b. In the menu list select the specification to saved.

5. All specifications for the selected channel are stored to a function key
by <Ctrl>-<F1, ...,F10>. The values of a function key are recalled
to any selected channelby <r1,...,F10>.

ctrll
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Figure B.7
Operating Procedure 2

TEMPERATURE RESPONSE CALIBRATION - DATA SET ACQUISITION
Item Edit Acquisition . SRR e

Obtain a set of calibration points for the thermal conductivity needle probe
thermistor and the platinum resistance thermometer.

Item | PROBE1 PRTOO1
4 Kohma |«
on / ofe 1. Select the probes | { T?c'?}k R
- and prt's to calibrate: OaN OgF -
. . a.ln the menu bar
Quick Config... select "Ttem™. A probe or prt in a channel that is
" " " turned off cannot be accessed. A
b. Inthe menu I{stse|<_act On / Ooff". prt that is turned off cannot be
c. The onvoff dialog is now active, and it is @ menu | zccessed.

type dialog, except that is allows for the selection
of multiple items. Script appearing for the calibration display indicates that the
selectionis on. During any calibration process at least one probe must be selected.

| Eait | 2. Edit the steady state specifications:
. . a. Inthe menu bar select "Edit™.
Specifications... b. Inthe menu list select "Specifications".

c. The specification dialog box is now active, and it is an
edit type dialog. Input the desired check time, points
per calibration, and time between points.

Acquisition !
- 3. To activate the steady state

One Calibration Point process:

Several Calibration Points a.ln the menu bar select

End After Calibration Point "Acquisition™.

End Calibration b.In the menu list select "one
Calibration Point" or
"Several Calibration
Points™.

c. Probe resistances and prt measured temperature are determined at each steady state
check. When the probe resistances are equivalent for two successive checks, it is
assumed the system is at steady state. At this time the computer beeps and the
actual temperature is input. To disregard the system being at steady state input a
blank response.

d. To terminate the process at any time strike <Return> to recall the menu list. To
terminate the process immediately after the next calibration point select "End
Calibration After Point", orto terminate the process immediately select "End
Calibration". NOTE, the calibration process is not active while the menu list is
shown.
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Figure B.8
Operating Procedure 3

TEMPERATURE RESPONSE CALIBRATION - ANALYSIS AND PLOTTER
. x Item Analysis Plot

Determine a set of calibration coefficients and plot the calibration data set
for a needle probe or a platinum resistance thermometer.

Item
l 1. Select the probe or prt for the analysis or plot:
P PproBE1 a. In the menu bar select "Item".
PROBE2 b. Inthe menu list select a probe or prt. Only a probe from a channel
~PROBE3 that is turned on or prt from from a channel and prt slot that is turned
PROBE4 on can be selected. The current calibration coefficents are listed on
the screen.
PRT001
PR'J.'002 2 D . I- . TP )
PRT003 . Determine the calibration coefficients for the selected

prTo04 | Probe orprt:
a. In the menu bar select "Analysis®”.

b. In the menu list select "Calibration Coefficients". The

calibration data sets are plotted, the calibration coefficients are

Analysis | calculated, and the residuals from the least
squares regression are plotted. The

Calibration Coefficients coefficients are stored in a data file and are
Order Data Sets recalled each time the thermal conductivity

system is started. A prompt will ask if the

coefficents should or should not be saved.

c. Inthe same menu list a subsidiary function is provided, "Order Data Sets™. This
structures the data in order of decreasing temperature and creates a backup file.
Ordering the data enables the analysis and plotter to operate faster, but it loses the
structure with which the data was obtained.

Plot |

) 3. Plot a calibration data set by:

Temperature vs Resistance _a. In the menu bar select "plot .
Resistance va Temparature b. In the menu list select the plot. If
1/Temperature vs 1ln(Resistance) the data for a probe is to be
ln (Resistance) vs 1/Temperature plotted, then one of four graph
Actual vs Measured Temperature types must be selected. There is

only one type of a plot for a prt.

¢. To return to the main screen strike <End>, and edit mode for the graph is entered by
<Return>. Data is removed from the files thru the probe temperature versus
resistance graph and the prt graph. The operation is described in the graph editor
guidelines.
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‘Figure B.9
Operating Procedure 4

THERMALCONDUCTIVITYMEASUREMENT -ACQUISITION AND ANALYSIS
. - Channel Edit Execute

Selecting and setting up a probe for an experiment.

Channel l :
1. Select the desired probe by:
P> prOBE1 a. In the menu bar select "Channel™.
PROBE2 b. In the menu list select the probe. A probe can only be
PROBE3 selected from a channel which is turned on. To show
PROBE4 the temperature of the selected probe select "Show
Temperature" in the menu list.
Quick Config... I
2. Alter the set up of the probe by:
Probe Set-Up... a. In the menu bar select "Channel™.
Show Temperature | b. In the menu list select "Probe Set-Up™. This

activates the probe set-up dialog box, which is a full-

time dialog box when the probe is assigned a material.
If the probe is not assigned a material the material menu will pop up first. The material
menu can also be activated by selecting the material name in the probe set-up dialog
box. The operation of the material menu is described in the next operating
procedure.

c. "qQ" is the power per unit probe length. Its rangeis 0
to 99 mW/cm in steps of 0.01.

d.” "At" is the time step between temperature rise Q mw/cm 10.00

measurements. Its range is 0.001 to 32.767 seconds At secs 0.200
in steps of 0.001. LA

e. "NAt" is the time length of an experiment. Its range NAt 00 0L O 0
is 00:00:01 to 23:59:59. Start  00:00:00

f. "sStart" is the starting time for an experiment (only Date
when starting an experiment from "Man"). Hls range

is 00:00:00 to 23:59:59.
g. If specifying a solution "1Ts™" is Infinite Time Solution (*LTs™ with no error analysis),

"LTS™ is Long Time Solution, and »sTs" is Short Time Solution. The final two
solutions are not an option if the probe thermal conductivity and heat capacity are not
specified.

h. Strike <End> to return to the main cursor, or <Ctrl>-
<End> to return and save as startup. The value of "N"
is calculated. If the time length is not an integer
mutltiple of the time step, then the next highest e 100 2000
integer is selected for "N". "N" must be greater "AL™ | 0.001 32.767
than a hundred and less than iwo thousand. ’ )
Otherwise, a system prompt is given and to proceed | "NAt™|00:00:01] 18:12:14
strike any key.

Exp ‘Min l Max
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Figure B.10
Operating Procedure 5

THERMALCONDUCTIVITYM EAS[JREM ENT-ACQUISITION AND ANALYSIS
. -] Channel Edit Execute

Selecting a material for the selected probe and inserting, editting, or
deleting a material in the material menu.

Edit |

1. Display the material menu :

Material Menu.. a. In the menu bar select "Edit™.

Data Drive...

b. Inthe menu list select "Material Menu...". The
) material menu is pop-up dialog box of the menu
Automatic Save On type

Automatic Print On

2. Add to or alter the material selection menu:

a. Select a material cell. If a material is listed in the cell
then that material will be editted, otherwise a new
material is input to the cell.

b. Strike <Ins>. If adding a material respond to the system prompt to insert a new
material and then input a four character code. The code must be four alphanumeric
characters in length, and all experiments are saved to disk according to this code.
Duplicate 4 character codes are permitted. Up to 24 materials can be added to the
menu, all all names must follow IBM's conventions for filenames. For a new material
and when altering a material respond to the system prompts for the material
name,description, and next file number.

NEXT FILE NUMBER: All experiments are referred to by the four character code plus
the next file numbcer. All new materials are assigned the next file number of "001".
Each experiment increments this number by "001" until "999". When this number is
lowered old experiments remain on disk and are written over as the number
increases.

Analysis Specs...
Repeat Cycle...

3. Delete a material from the material menu:
a. Select a material cell. If a material is listed in the cell, then that material will be deleted
b. Strike <pDel>. Respond to the prompt on whether or not to delete the material.

4. Terminate the material menu and select a material.

a. To assign the selected material to the current probe strike <Return>.

b. To not change the
selected material for Example Material — Solid or Liquid, EXAM0O01
the current probe
strike <End>.

¢. To reset the master
material menu strike
<Ctrl>-<End>.
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Figure B.19
Operating Procedure 11

THERMAL CONDUCTIVITY MEASUREMENT - ACQUISITION AND ANALYSIS
. x Channel Edit - Execute

Specifying the disk drive for experimental data storage and retrieval, and
employing the automatic save and print feature.

Edit
' . 1. Assign the disk drive for the experiments by:
Material Menu.. a. In the menu bar select "Edit ™.

Data Drive... b. Inthe menu list select "Data Drive".
c. Respond to the system prompt for the disk drive.
Automatic Save On The software will accept drives A thru D asinputs. A
Automatic Print On blank drive value is used for the default drive. The
software does not check if the specified drive is the
Analysis Specs... default drive or not. The disk specification is only for
Repeat Cycle... the experimental data generated by thermal
Maximums. . . conductivity experiments. If using floppy disk drives

there is minimal room on the thermal conductivity
system disk for data storage.

2. Automatically save an experiment after
analysis by:
a. Inthe menu bar select "Edit".
b. In the menu list select "Automatic Save On™.
When the disk icon is shown in the lower right
portion of the screen the automatic save is on. If
the save feature is on then this menu list option
becomes "Automatic Save Off".

|

Yo

3. Automatically print an experiment after analysis by:
a. In the menu bar select "Edit™".
b. In the menu list select "Automatic Print on". When the paper icon is shown in
the lower right portion of the screen the automatic print is on. If the print feature is on
then this menu list option becomes "Automatic Print Off".

4. Edit the maximum temperature rise and thermal conductivity for an
experiment:

a. In the menu bar select "Edit".

b. In the menu list select "Maximums...". The maximums pop-up dialog box is now
active. This is an edit type dialog box. If the temperature in an experiment becomes
greater then the maximum temperature the experiment is terminated. If the thermal
conductivity determined during data analysis is less than zero or greater than the
maximum then the data analysis is terminated.
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Figure B.12

Operating Procedure 7

173

THERMAL CONDUCTIVITY MEASUREMENT-ACQUISITION AND ANALYSIS

. x Channel Edit - Execute
Setting up the general analysis specifications for an experiment. These
- hold simultaneously for all probes.
Edit |
Material Menu..
Data Drive... 1 1. Activate the analysis specifications dialog
Automatic S o box by:
A“t°’“at;° pa‘,'et g a. In the menu bar select "Edit™ .
utomatic Frint On b. In the menu list select "Analysis Specs.
) The analysis specs is a full-time dialog box of the
Analysis Specs... edit type.
Repeat Cycle.. .

2. Edit the analysis specifications by:
a. To control the multiple experiment number.

i. Select "Z" and then input the number of multiple experiments
desired.

ii. During a multiple experiment run the information is stored
after each experiment. To access this old data move the
cursor one position to the right and strike <Return>. A
miniture disk icon appears and the number of previous
experiments is retrieved.

NOTE: There is no checking to assure that a restarted multiple
experiment is executed under the same experimental
conditions.

b. Select " 4" to edit the number of point esitmates for the
apparent thermal conductivity.

c. Select "A" to edit the fractional length of the total expenment
time for each apparent thermal conductivity estimate.

d. Selectoneof the "= - " locations. The first parameter
controls the fractional location for the beginning of the data

analysis, and the second controls the end location.

3. Terminate the analysis specifications dialog box by <End>.
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Figure B.13

Operating Procedure 8
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THERMAL CONDUCTIVITY MEASUREMENT-ACQUISITION AND ANALYSIS

Channel v ; Execute

Using the automatic repeat function for execution of successive
experiments.
Edit |

Data Drive...

a. Select » * . If the repeat

Analysis Specs...

Repeat Cycle... b. Select * 0, L". Input the
Maximums. . .

icon is shown the repeat cycle is
on.

number ofexperiments, L is

e.

from1 to 99, for the repeat cycle.
During the acquisition modes the current repeat number replaces
the “o".

. Select " =% ». Input the viewing time after an acquisition and

analysis. In this time the settings for the save and print option can
be overridden. After the time expires the automatic save and print
options are executed as per their settings.

. Select (m] ». Input the delay time from one start time to the next.

It is overridden if enough time is not given for an experiment to
finish. This parameter is only used when starting an acquisition by
the clocks.
Alter sequence for the experiments by:
I. Select " “&¥C +_+ « + “®n {o activate the sequence
cursor. Move the cursor by <¢—,—>.
ii. Strike <c>, <F1, ...,F10>, or <Space Bar> for the

1. Activate the repeat dialog box by:
Material Menu.. a. In the menu bar select "Edit" .
b. In the menu list select "Repeat Cycle...™. The

repeat cycle is a full-time dialog box of the edit type.

Automatic Save On _ ]
Automatic Print On 2. Set up the repeat cycle bY-

1]

0, L

current screen values, for the parameters of a
function key, or to clear a value, respectively. The
repeat cycle iterates from the first value until a blank
space or the end of the list.

NOTE: Only the parameters "Q", "At", and "NAt" for the selected probe and the
"Analysis Specs..." parameters are recalled by a function key. After recaliing
a function key the current screen values are those of the funtion key. Details on

setting up a function key are given in a later operating procedure.
iii. End this cursor by <End>.

3. Terminate the repeat cycle dialog box by <End>.




T-3335 175

Figure B.14
Operating Procedure 9

THERMAL CONDUCTIVITY MEASUREMENT - ACQUISITION AND ANALYSIS
. n Channel Edit Execute

Performing an experiment, where the experiment is begun at a clock
setting or when the temperature of the probe stabilizes.

Execute |
, 1. Execute an experiment by:
Acquisition: by Clock... a. Inthe menu bar select "Execute™.
Acquisition: by Temperature... b. In the menu list select
"Acquisition: by Clock..."
Analysis... to start an experiment from a clock
Optimize... setting or "Acquisition: by
Temperature..." to start an
Manual Q... experiment by the temperature
Initialize Keithley... stabilization of the probe.

2. The acquisition and analysis process then proceeds as follows:

a. In the clock mode the experiment is immediately set up, while in the temperature
mode the experiment is set up immediately before experimentation. Strike no keys
to allow the mode to initiate itself. In the clock mode the system waits for the
"Start™ time, and in the temperature mode the system waits for stabilization of the
probe thermistor temperature. Strike <Return> to initiate the mode and <End> to
return control to the main cursor.

b. During the spare time, which is a function of the time step, several functions are
performed by the system; a) the converted data is plotted, b) checks if the
temperature rise is less than the maximum allowable (3 Kelvin), if true the experiment
continues, and ¢) check if <End> was struck anywhere in the acquisition and
conversion process, if true a system prompt is given for the disposition of the
experiment. <Ctrl>-<A> terminates the acquisition amd <ctr1>-<C> terminates
the acquisition and conversion.

c. In the first step of the analysis process the optimum solution region is located using
the "1Ts” solution. During analysis the data segment being analyzed is graphically
and numerically shown. Then if requested the "LTsS"™ or "sSTs" solution is
performed. If errors occur during analysis the analysis terminated. The analysis is
also terminated by <End>.

d. After the analysis concludes a system prompt is given for the disposition of the
experiment. The choices are <1> save and print, <1> save, <2> print, <3> no save
or print, and <Return> edit mode (more on this in a later procedure).
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Figure B.15
Operating Procedure 10

THERMAL CONDUCTIVITYMEASUREMENT-ACQUISITION AND ANALYSIS
. - 4 Channel Edit Execute

Reanalyze a previous experiment or calibrate the probe from an
experiment on a material of known properties. »
1. Reanalyze an experiment by:
a. Inthe menu bar select "Execute™ .
by Clock... | b. In the menu list select
"Analysis..." . This activates
the file menu, which is a pop-up
dialog box of the menu type. Files 1

Execute |

Acquisition:
Acquisition: by Temperature...

?:i;’:'::‘ " to 4 are for the last experiment for a
P T probe channel. Files 5 to 8 are the
Manual Q... user assigned files. File 9 is the last

accessed file. File 0 is to specify a
file. Strike <Ins>toinserta new file
and strike <pel1> to delete the file at
a file selection

Initialize Reithley...

2. Select from a possible solution by:

a. Strike "ILS <1>, LTS <2>, STS <3>, or Last <L>". A data setis completely
reanalyzed only is the selection is different than the previous analysis, otherwise the
solution editor is activated.

b. After a complete solution the system prompts for the experimental disposition, or
return to the editor by <rReturn>. Saving or discarding refers only to changes from
data reanalization.

3. Utilize the solution editor by:

a. The solution editor is of the graph editor type. Position the vertical edit bar to the
range of data that is to be reanlyzed. The horizontal edit bar indicates a conductivity
at a specified position.

b. Strike <Return> to reanalyze the selected data.

¢. To edit the basis for the experiment strike <e>. A pop-up dialog box of the menu
type appears. The possible selections are:

I. Select the type of solution. This is done through a pop-up dialog box of the menu
type. ITS, LTS, and STS are as defined previously. PRB stands for the probe
calibration solution, and it requires the sample conductivity and heat capacity. -

ii. Edit the probe properties. This is done through a pop-up dialog box of the edit
type. The properties that are editted are those as specified in the in the
configuration procedure.

iil. Specify the sample properties for the probe calibration solution. This is done
through a pop-up dialog box of the edit type.

iv. Edit the material descriptions for the file only.

d. End the solution editting session by <End>, and respond to the prompts as to the
disposition of the changes.
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Figure B.16
Operating Procedure 11

THERMAL CONDUCTIVITY MEASUREMENT-ACQUISITION AND ANALYSIS
. x Channel Edit Execute )

Manually supplying heat to the probe, initializing the Keithley, and using
the function keys to store an experimental set-up.

Execute | .

~ ' 1. Manually supply heat to the
Acquisition: by Clock... probe by:

Acquisition: by Temperature... a. Inthe menu bar select "Execute" .

b. In the menu list select "Manual’

Analysis... Q...". This activates the manual Q

Optimize... dialog, which is a pop-up dialog box.

This feature is useful in melting a

Manual Q... formed solid away from the probe,

Initialize Keithley... but not melting all of the formed

solid.

¢. Strike <Return> to show or hide the probe temperature. Strike <Space Bar> to
turn the power to the probe on or off. The amount of power supplied to the probe
can be editted.

2. Initialize the Keithley Series 500 by:

a. Inthe menu bar select "Execute™ .

b. In the menu list select "Initialize Keithley..."™ . This zeros all power to the
probe thermistor and heater channels, which is the same function as when the
thermal conductivity system software is first loaded. This is useful in case the Keithley
is turned off while the thermal conductivity system is active.

3. Experimental set-ups are saved and recalled by the function keys.
One possibility is to save the set-up just to the point of begginning experimentation. For
this feature to function the menu bar must have program control. The procedure to save
and recall a set-up follows:

a. To save an experimental set up strike <Ctrl> - <F1, F2,
' F3, F4, F5, F6, F7, F8, F9, F10>. Theexpenmental
set up will be saved to the function key until overrode by
another save. Note, the characteristics of each probe channet
are saved whether the probe channel is on or off

b. To retrieve an experimental set up strike <F1, F2, F3, F4,
F5, F6, F7, F8, F9, F10>. The experimental set up last
saved to the function key is retrieved. The current on/off
status of the probe channels are valid. Note, the current
experimental set up is deleted and cannot be retrieved.
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Figure B.17
Operating Procedure 12

THERMAL CONDUCTIVITY MEASUREMENT - FILE SEARCH AND PLOTTER
. - | Item <« Item— Edit Search Plot

Searching through old data sets, and plotting experimental temperature
rise or apparent conductivity versus natural logarithm of time for
experiments and all thermal conductivity measurements for a material.

Search |
1. Edit the specifications to search by:
Specifications... a. Inthe menu bar select "Search™.
List... b. In the menu “bar select vEdit
Specifications™. This activates the
Edit Specificationms... specification dialog box. It is a full-time dialog
m——— box of the edit type.

c. Select a specification and edit the range to search. "—" indicates that the
specification will be searched, and toggles between on by <Ins> and off by
<pel>. If the material is selected, then use the material menu to alter the selection.

2. Search according to the specifications by:
a. Inthe menu bar select "Search™.
b. In the menu bar select "specifications..”. This activates the search
specification dialog box. It is a pop-up dialog box of the menu type. After a few
- moments the search is completed.
c. Move the cursor to view the files. Save the selected file as "Iteme" file by
<Return>, or cancel the selectionby <End>.

Tteme— |
> 3. Select the file to plot by:
Exmmmgg; a. Inthe menu bar select "Iteme-" or "Item—" .
EXAM003 b. In the menu list select the desired file or select "File
EXAMO04 Menu..." to specify afile. To plot two files on the same
graph select a file for both items.
NOL 4. Plot the data by:
NOL a. Inthe menu bar select "Plot " .
UL b. In the menu list select the desired type of plot. After a few

moments the plot appears.
. c. Edit mode, except for 2 file plots, is entered by <Return>,
- ¥ile Menu... and control returns to the file search and plot program by
— <End>. Data removed only from the material graph.
Plot |

Temperature Rise, Apparent Conductivity for an Experiment, and
Conductivities for a Material.
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B.2 PROGRAM CODE

The program code and variable and data file documentation is available
through the Colorado School of Mines, Chemical Engineering Department, E.

Dendy Sloan. The general flow of all programs is:

L

Main Input subroutine, with ESC sequence,
4
Data editor subroutine,

1

Dialog Box subroutines,

{

Message display subroutines,

Menu Bar and List subroutines,

L

All chaining into the program from other programs,

NS

All chaining to other programs,

Definitions of data files,

4
Error trapping,
N

Function definition,

'

Dimension of variables,
Ny
Initialization of variables,
L

Initialization of the screen,

L

Main loop,
A
Branches from the main loop, and
s

Support subroutines.




