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NOMENCLATURE

Thermal Conductivity (W/m2°C)

Time period 1 (seconds)

Time period 2 (seconds)

Time correction factor (seconds)

Radial position (m)

Initial rod radius (m)

Sample diameter (m)

Heater probe diameter (m)

Distance between the heater and temperature sensor (m)
Gap material thermal conductivity (W/m2 *°C)
Argon thermal conductivity (W/m?°C)
Temperature jump distances (m)
Accommodation factor

Volumetric heat generation rate (W/m3)
Length (m)

Rod surface temperature (°C)

Current (ampere)

Voltage (volts)

Power dissipation (W)

Temperature at time period 1 (°C)
Temperature at time period 2 (°C)

Sample length (m)

Constant from hot-wire references

Initial length (m)

Initial volume (m3 )

Specific heat capacity (J/kg°C)

Power (Watts)

Surface roughness of materials on either side of gap (m)
Argon gas temperature (°C)

Argon gas pressure (Pa)

Argon gas molecular weight (kg/kg-moles)

Temperature difference from centerline to radial position (°C)

Change in length (m)

Change in volume (m?)

Voltage measurement uncertainty
Current measurement uncertainty

Radial distance measurement uncertainty

X
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Temperature difference measurement uncertainty
Rod radius measurement uncertainty

Rod length measurement uncertainty

Thermal diffusivity (cmz/seconds)

Linear coefficient of thermal expansion

Final density (kg/m3 )

Density (kg/m3)
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1. INTRODUCTION

Thermophysical properties of materials must be known for proper design, test, and application of new
fuels and structural properties in nuclear reactors. In the case of nuclear fuels during irradiation, the physi-
cal structure and chemical composition change as a function of time and position within the rod. Typically,
thermal conductivity changes, as well as other thermophysical properties being evaluated during irradia-
tion in a materials and test reactor, are measured out-of-pile in “hot-cells.” Repeatedly removing samples
from a test reactor to make out-of-pile measurements is expensive, has the potential to disturb phenomena
of interest, and only provide understanding of the sample's end state at the time each measurement is made.
There are also limited thermophysical property data for advanced fuels. Such data are needed for the devel-
opment of next generation reactors and advanced fuels for existing nuclear plants. Having the capacity to
effectively and quickly characterize fuels and material properties during irradiation has the potential to
improve the fidelity of nuclear fuel data and reduce irradiation testing costs.

1.1. Research Objectives

The Idaho National Laboratory (INL), in collaboration with Utah State University (USU), is investi-
gating two candidate in-pile methods for determining fuel conductivity by using a surrogate fuel rod in a
laboratory setting.

The first method is a steady state method that utilizes two thermocouples to calculate fuel rod thermal
conductivity, one to monitor fuel centerline temperature and another to monitor temperature at a measured
radial position within the rod. The method is being tested under several conditions to assess the sensitivity
of the measurement. Prior evaluations suggest that this method has successfully been applied by the Insti-
tutt for Energiteknikk (IFE) in the Halden Boiling Water Reactor (HBWR) to detect changes in fuel ther-
mal conductivity during irradiation.

The second method is the Transient Hot Wire Method? (THWM), which is an adaptation of the Amer-
ican Standard Test Method (ASTM) hot-wire method. In a solid, this method is applied by embedding a
line heater in the material whose thermal conductivity is to be measured. From a condition of equilibrium,
the heater is energized and heats the sample with constant power. The thermal conductivity is found from

the temperature rise measurement at a small distance from the heater. Preliminary investigations by INL

indicate that this approach may offer advantages over two-thermocouple techniques.3

INL/USU research objectives are:

1 - Explore the benefits and limitations of the two-thermocouple steady-state and hot-wire transient
methods as in-pile thermal conductivity measurement techniques:

2 - Quantify accuracy of techniques by comparisons with standard laboratory material property mea-

surement systems and thermal analysis from the finite element analysis code, ABAQUS,4 predic-
tions.

1 INL/EXT-09-16039



1.2. Report Objectives

This report is the first of a series of reports that document USU/INL testing in this effort. The objective
of this series of reports is to document and obtain feedback and suggestions on our progress. It is antici-
pated that several progress reports will be issued during this project.

1.3. Report Content

This report has been organized into five sections. Section 2 gives an introduction to both proposed
methods for this project. The introduction of the methods includes explanations of each method with gov-
erning equations, limitations, and previous testing experience. Section 2 also identifies the proposed surro-
gate materials and describes temperature-dependent material property testing required to validate
experimental testing. Section 3 explains the setup and method of the two-thermocouple technique, the first
method explored in this effort. Section 4 presents all testing results obtained thus far, including CFOAM25
material properties testing, CFOAM25 experimental testing, and CFOAM25 simulated ABAQUS finite
element results. Section 5 describes the general conclusions of all testing to date. Ultimately, recommenda-
tions for an in-pile sensor for detecting thermal conductivity will be provided in Section 5. References in
this report are listed in Section 6.

INL/EXT-09-16039 2



2. PROPOSED METHODS

Background information, governing equations, and limitations of the two candidate in-pile techniques
are found in this section. The surrogate materials are introduced, and specific temperature-dependent prop-
erties necessary for experimental testing validation are identified. This section also describes the finite ele-
ment model developed for the ABAQUS analysis evaluations.

2.1. Two-Thermocouple Method

The two-thermocouple method is based on a well known heat transfer phenomenon,” where heat gen-
erated within a rod is transferred to the surface. The temperature profile within the rod can be determined
by knowing input parameters, such as rod geometry, material properties, and heat generation rate. The two-
thermocouple method uses two thermocouples embedded in the rod, one at its centerline and another 3/8”
from its centerline, to measure two temperatures within the rod while volumetric heat generation is simu-
lated by Joule heating from a measured input power. Knowing two temperatures from different radial loca-
tions in the rod, power supplied to the rod, and rod geometry, the thermal conductivity of a material can be
calculated.

2.1.1. Governing Equations

As shown in Figure 2-1, the method for quantifying the steady state thermal conductivity of a fuel rod,
k, can be obtained from two-thermocouple technique data:

Fuel rod

Thermocouples SRS

Figure 2-1. Solid cylinder heat conduction with uniform heat generation

where
g - volumetric heat generation rate
r - radial position within the rod
r, - radius of the rod
L - rodlength

3 INL/EXT-09-16039



Starting with the cylindrical form of the heat conduction equation with constant heat generation rate:

%c%(rgr) +% ~ 0. 2-1)

Applying a zero temperature gradient at the rod centerline and assuming a surface conduction/convection
balance boundary condition, the above equation can be integrated to find the temperature distribution in
the rod as a function of radial position:

. 2
T(r) = %{1 J’_D ‘T (2-2)
v

o

Equation (2-2) can be used to define an equation for the temperature at the fuel rod centerline, T(0):

2

- 9%
7(0) = —=%+T.. 2-3
(0) = Lo+ 7, 23)

Defining the temperature difference between the centerline and the radial position, AT = T(0) - T(r). Equa-
tions (2-2) and (2-3) can be combined to obtain the following relationship for thermal conductivity:

k(r) = fTVZT . (2-4)

Hence, thermal conductivity can be calculated if the radial position from the sample centerline, 7; volumet-
ric heat generation rate, ¢ ; and measured temperature difference, A7, are precisely known.

2.1.2. Method Limitations and Uncertainty

There are acknowledged limitations to the two-thermocouple method. Placing two thermocouples
within a prototypic-sized 1/2” diameter fuel rod will incur significant perturbations in the measured fuel
thermal conductivity. Another limitation of the method, which is inherent to measuring temperature using
thermocouples, is the contact resistance between the thermocouples and sample. Since the method uses
two thermocouples, the error from this source is essentially doubled. As a first effort, the approach in Ref-
erence 6 was applied to estimate the uncertainty in the experimental measurements (even though the
approach and setup uncertainties are not included within this analysis of uncertainty). Equation (2-4) is
rearranged to evaluate the uncertainty impact of each measurement parameter:

2

- e , (2-5)
AnLr2AT

where ¢ is defined as the product of measured current, /, and measured voltage, V, divided by the volume,

with r, being the radius of the rod and L the length of the rod. Defining dk as the uncertainty of Equation

(2-4), the partial differentials can be taken of Equation (2-5):

2 2 2 2 2
dk = Vr di+ Ir v+ 21Vr dr— 1Vr i dr, - 1Vr dl . (2-6)
4nATr2L 4nATr2L 4nATr2L 4n(AT)?r2L 2nATr3L 4nATr2L?
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Dividing by £:

dk _ dV I o(dr_dr) dAT dL 27
k Vo1 ror, AT L
Using uncertainty terminology from Reference 6, where:
dk dVv dl dL
Sk = 7{‘, SV = _V_, 81 = 7, ey SL = T; (2'8)

thus, a first approximation for the general uncertainty of the two-thermocouple experimental method is:

e = J(en)?+(e)2 +2(e,)* +2(8, )2 + (ear)* + (8,)%. (2-9)

In the above equation, g is the voltage measurement uncertainty provided by the power supply manufac-
turer, g, is the current measurement uncertainty based on calibration numbers, €, is the uncertainty from
radial distance measurement based on thermocouple dimensions and machining tolerances, €,; is the
uncertainty from the AT measurement given by the thermocouple manufacturer, ¢, is the uncertainty from

the radius measurement, and g, is the length measurement uncertainty. Table 2.1 shows the percentage of
contributing uncertainty from each of these sources.

Table 2.1. Two-thermocouple method contributing error

Error Source Error Percentage

ey 2.10

€ 0.10

g, 8.36
EaT 0.75

g, 0.10

€r 9.30E-2

€ 12.03

Table 2.1 indicates that the largest calculated uncertainty is from the placement of the thermocouples
within the sample and measuring the exact location. The assumption of measuring temperature at a finite
point within the material of the rod is used with this method. This assumption does not include the thermo-
couples having a different material than the surrogate rod material; therefore, the larger the diameter ther-

5 INL/EXT-09-16039



mocouple, the more error will be introduced. Also, there can be a considerable error contribution by gap
resistance between the thermocouple and the sample. While not discussed in this report, improvements to
experimental measurements from gap resistance will be assessed by this project at a later date.

2.1.3. Halden Experience for In-Pile Application

The IFE at the Haldenprosjektet (HRP) has successfully applied the two thermocouple approach for
detecting fuel rod conductivity degradation during irradiation.” The approach relies on data from a thermo-
couple in the fuel rod to give centerline temperature and a second thermocouple placed on the exterior of
the fuel cladding. Fuel thermal conductivity was calculated to obtain the plot shown in Figure 2-2.

e
¥ A =4040/(464 + a'B + (1-0.0032"'B)'T)
5 54 +00132° 78T ik
54. a=18
: Jp—— —
© a=15(-10)
g - 3= 17 (+10)
® 3
13
[+]
£
B 4
-
w
1

0 200 400 #0D 800 1000 1200 1400 1800
Terrpomtun!.oc

Figure 2-2. Halden generated plot of fuel thermal conductivity as a function of rod burn-up8

Although not explicitly stated in References 1, 7, and 8, it appears that [FE-HRP must invoke several
assumptions to apply this technique. For example, this approach requires assumptions, such as uniform
fuel composition, uniform fuel density, estimating gap conductances by monitoring fission gas releases and
gap closure!, and known heat generation distribution of the fuel rod.

2.2. Transient Hot Wire Method

The Transient Hot Wire Method (THWM) or line heat source method, was first suggested by Schleir-
macher.’ Numerous references may be found in the literature describing applications of this method to
measure the thermal conductivity of solids, fluids, and gases (e.g., see References 10 through 15). Today,
several commercial vendors offer systems measuring thermal conductivity based on THWM techniques
(e.g., see Reference 10).

INL/EXT-09-16039 6



2.2.1. Governing Equations

In a solid, this method may be applied by embedding a line heat source in the material whose thermal
conductivity is to be measured. From a condition of equilibrium, the heat source is energized and heats the
sample with constant power. The temperature response of the sample is a function of its thermal properties.
The thermal conductivity is found from the temperature rise at a small distance from the heat source. Fol-
lowing a brief transient period, a plot of the temperature versus the natural logarithm of time becomes lin-
ear, as shown in Figure 2-3 (the time period between #; and ¢,). The thermal conductivity for the sample
can be calculated from the following relation: 1LIS

th—t
1(2 [
0,1 t—l_t)

oy 210

where the power dissipation by the heater wire, Q,,, is related to the thermocouple temperature at the time
when the linear portion of the curve started, 7, and the temperature when the linear portion of the response
curve ended, 7. Some references include a time correction factor, #,, which is calculated from the data to
account for the finite size of the heater and differences in properties between the sample, line heater, and
thermocouple.

1 | L L L | I LU L B B |

Heater power —s

— Temperalure

Power
L]
[
Temperature

1 1 P T . ] 1 L1 4 1 51
04-3A50005-54

Time
Figure 2-3. Typical time versus temperature plot for hot wire method
One source of error with this method is associated with the finite length of the heater. In Reference 15,
it is noted that investigators have recommended minimum values for the heater length to diameter ratios
that range from 31 to 100. For accuracies of 1%, Reference 13 recommends that the ratio of the sample

diameter, d,,,,, to heater probe diameter, dj,q,,» be at least 60 and that the length of the sample, Lg,,,,,jc,
be selected based on its thermal diffusivity and estimated test period, #,, using the following relationship:

Lygppie 2 7.96(0t,)03. (2-11)

7 INL/EXT-09-16039



2.2.2. Method Limitations and Uncertainties

To enhance the accuracy of this method, several references provide guidance related to sample mate-
rial (based on its thermal diffusivity, ) the distance of the heater from the temperature sensor, x, the sam-
ple diameter, d,,,,, the relationship between 7; and #,, and the thermal contact between the sample and
the heater and sample and the sensor. With respect to the distance between the heater and the temperature
sensor, Reference 14 recommends that the following relation be applied:

2
o=, (2-12)
o

With respect to the sample diameter, several references recommend that the following relationship be
considered.

dszam le
1, < Cl(—L4a ) (2-13)

with C; varying from 0.1 (Reference 14) to 0.15 (Reference 13) for accuracies of 1%. The accuracy of the
measured thermal conductivity is enhanced if the ratio of 7,/#; is increased. Reference 14 suggests that 7,
should be greater than 800 seconds. To increase this accuracy, the experimentalist can vary the heater
power level applied to a particular material. Finally, it is desirable to have good thermal contact between
the probe and the sample material and the temperature sensor and the sample material. Poor contact will
delay the time at which the thermal response will become linear and the time when the thermal response
ceases to be linear. Correction factors or experimental techniques may need to be imposed to account for
imperfect thermal contact.

2.2.3. INL Experience

Preliminary investigations3 at INL's High Temperature Test Laboratory (HTTL) suggest that the
THWM would be a viable technique for measuring thermal conductivity of materials during irradiations in
INL's Advanced Test Reactor (ATR). Advantages of this method are its potential to yield data with shorter
measurement times (than possible with steady state methods) and because of its ease of installation for an
in-pile sensor (compared to other transient methods such as transient pulsed diffusivity methods used in
specialized laboratory systems). INL has explored the THWM using two sample configurations in a labo-
ratory setting. However, initial attempts suffered from measurement inaccuracies due to the selected sam-
ple, sensor, and heater geometries and thermocouple/heater-to-sample gap contact resistances. Lessons
learned from these initial INL attempts will be incorporated into the current INL/USU program.

2.3. Surrogate Rod Materials

Surrogate materials provide an inexpensive yet efficient view of the proposed methods' limitations and
advantages. The criteria for selecting surrogate materials were based on how material properties would
affect laboratory measurement ranges. For example, electrical resistivity of a material determines how well
current can flow through the material; but the lower the resistivity of a material, the larger the supplied cur-
rent needs to be to generate sufficient volumetric heat generation by Joule heating. Spreadsheets were cre-
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ated with upper and lower measurement limits of current, voltage, electrical resistance, thermal
conductivity, sample geometry, and sample temperature difference. From these spreadsheets, a limiting
range was calculated for selecting possible materials. Machinability and maximum service temperature
were some of the other important selection criteria. The first surrogate material selected for evaluation in
this project is CFOAM®.

2.3.1. CFOAM

The initial surrogate fuel rod material chosen for this proof-of-concept test is CFOAM®. This carbon
structural foam is non-combustible and will not off-gas at high temperatures. CFOAM is calcined coke
(CAS #64743-05-1)7 engineered to meet high performance material needs. It has a high tolerance to
impact damage and can be integrated with other materials, such as metals or polymer composites.

Table 2.2 from Reference 17 summarizes properties provided by Touchtone Research Laboratories
Ltd., the manufacturer of this material. Although these data were useful for preliminary selection of
CFOAM®, more detailed, temperature-dependent, material property data are needed for the USU/INL
evaluations in this project.

Table 2.2. CFOAM vendor supplied properties data'’

Property Test Method | CFOAM20 CFOAM25 Unit
20 25 Ibs/ft’
Nominal Density ASTM D1622
0.32 0.4 g/cm3
ASTM E 1225 0.15t0 16 BTU/ft-hr°F
Thermal Conductivity?
0.25to 25 W/mK
Maximum Operational Use 1100 Air °F
Temperature 600 Air oC
ASTM D 4496 4E-03 to E+06 Ohm-in
Electrical Resistivity®
1E-02 to 1E+07 Ohm-cm

a. Can be tailored for specific applications.

Although two CFOAM® materials (CFOAM20 and CFOAM?25) were initially considered, the denser
CFOAM25 was found to have more desirable properties for this application.

2.3.2. Material 2

Testing with material 2 has yet to begin at INL’s High Test Temperature Laboratory (HTTL). However,
details of material selection and results will be provided in the next progress report.
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2.4. Material Property Testing Measurements

As discussed within this section, initial room temperature material property data for these materials
suggested that they would be suitable for testing in a laboratory setting. However, in order to properly val-
idate proposed methods for estimating thermal conductivity, temperature-dependent properties of surro-
gate fuel rods must be quantified. Three important property measurements were made to estimate the
material's thermal conductivity because thermal conductivity of a material can be defined as the product of
density, specific heat, and thermal diffusivity. These values were measured using specialized laboratory
systems located at INL's HTTL.

2.4.1. Density

The density of a material as a function of temperature was calculated using data obtained from a push-
rod dilatometer. This machine measures thermal elongation of a material with respect to temperature.
Recalling that density is fundamentally defined as mass per volume, the linear coefficient of thermal
expansion is defined as the differential change in length per change in temperature:

_ 1oL
O = a7 (2-14)

where L, is the initial length. The above expression is often rewritten as:

% — o,AT, (2-15)

where 4L is the sample change in length, a; is the coefficient of linear expansion, and 47 is the sample
change in temperature. For isotropic materials, the volumetric coefficient of expansion is very closely
approximated as three times the linear coefficient of thermal expansion:

AV—V = 30,AT, (2-16)

o

where 4V is the sample volume change, and ¥, is the initial volume. The final volume is defined as initial
volume plus the change in volume. These relationships can be combined to obtain the final density, defined
as a function of sample mass, initial sample volume and length, and change in sample length, as shown by
Equation 2-17:

p, = —-”lﬂfiA—L—. (2-17)
1+ 3L
° L

o

2.4.2. Thermal Diffusivity
Thermal diffusivity, a, is defined as the material’s thermal conductivity divided by the product of the

material’s density and specific heat. Hence, thermal diffusivity effectively relates a material’s ability to
conduct energy to its ability to store energy.18 Thermal diffusivity was measured at INL’s HTTL using a
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laser flash thermal diffusivity system. The system provides high energy pulse heating to one surface of a
sample; the imposed thermal transient allows measurements of how well heat transfers through the sample,
which is then used to estimate the material’s thermal diffusivity.

2.4.3. Specific Heat Capacity

Specific heat capacity measurements were conducted at INL’s HTTL using a Differential Scanning
Calorimeter (DSC). A complete DSC test requires three individual tests: a baseline test without any sample
material (results from this test are used to eliminate any bias from test to test variations), a test containing a
reference sample with well known C, values in order to calculate the unknown sample C,, values, and a test
with sample whose properties are unknown. Precision is required for accurately characterizing the specific
heat using this test, and one of the more important requirements is closely matching the masses of the test
sample to the reference sample.

2.4.4. Thermal Conductivity

Once the above measurements were made for each surrogate material, its temperature-dependent ther-
mal conductivity from material property values was estimated using Equation 2-18:

k= apC,. (2-18)

2.5. Finite Element Modeling Using ABAQUS

ABAQUS is a Finite Element Analysis (FEA) tool which has numerous capabilities and advantages
over many FEA packages. The mesh developed for the two thermocouple analysis is detailed in this sec-
tion. The ABAQUS model was developed to provide insights and comparisons regarding the experimental
results. Also the model was used to help bound the potential effects of non-ideal contact thermal resistance.

2.5.1. Model Development

The software package ABAQUS was used to generate a 3-D model of the experimental setup used to
measure the steady state thermal conductivity of a fuel rod surrogate. Key features of the model include
representations of the surrogate fuel rod, type-K thermocouples, and gap elements used to evaluate the
effects of conduction contact resistance.

Section 4 surrogate fuel rod material property data, were used to define the model thermal parameters
as a function of temperature. The model was constructed as a single extruded three-dimensional deform-
able part, with separate components (surrogate rod material, thermocouples, and gaps) defined by parti-
tions. Separate components were assigned materials with properties either defined through testing or
reference data. The thermocouples were modeled using weighted average material properties. These prop-
erties were derived by averaging the properties of each component, with the contribution of each compo-
nent weighted by its fraction of the total cross-sectional area of the thermocouple at a point near the
junction. Thermoelements were considered to be composed of Chromel and Alumel. Insulation was con-
sidered to be alumina. Thermocouple sheaths were assumed to be Inconel 600. The gap elements were
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modeled as solids in order to simplify the model. The assembled model structure is shown in Figure 2-4;
and a close up view of the intersection of the fuel surface, the thermocouples, and the gap ele-
ments is shown in Figure 2-5.

Figure 2-4. Model assembly

Surrogate
Fuel Rod

Gap
Elements

Thermocouples

Figure 2-5. Close up view of model components
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The gap material was given values for density and specific heat capacity that match the properties of
argon, the gas in which the test was conducted. Thermal conductivity of the gap material was derived using
Equation 2-19: 19

k
h = £ s 2-19
s 3.6(R,+Ry)+ (g +g) ( )

where:
kg - thermal conductivity of argon (W/m2°C)
R, R, - surface roughness of materials on each side of the gap (m)
g1, - temperature jump distances (m)
and
0.0247k, T,
g&1tg = —au‘a (2-20)
P gas ]\4‘;:v
where:
Tyus - temperature of the argon (K), taken as furnace temperature
Pg4s - pressure of the argon (Pa), taken as atmospheric
M,,s - molecular weight of argon (kg/kg*moles)
dgqs - accommodation factor,%” ranging between 0 and 2

The thermal conductivity of the gap elements was then by defined as h,,, multiplied by the thickness
of the element. The extremes of measured values for each surrogate rod gap conductivity, along with the
average values, were provided to the surrogate rods.

ABAQUS allows direct application of volumetric heat loads. Volumetric heat generation of the surro-
gate fuel elements was approximated in the experiment using the electrical resistance heating of the fuel.

The final physical condition to be modeled was surface cooling of the fuel and the thermocouples. Due
to the complexity of estimating both convective and radiation cooling coefficients as functions of tempera-
ture, experimental data were used. The film cooling coefficient was adjusted such that the peak model tem-
perature registered by the centerline thermocouple matched closely that given in the experiment.

The ABAQUS software allows for automatic mesh generation. Due to the small dimensions of the gap
elements, a global seed size of 2.2 mm was chosen. The mesh was then automatically generated. The
meshed assembly is shown in Figure 2-6. It should be noted that the mesh of the gap elements and of the
thermocouple sections that are within the fuel are suppressed from display by the ABAQUS program, as
these meshes are very dense.
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Figure 2-6. ABAQUS generated mesh

The test data were obtained using two input power levels, total power dissipations of 40 and 100 watts.
As such, the model was set up with two steps, one accommodating each power level. The model was run as
a transient analysis, with the end condition determined as steady state (defined as a temperature change of
less than 0.001 °C between iterations). A typical visualization of the steady state surface temperature con-
dition is shown in Figure 2-7.

TR ST WINE YN mel AbsaTiasded e d B2 Tha Hge 16 G080 Mo Daglyls Tees J00%

Figure 2-7. Steady state surface temperature distribution

INL/EXT-09-16039 14



A cutaway view of the model is shown in Figure 2-8. Two nodes (highlighted in the figure) were cho-
sen to simulate the thermocouple junctions. The temperatures recorded at these nodes were used for deter-
mining A7 and effective thermal conductivity.

Figure 2-8. Cutaway model view with thermocouple junctions highlighted

Figure 2-9 shows a representative ABAQUS generated test result for power levels at 40 watts and 100
watts. The curves shown in Figure 2-9 are the temperatures of each junction node with respect to time. As
seen in the figure, the AT during the initial transient is much less than at steady state. This effect was
noticed also during experimental testing. Also noticed in Figure 2-9 is the larger A7 and higher steady state
temperature point for 100 W than 40 W. These two effects were also noticed in experimental testing.
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Figure 2-9. Representative transient ABAQUS output

2.5.2. Proposed ABAQUS Test Cases

Parameters defining the model will be varied in a similar manner as those varied in the experimental
setup. Table 2.3 shows proposed variations for the two thermocouple test setup.

Table 2.3. Proposed testing variations for two-thermocouple model

Sensitivity Model Parameter Varied
Fuel thermal conductivity Vary test properties
Ambient temperature variation Vary initial model and sink temperatures
Fuel temperature gradient Vary applied volumetric heat load
External cooling conditions Vary surface film cooling coefficient

Contact conductance Vary thermal conductivity of gap elements

Multiple component material Partition fuel cell and very properties

Interior cracking

Add “crack” elements to fuel component
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3. SETUP AND METHOD

Two-thermocouple setup and method details are provided in this section. All testing is performed at
INL’s HTTL. The hot wire method and setup will be given in the next progress report.

3.1. Two-Thermocouple Setup

From the definition of thermal conductivity found in Equation (2.4), the required measured parameters
are: outer thermocouple distance from centerline, 7; volumetric heat generation, ¢ ; and measured tempera-
ture difference, A7. The test setup shown in Figures 3-1 and 3-2 is being used to obtain data for these
parameters.

: Signal
' conditi
~— Sample : s
------------------------------------------ = 1 i
I ) Q
; Qata acquisition
system
———
Quartz tube - Tube furnace Power
supply

Figure 3-1. Theoretical test setup inside tube furnace

Data

Acqulsitlun . ¥4 Tube fumace
System - LY and controller

Figure 3-2. Test setup at INL’s HTTL
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The samples are positioned inside a tube furnace to control temperature and provide a sample temper-
ature test range from 300 to 800 °C. The tube furnace only changes ambient temperature. A specified volt-
age and current are supplied to the sample by attaching the power supply to each end of the sample using
Inconel electrodes connected to Inconel clamps. Leads attached to Inconel clamps at each end of the surro-
gate rod measure the voltage drop of the sample. A precision current measurement, commonly called a
shunt, measures current within the experimental test loop. Voltage leads are attached to the shunt to mea-
sure the voltage drop. Because the shunt resistance is very well known or calibrated, current can be calcu-
lated from Ohm’s Law. Volumetric heat generation is calculated using the measured current, /; and the
sample voltage drop, V; sample dimensions, and the relationship between Power, P, current, and voltage
(e.g., P =I*V). Flow rates can be adjusted using valves to vary fluid conditions within the tube. The fluid
inside the tube can either be air or an inert gas, such as argon. Signals are processed by a data acquisition
system to give temperatures from thermocouples and power in the sample. The thermocouples are care-
fully positioned at known locations within the sample as seen in Figure 3-3.

e

' . :- clamp voi?ﬁgg leaci I

1S

Figure 3-3. CFOAM® sample with thermocouples inserted

INL/EXT-09-16039 18



3.1.1. Two-Thermocouple Method Sensitivity Testing

In these INL/USU evaluations, several test parameters will be varied to estimate the accuracy of the
proposed method. Table 3.1 shows proposed variations for steady state conditions.

Table 3.1. Proposed testing variations for steady state conditions

Sensitivity Experimental Parameter Varied
Surrogate rod thermal conductivity Vary test material
Variation in temperature Vary furnace temperature (200-800 °C)
Variation in temperature gradient Vary power supply parameters
Variation in outer boundary condition Vary gas flow along outer surface of sample
Improved thermocouple to surrogate rod contact Add graphite powders or lubricant
resistance
Multiple component material Sample with various test materials
Two region sample with interior cracked Specialized fabrication

Generating results based on the test matrix shown in Table 3.1 consists of selecting variables to hold
constant, such as power and exterior flow conditions, and measuring values over the defined temperature
range. For example, testing has been conducted by holding supplied power at 100 watts (W) and waiting
for sample and furnace to reach steady state equilibrium while holding exterior flow within the tube con-
stant. Once equilibrium is reached, the thermocouple readings do not change with respect to time; and data
are recorded. For the next data point, the ambient temperature is increased by increasing the tube furnace
temperature and steady state can be reached again. This process is repeated in order to generate data tables
for each testing parameter.

3.2. Transient Hot Wire Setup

Details of the hot wire setup will be discussed at a later date.
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4. RESULTS

Section 4 provides necessary properties data tested at INL’s HTTL for all surrogate materials used in
this INL/USU project. Section 4 also supplies experimental and simulation results for the two-thermocou-
ple technique. Ultimately, a new section will be added to incorporate results from the hot wire technique.

4.1. CFOAM25 Two-Thermocouple Results

Provided in this section are testing results for CFOAM25 required material properties using the two-
thermocouple technique testing. Also, results for a 3-D generated CFOAM25 model using ABAQUS to
calculate thermal conductivity of the test setup described in Section 3 are provide in this section.

4.1.1. HTTL Measured CFOAM® Property Data

Specialized systems existing at INL's HTTL were used to obtain temperature-dependent thermal con-
ductivity for CFOAM2S5.

4.1.1.1. Density Measurements

For density estimates, three CFOAM25 samples were tested over a temperature range of 30 to 1000 °C.
Each sample had a different mass and length to assess the impact of sample size. The results of the

dilatometer test are shown in Figure 4-1, where average density is plotted with measurement upper and
lower limits.
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Figure 4-1. CFOAM25 average density versus temperature with upper and lower bounds

Figure 4-1 shows that the CFOAM?25 density can be approximated linearly and that density changes for
CFOAM2S5 are minimal (1.9%) over the testing temperature range for the sample sizes evaluated.
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4.1.1.2. Specific Heat Measurements

CFOAM2S5 tests were completed using three machined samples and one sample crushed into powder
form. The test temperatures ranged from 30 to 1000 °C. An average was calculated from these tests, and
results are shown in Figure 4-2 with upper and lower bounds.
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Figure 4-2. CFOAM25 average specific heat, Cp, vs. temperature with upper and lower bounds

The average value with upper and lower bounds was used in this effort to characterize the material's spe-
cific heat capacity.
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4.1.1.3. Thermal Diffusivity Measurements

Three CFOAM25 samples, with varying thickness, were tested twice to confirm repeatability. From
this, it was also deduced that the properties of CFOAM® change very little when subjected to repeated
tests over the testing temperature range of 30 to 1000 °C as test-to-test variations were nearly undetectable.
Figure 4-3 shows the average value of thermal diffusivity with its upper and lower limits.
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Figure 4-3. Average CFOAM25 thermal diffusivity vs. temperature with upper and lower bounds

4.1.1.4. Thermal Conductivity From Material Properties Data

The CFOAM25 thermal conductivity was calculated using average values obtained from CFOAM?25
material property measurements for density, specific heat, and thermal diffusivity shown in Figures 4-1
through 4-3. Upper and lower estimates for material properties, which were based on upper and lower
experimental values reported also in Figures 4-1 through 4-3, were no greater than 14% from the estimated
average values with upper values ranging between 8%-14% and lower values ranging between 6%-12%.

4.1.2. CFOAM25 Experimental Results

Thermal conductivity testing, which began at INL's HTTL in January 2009, is still ongoing. Sensitivity
testing from Table 3.1 are being considered, temperature variations, temperature gradient variations, and
outer boundary condition variation have been tested. Two region cracked sample, multiple component, and
contact resistance sensitivities are currently being considered with results to be given in the next progress
report. However, initial testing appears promising with the setup shown in Figure 3-2. Early CFOAM25
results are compared in Figures 4-4 and 4-5 with average thermal conductivity values obtained from mate-
rial property measurements.
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Figure 4-4. Two-thermocouple approach CFOAM25 outer thermocouple down experimental data
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Figure 4-5. Two-thermocouple approach CFOAM25 outer thermocouple up experimental data
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Figures 4-4 and 4-5 show results from several parameter variations. Sample and furnace equilibrium
temperature were observed to have a direct relationship to input power through the sample; larger supplied
power and higher furnace temperatures yielded higher equilibrium temperatures for obtaining data. In gen-
eral, data obtained at higher power levels and for lower furnace temperatures yielded larger temperature
gradients through the samples. These larger temperature gradients, in turn, yielded thermal conductivity
values more consistent with values obtained from material property systems at the HTTL.

Figure 4-4 displays results from three cases with the outer thermocouple directly below the centerline
thermocouple. All three cases involved increasing furnace temperature. Two of the three cases had a sup-
plied power constant at 40 W and 100 W, while the third case had a constant temperature gradient of 3°C.
The 40 W series shows a quick divergence from the properties data, and the temperature gradient over the
40 W data series dropped from 2.5°C to under 1.5°C. It is assumed that the temperature gradient over this
data series was too low to have consistent and meaningful results. The 100 W series showed more consis-
tent results, as conductivity values over the temperature range of 500 to 600 °C seem to stay between 10 -
11 W/m°C. The temperature gradient for the last two data points of this series fell below 2°C from 3°C, and
this drop in 47 is believed to cause these data points to diverge away from the 10 - 11 W/m°C range. The
first two data points from the case with A7 = 3°C showed conductivity results back into the 10 - 11 W/m°C
range. From this early testing, it was concluded that a temperature gradient greater than 3°C is desired to
obtain consistent experimental data.

Testing with the outer thermocouple directly above the centerline thermocouple, as seen in Figure 4-5,
yielded values more consistent with the properties data obtained at the HTTL. Four test cases are displayed
in Figure 4-5, with all four cases holding supplied power or temperature gradient constant while increasing
the furnace temperature and in one case also increasing tube flow rate. With supplied power constant at
100 W, the results were close to the properties curve with a maximum deviation of 8% over the tempera-
ture range of 500 to 700 °C. However, the data point above 700 °C diverged dramatically as AT fell from
6.6° to 3°C when ambient (furnace) temperature increased. Measurements above 700 °C with the outer
thermocouple directly above the centerline thermocouple improved as seen in the data series where A7 =
6.5°C and also in the data series where AT = 9.5°C, especially over the temperature range of 750 to 800 °C.
When the power was held constant at 100 W, the reading at 740°C was 92% away from the properties
curve; but with 47 = 6.5°C and 9.5°C, the reading dropped to 43% and 15%, respectively.

There are several possible explanations for the diverging data shown in Figures 4-4 and 4-5. Observed
differences due to thermocouple location may be due to angular dependence of outer thermocouple place-
ment in the tube. As illustrated in Figure 4-6, it is possible for a plume to develop around the circumfer-
ence of the rod due to boundary layer formation. Since the flow rate of argon through the tube was very
low, an assumption of laminar flow around the cylinder can be valid. If the flow is laminar, then the Nus-
selt number can be described as a function of angle. Consider the defining equation for the Nusselt number,
hD/k; where h is the convective heat transfer coefficient, D is the characteristic length (rod diameter in this
case), and k is the thermal conductivity of the fluid. Assuming that the thermal conductivity of the fluid
along the exterior of the surrogate rod remains constant (see Figure 4-6), the only way the Nusselt number
can decrease as angle (6) increases is if the convective heat transfer coefficient increases. Measurements
obtained with the initial setup indicate that thermal conductivity is larger when the outer thermocouple is
down compared to when the outer thermocouple is up. That is, measurements suggest that larger tempera-
ture differences and associated heat flux occurred at the bottom then at the top. Hence, the plume in Figure
4-6 is a visual representation of heat transfer around the rod, where the observed heat transfer was lowest at
the bottom. Figure 4-6 represents two dimensional flow and assumes the boundary layer development is
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Figure 4-6. External free convection condition’

uniform; but in three dimensional flow the boundary layer of the sample is larger on the end closest to the
tube exit and smallest on the end closest to the tube inlet. Increasing the argon flow within the tube
increased the experimental conductivity measurement as seen from increased flow case in Figure 4-5. This
increased flow supports a more developed boundary layer condition and consequently more heat transfer
by convection away from the sample.

4.1.3. CFOAM25 ABAQUS Results

ABAQUS was used to model the performance of a surrogate fuel rod composed of CFOAM25 mate-
rial. The components used in the model (surrogate fuel and thermocouples) were programmed with mate-
rial properties obtained by testing and from manufacturers. The experimental conditions were then
replicated within the model. This allowed for the comparison of experimental results with idealized results
from the model.

4.1.3.1. Base Case Results for 40 W and 100 W

Figure 4-7 shows base case results thermal conductivity estimates assuming a thermocouple-to-
CFOAM25 gap conductance value of 1643.75 W/m?K plotted against the average thermal conductivity
from CFOAM25 HTTL property testing results. The legend notation in Figure 4-7 is: outer thermocouple
gap coefficient — centerline thermocouple gap coefficient — supplied power (40 or 100 W). As shown in
this figure, ABAQUS results are consistent with, although slightly lower than, average values of measured
material properties plotted in Figure 4-5 and experimental values obtained for cases with the outer thermo-
couple up (before data begin to diverge). Similar trends with temperature may be observed, although val-
ues calculated with ABAQUS are slightly lower due to the reduction in heat transfer from the gaps
between the thermocouples and the CFOAM?25.
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Figure 4-7. ABAQUS model base case CFOAM25 thermal conductivity outputs

4.1.3.2. Gap Conductance Sensitivity

Using CFOAM25 material properties and Equations in References 19 and 20, thermocouple to
CFOAM gap conductances were calculated to range from 17.5 to 3270 W/m?K. ABAQUS calculations
were completed to assess the sensitivity of gap conductance for outer and centerline thermocouples for
power inputs of 40 W and 100 W and ambient temperatures ranging from 400 to 800 °C. Upper and lower
bound estimates from ABAQUS calculations are compared with material property test results in Figure 4-
8.
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Figure 4-8. ABAQUS results compared to HTTL measured material properties

Several observations can be made from information presented in Figure 4-8. First, extreme variations
in gap coefficients produce small, consistent variations in output thermal conductivity values. For example,
the maximum value for gap coefficient of 3270 W/m2K is approximately 187 times greater than the lowest
estimate of 17.5 W/m2K. Although this factor of 187 increase in gap conductance did increase estimates
for thermal conductivity, the increase was limited to approximately 6.4%. Second, calculated values from
Figure 4-8 are consistent with measured material property values and experimental values obtained for
cases with the outer thermocouple up (before data begin to diverge). Third, comparisons reveal similar
trends with temperature and that estimated values are within or slightly below estimated properties curve
error bounds (although as noted in Section 4.1.3.1, the lower values are anticipated due to thermocouple-
to-CFOAM gap heat transfer).

4.1.3.3. Other Model Sensitivities

Sensitivities testing using Table 2.3 is still being investigated and will be provided in the next progress
report.

4.2. Material 2 Two-Thermocouple Results

Results to be given at a later date for material 2.
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5. CONCLUSIONS

Methods for in-pile detection of fuel rod thermal conductivity are being investigated using surrogate
rod materials. As discussed in this initial progress report, evaluations are first being performed to investi-
gate a method which uses two positioned thermocouples to measure the temperature of two points within
the surrogate rod while Joule heating is applied to the rod for volumetric heat generation. Temperature-
dependent thermophysical properties of elongation, specific heat, and thermal diffusivity, were measured
using standard laboratory equipment to calculate thermal conductivity of the first surrogate rod material
tested, CFOAM2S5. The test setup was modified to examine the sensitivity of results to several parameters,
such as boundary condition changes, power supply variations, and temperature variations. Thermal con-
ductivity was calculated under each condition to view the measurement sensitivity of method.

Key results documented in this initial progress report include:

The thermal conductivity of the CFOAM25 rod was measured experimentally using a two-thermo-
couple method. For cases with the outer thermocouple located above the center thermocouple, val-
ues obtained for constant supplied power of 100W between 500 to 700 °C were found to be within
2-8% from the values calculated using average values from standard material property measure-
ment systems. In general, higher input values of power and 47T measured with two thermocouples
gave results closer to the properties curve. Values obtained experimentally are consistent with the
values obtained from standard property measurement systems (see Figures 4-4 and 4-5) over a spe-
cific temperature range of 500 to 700 °C. These values have similar trends and are within the upper
and lower bounds obtained with laboratory material property measurement systems.

Finite element calculations using ABAQUS were performed to verify and gain insights from
experimental measurements. Results from steady state thermal conductivity predictions for
CFOAM?2S5 as a function of temperature were found to have similar trends and were within possi-
ble error ranges from the two thermocouple and HTTL material property system measured values.
Sensitivities were completed with ABAQUS to evaluate the impact of gap resistance between the
sample and thermocouples over a wide range of gap coefficients. Maximum variation from mini-
mum and maximum gap coefficients was found to be 6.4%.

While improvements to the method are currently being implemented, the proposed method's early test
results suggest the viability of using surrogate fuel rods in a laboratory setting to gain insights and demon-
strate possible improvements for currently used in-pile thermal conductivity measurement techniques.
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