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ABSTRACT

This study was aimed at the development of an accurate thermal contact
resistance and thermal conductivity measurement system that was simple enough to be
constructed and operated by multiple users. A method based on Fourier’s Law of
Conduction was developed. The purpose of this device is to analyze component
interfaces and advanced material applications within Department of Defense’s energy

systems to improve fuel efficiency and performance.

Comprehensive details of the design, construction, and operation of the
experimental device are presented. Challenges included maintaining one-dimensional
conduction, uniformity of temperature distribution, control of heat loss, and sample to
plate interface resistance control. Numerical heat transfer and uncertainty analyses with
applied engineering judgement were extensively used to come up with an optimized
design and construction method that guaranteed high accuracy and replicability.

Accurate measurements are demonstrated by analyzing Pyroceram 9606 and
99.8% Alumina reference samples. Results indicate capability to measure thermal
conductivity from 0.1 to 40 W/m-K with respective accuracy within 3-6.5%. Ability to
reduce result uncertainty within 10% is achieved. Replicability analysis indicates
reproducible results within 6% for different users. Recommendations are provided for
experimental research utilizing the proposed measurement system addressing current heat

transfer issues facing the Department of Defense.
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l. INTRODUCTION

A. PROBLEM STATEMENT

With the recent budgetary issues associated with sequestration, the U.S. military
has emphasized doing more with less. This has become quite apparent through the
Department of Defense’s (DOD’s) struggle to continue to supply the warfighter around
the world with supplies essential for mission success. One key issue is the overall
dependency of our forces on fossil fuels. In many situations, our high dependency on fuel
requires extensive logistical support and incurs additional unnecessary risks, such as loss
of lives, as we strive to complete missions successfully [1]. To meet the goals of energy
efficiency set forth by the DOD, this report lays down the ground work and establishes
the infrastructure for all future experimental research in waste heat recovery (WHR) and
concentrated photovoltaic (CPV) fields at the Naval Postgraduate School (NPS). The
focus of this project is the overall design and construction of a thermal contact resistance
and thermal conductivity measurement system that can be built and operated at any
facility. The purpose of this device is to characterize new materials for their possible
inclusion into WHR, CPV, and potential laser cooling systems. The range of thermal
conductivity measurement ability makes the system ideal for characterizing materials
such as heat exchanger gaskets, thermal interface materials (TIMs), thermal coatings, and
other advanced proprietary materials currently under investigation by the DOD. By
improving the way the DOD manages thermal contact resistance and thermal
conductivity in complex energy systems, advancements can be made to improve energy

efficiency, reducing the military’s dependency on fossil fuels.

Over the past decade, many reports and strategies have been produced to guide the
DOD in innovative ways to reduce our fuel dependency. One such report titled More Fight -
Less Fuel was written in 2006 by a task force formed through the Defense Science Board
under the direction of the Under Secretary of Defense for Acquisition, Technology and
Logistics (USD [AT&L]). This document includes various findings and recommendations to
minimize the DOD’s dependence on fuel [1]. In response to an energy agenda established by
the president of the United States, the Secretary of the Navy (SECNAV) has addressed five

energy goals in his Energy Message to the Fleet (see Figure 1).
1



Figure 1.  Secretary of the Navy’s 5 Energy Goals in his Energy Message to
the Fleet

s . Evaluation of energy factors will be mandatory when awarding contracts
1. Energy Efficient Acquisition < for systems and buikdings.
2 Sail the “Great Green Fleet® DON will demonstrate a Green Strike Group in local operations by 2012
. and sail it by 2016.

3. Reduce Non-Tactical By 2015, DON will reduce petroleum use in the commercial vehicle
Petroleum Use fleet by 50%.

4. Increase Alternative By 2020, DON will produce at least 50% of shore based energy requirements
Energy Ashore from alternative sources; 50% of DON installations will be net-zero.

Use DON-Wide

from alternative sources.

5.Increase Alternative Energy < By 2020, 50% of total DON energy consumption will come

From R. Mabus, Department of the Navy’s Energy Program for Security
and Independence, Darby, PA: DIANE, 2010.

These goals have been established as a means to reduce the nation’s dependency
on fossil fuels [2, 3]. As shown in Figure 1, focus is placed on methods to increase energy
security both on shore and in the tactical arena. Through the adaptation of alternative
energy sources, conservation of current fuel supplies, and an increase in energy efficiency
of current and developing systems, the DOD can begin to reduce its fossil fuel
dependency. By advancing research in these three areas, the U.S. military can ensure its
continued ability to project power abroad.

In recognition of the guidance put out by the SECNAYV, the Waste Heat Recovery
Systems (WHRS) team was established in 2013 at NPS in Monterey, California. This
team was assembled to investigate current and developing technologies that can be used
to advance Navy and Marine Corps heat exchanger technology. The investigation in these
new technologies aims to increase DOD’s energy efficiency and reduce our reliance on
fossil fuels through the adaptation of WHR devices. By successfully completing these
objectives, the team will assist the Navy in accomplishing its Energy Goals and Strategy
outlined in Figure 1. Upon initiation, a six year WHRS Program Roadmap was generated
which outlines the proposed research milestones to include numerical modeling and
experimental research (see Figure 2).



Figure 2. U.S. Navy’s WHRS Program Roadmap 2014-2020
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At the time that this report was generated, the group had already achieved the
milestone of establishing an Ultra High Performance and Reliability Heat Exchanger
Laboratory through funding from the Office of Naval Research (ONR). In addition,
multiple completed numerical studies have evaluated WHR in exhaust ducts for the
Navy’s gas turbines and the Marine Corps’ diesel generators. These previous studies have
investigated ways to reduce infrared (IR) signature [5], reduce thermal stresses in WHR
devices [6], and mitigate pressure drops in ducts with turning vanes [7]. Comprehensive
goals are outlined in Figure 2. Using an incremental approach to solving the military’s
energy issues, studies such as this one can generate the information needed to meet the
goals set forth by the SECNAV.



Contributing to the work already accomplished by the WHRS team, this particular
project focuses on the overall design and construction of an experimental system to
measure thermal contact resistance and thermal conductivity accurately. By
accomplishing this work, this project lays the groundwork and establishes the
infrastructure for all future experimental research in the WHR and CPV fields at NPS as
outline in Figure 2. With the recent large investments of the DOD into improving WHR
and energy efficiency, attention needs to be drawn toward fully understanding the affect
that both measurements have on the implementation of devices such as commercial off
the shelf (COTS) WHR, CPV, and laser cooling components. Furthermore, accurate
thermal contact resistance and thermal conductivity measurements will make the system
ideal for evaluating new materials that could improve efficiencies in these systems (see
Figure 2). Many of the new proprietary materials being developed by the DOD could lead
to significant improvements in energy efficiency through their incorporation in system
components such as gaskets and TIMs. Through the development of future new
technological design and on-site capability, this study advances the WHRS group forward
to meet the overarching goals of the USD (AT&L) and the SECNAYV in improving the

energy efficiency of shore based and tactical units.

B. AIM

This project aims to establish the onsite and internal DOD capability to thermally
characterize materials and thereby determine which types would be of benefit to the
WHR, CPV, and laser-cooling systems (see Figure 2). This will include the design and
construction of an experimental measurement system that can accurately measure thermal
contact resistance and thermal conductivity consistently from 0.1 to 40 W/m-K within a
5% margin of error. Focus will be placed on a simplistic design and construction method
for the proposed system that will allow it to be easily built at any Department of the Navy
(DON) or DOD research facility enabling that particular site to conduct on-site material
thermal property research. The accuracy of this device will be evaluated using Pyroceram

9606 and 99.8% Alumina reference samples.



The focus on a simple measurement system design and construction method is
aimed at enabling the device to be used by any researcher or engineer while still
providing accurate results. This is in contrast to more complex measurement systems
currently in use at many prestigious research facilities and commercial establishments
throughout North America. The complexities associated with these systems often
preclude researchers without extensive training from operating or repairing them. The
proposed design allows for the commissioning and operation of a measurement system

that can be completed by any experimentalist regardless of background.

Using this system, thermal properties of advanced proprietary materials being
generated at NPS, as well as throughout the DOD, can be determined through future
studies. The properties of materials such as high velocity oxygen fuel (HVOF), cold
spray coatings, composites, and other advanced materials can then be assessed for their

applicability in complex energy systems to control temperature and heat distribution.

C. SCOPE OF REPORT

The presented work covers research in analytical, numerical, and experimental
domains employed in the construction of a system to measure thermal contact resistance
and thermal conductivity from 0.1 to 40 W/m-K. The first portion of this report will focus
on the efforts contributed to the design and construction of the measurement system,
including the rationale for particular design choices. The second portion will cover the
experimental design layout and analysis of results. In this section, accuracy and
replicability of the experimental measurements will be analyzed. Uncertainty analysis
will be conducted on the produced data using the Kline and McClintock Uncertainty
Analysis. Finally, a section of this report is devoted to future recommendations for the
employment of the system design to include thermal contact resistance and thermal

conductivity measurements as a function of pressure and sample temperatures.



THIS PAGE INTENTIONALLY LEFT BLANK



II. BACKGROUND

As the DOD strives to reduce dependency on fossil fuels through increasing
energy efficient use, it must start by revisiting the basic principles of thermal energy and
heat transfer. All too often, the decision is made to proceed with a new technology
without first considering the possible adverse consequences, such as temperature, heat,
and thermal stress distributions, that result from material selection of subcomponents. In
most of these cases, the result of this inability to fully comprehend how component
material selection effects the thermal environment within energy systems results in
overheating and unbalanced thermal stresses as discussed in Koh [6]. Overheating and
unbalanced thermal stresses lead to significant mechanical issues, such as component
reliability, a problem that beset the U.S. Navy’s (USN’s) exhaust WHR devices
employed aboard the Ticonderoga class cruisers and Spruance class destroyers [8]. In
other cases, such as providing cooling air to electronics, temperature probe material
selection and construction can contribute to inaccurate measurements, which can lead to
increased cycling of air conditioning (AC) units increasing energy consumption. This
specific situation was apparent in a few of the COTS cooling technologies being
displayed to the Marines during their annual Expeditionary Energy Concepts (E2C)
demonstration (previously known as Experimental Forward Operating Base (ExFOB)) in
2014. Similarly to other demonstrations the DOD hosts, the goal of E2C is to provide a
forum in which civilian industry can demonstrate their COTS technologies to government
stakeholders for future consideration and testing [9]. Without fully understanding how
particular material choices in components can effect everything from temperature
measurements to heat and thermal stress distributions, the DOD runs a high risk of
purchasing future COTS units that will not be maximized for energy efficiency and/or
reliability.

For a thermal measurement apparatus to be beneficial to the energy goals
established by the SECNAYV, several key performance criteria must be met.

) First and foremost, it must be able to measure thermal properties that are
of interest to the DOD’s current state of research and technology. For the
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purposes of this study, underscored by current issues facing the DON, the
choice was made to focus on thermal conductivity and thermal contact
resistance.

o Secondly, the apparatus should improve upon experimental designs
proposed through previous completed work in order to guarantee high
measurement accuracy while minimizing result uncertainties.

. Thirdly, the chosen design and construction method should allow the
measurement system to be constructed at any DON/DOD facility and be
used by any experimentalist regardless of background to produce accurate
results.

By meeting these discussed criteria, the measurement system will be able to provide large

value to the DOD and its energy program.

A. THERMAL CONDUCTIVITY AND THERMAL CONTACT
RESISTANCE

Two factors that influence how accurately we manage the thermal environment in
energy systems are thermal conductivity and thermal contact resistance. Both affect the
way heat and thermal stresses are distributed throughout the system. An example of one
of the implications that result from improperly managing thermal contact resistance and
thermal conductivity is temperature measurement inaccuracies. A probe constructed of a
poor thermally conductive material when inserted into a hot fluid will read a lower
temperature than actual due to an established difference in temperature between the probe
surface and actual thermocouple or resistance temperature detector (RTD) position. This
difference in temperature is a direct result of the material selected. To further complicate
the issue, if the surfaces between the probe housing and thermocouple/RTD are not in full
contact, thermal contact resistance will contribute to an even larger difference between
actual and measured temperature values. These measurement inaccuracies can lead to
increased cycling of cooling systems or the failure to detect system malfunctions.
Through accurate measurements of a component’s thermal contact resistance and thermal
conductivity, the most ideal component design and construction method can be chosen.
The incorporation of these improved components, such as gaskets, probes and TIMs, into
military systems can then contribute to the overall improvement of energy efficiency and
reliability throughout the DOD.



1. Thermal Conductivity

Conduction is one of three methods through which energy transfer takes place and
can occur within a single body or between multiple bodies in contact with one another.
This is accomplished when molecules in warmer regions transfer kinetic and vibrational
energy to neighboring molecules in cooler regions via collisions and random motion [10