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ABSTRACT

Innovation in electronics and directed energy technologies is accelerating as the
21st century progresses. The requirement to process, store and interpolate information
and signals faster and with compact electronic units has led to the engineering of high
power electronics. As the power density of these electronic systems increases, the
demand for cooling increases. Development of directed energy systems also requires the
dissipation of large heat loads. If the heat generated by high power electronics and other
high energy systems is not reduced or transferred efficiently and quickly, resultant pre-
mature equipment failure, individual component failure or the inability to operate the

equipment will occur.

Carbon nanotube enhanced fluids have shown increases in the thermal
conductivity from 20% to 250% when compared to the base heat transfer fluid. This
study focuses on the stability of static, water-based, carbon nanotube enhanced mixtures
during thermal cycling (i.e., freezing and thawing) of the nanofluid using various types of
carbon nanotubes, loading percentages and surfactants. Electrical resistance
measurements were recorded over a series of phase changes in order to assess the

stability of the nanofluid.

Experimental results showed that static, carbon nanotube enhanced nanofluids are
stable between three to five freeze and thaw cycles before the carbon nanotubes start to
agglomerate and subside. This resulted in an increased electric conductivity, and
validated the use of electrical resistance measurements as a viable means of assessing the
stability of the nanofluid. However, ultrasonication of the nanofluids after the instability

recovers the original electric conductivity of the nanofluid.
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I. INTRODUCTION

A. THERMAL MANAGEMENT PROBLEM FOR DENSE, HIGH POWER
ELECTRONICS AND DIRECTED ENERGY SYSTEMS

Innovation in electronics and directed energy technologies is accelerating as the
21st century progresses. The requirement to process, store and interpolate information
and signals faster and with compact electronic units has led to the engineering of high
power electronics. As the power density of these electronic systems increases, the
demand for cooling increases. Development of directed energy systems also requires the
dissipation of large heat loads. If the heat generated by high power electronics and other
energy systems is not reduced or transferred efficiently and quickly, resultant pre-mature
equipment failure, individual component failure or the inability to operate the equipment
will occur. This problem can be solved by using large, elaborate cooling system

arrangements with modern technology but defeats the purpose of using a compact unit.

In order to reduce the size, weight and cooling system complexity an efficient and
effective means of heat transfer must exist. Optimization of cooling mediums, flow rates,
ancillary equipment requirements and installation space restrictions must be taken into
account. Conventional methods to increase cooling rates include using extended fin
surfaces or microchannels within the cooling assembly. Another approach has revolved
around increasing the thermal conductivity of the cooling medium. By improving the
thermal properties of the cooling medium, the effective size of the cooling system

arrangement can be scaled down to meet various space restrictions.

The inherent properties of water, oil and ethylene glycol mixtures render them as
relatively poor heat transfer fluids. Maxwell’s theoretical work first alluded to using
solid-liquid mixtures to improve the heat transfer properties of conventional fluids since
the thermal conductivity of solids is significantly higher than that of liquids [1]. Since
then, many studies on the effects of metallic-based nanoparticles suspended in heat

transfer fluids have shown a significant improvement in the thermal conductivity of the



fluid [2]. This scientific achievement in the use and application of nanoparticles has laid
the foundation for future experiments using nanoparticles and their effects in heat transfer

in high power density systems.

B. APPLICATION OF NANOPARTICLES AND THEIR USE IN NANOFLUIDS

Nanofluids are a new class of solid-liquid mixtures consisting of solid particles
with diameter sizes on the order of 1 to 100 nanometers (nm) suspended in a heat transfer
medium. Some common metallic and non-metallic solids that have been used in
nanofluid research include but are not limited to silver, copper, aluminum, diamond,
silicon, alumina, and carbon nanotubes. Common heat transfer mediums include water,

ethylene glycol and engine oil [3].

Nanofluid research is a growing field and has focused primarily on the
improvements in heat transfer properties of the nanofluid. Advantages to using nanofluids
include higher cooling rates, smaller and lighter cooling systems, a reduced inventory of
heat transfer fluid and miniaturization of individual heat exchangers [3], [4], [5].
However, as studies progress, there are still difficulties in dealing with nanofluids such as
ensuring a homogenous dispersion of the nanoparticles throughout the heat transfer fluid,
controlling processing techniques for the nanoparticles and understanding the physics of

nanoparticle behavior.

Initial studies conducted by Choi et al. [6] showed significant increases in the
thermal conductivity of a nanofluid using copper nanoparticles. When comparing the
thermal conductivity of metallic and non-metallic solids to various non-metallic heat
transfer fluids, solids exhibited thermal conductivities orders of magnitude higher than
the base fluid. By adding a more conductive material (metallic or non-metallic solid) to a
lower conducting heat transfer fluid, studies could focus on the resultant thermal

conductivity properties of the nanofluid.

The improvement in the thermal conductivity of nanofluids can be attributed to the
interfacial resistance and the resistance within the nanoparticle microstructure. Each plays an
important role in the resistance to heat flow. Regardless of the type and size of nanoparticle,

any interface at the microstructure is a barrier for heat flow. As the interface distance between
2



the nanoparticle and heat transfer fluid decreases or the thickness (diameter) of a nanoparticle
decreases, the resistance drop across the particle also decreases. The high surface-to-volume
ratio of nanoparticles decreases the overall particle resistance and enables them to be
effective conductors. On a nano-scale level, the resistance at the surface of a nanoparticle is
almost equivalent to the resistance of the particle itself. Therefore, the overall heat transfer
becomes comparable to the nanoparticle microstructure and the conduction paths formed by

dispersed nanoparticles [7].

C. CARBON NANOTUBE ENHANCED FLUIDS
1. Carbon Nanotubes

Carbon nanotubes (CNT) were first discovered by S. lijima in 1991 [8]. CNTs are
a member of the fullerene family and are also an allotrope of carbon called graphene.
Graphene is a densely packed single, hexagonal layer of carbon-bonded atoms that are
rolled to form a cylindrical microstructure. The ends of the cylindrical microstructure can
be capped with a hemispherical structure from the fullerene family or left open. The
orientation of the graphene microstructure gives CNTs their unique strength, electrical
and thermal properties. Figure 1 illustrates the microstructure of a single graphene layer

rolled in different orientations [9].

Figure 1. Graphene Sheet Rolled into Carbon Nanotubes.

The two main types of carbon nanotubes are single wall carbon nanotubes

(SWCNT) and multi-wall carbon nanotubes (MWCNT). SWCNTs are composed of a

3



single sheet of graphene rolled into a cylinder capped with one-half of a fullerene
molecule at each end of the cylinder. A MWCNT consists of concentric sheets of rolled
graphene that are either capped with one-half a fullerene molecule at each end or left
open. See Figure 2 for an illustration of a SWCNT and MWCNT [10]. For more
information regarding CNT structure, physical properties and synthesis (growth), see

reference [11].

Figure2.  (Left) SWCNT. (Right) MWCNT.

Valence bond theory, or orbital mixing, explains why carbon nanotubes can form
various microstructure orientations. Each carbon atom has six electrons which occupy the
1s%, 2s* and 2p” orbitals. The 1s%orbital contains two strongly bound electrons where as
the 2s* and 2p® orbital contain four weakly bonded valence electrons. These four
electrons can readily mix with each other or bond with neighboring carbon atoms

(hybridization) to form various planar bonds, also known as sp” bonds [11].

The orientation of planar bonds between carbon atoms affects the overall energy
state of the CNT, which directly impacts the thermal and electrical conductivity of the
CNT. In general, a higher energy state carbon atom will have a higher conductivity than a
lower energy state carbon atom. The detailed explanation of the electrical properties of

various band structures is beyond the scope of this study, but is described in reference

[11].

2. Carbon Nanotube-Based Nanofluids

Numerous investigations on the improvement of the thermal conductivity of heat
transfer fluids using solid particles have been conducted since Maxwell’s theoretical

observations in 1904 [1]. Using Choi’s initial results with solid, metallic nanoparticles
4



[6], he and others studied the effects of using multiple types of CNTs from different
synthesis processes using various dispersion techniques in multiple heat transfer fluids
[6], [12], [13], [14], [15]. Those studies have shown increases in the thermal conductivity
of the nanofluid ranging from 20% to 250% when compared to the base heat transfer
fluid. Although theoretical calculations and modeling based upon experimental data have
not been able to accurately predict the thermal conductivity of CNT enhanced nanofluids
given various parameters, experimental results clearly demonstrate that CNT suspensions

drastically improve the thermal properties of existing heat transfer fluids.

The intensive thermal and electrical properties of CNTs make them an appealing
candidate for their use in nanofluids. However, the molecular attractive forces, or Van der
Waals forces, between CNTs pose a significant problem in effectively employing CNTs
in a heat transfer liquid. Since CNTs are unable to form strong bonds with their
surroundings when placed in a liquid, they tend to form agglomerates, or large masses,
with neighboring nanotubes. Various dispersion methods have been used to ensure a

homogenous dispersion of the CNTs throughout the nanofluid.

CNT dispersion is accomplished by physical or chemical means. Physical
dispersion techniques include high speed shearing of the nanofluid using mechanical
mixing techniques, ball milling or grinding of CNTs prior to their addition into the
nanofluid, and ultrasonication of the nanofluid. Chemical dispersion techniques include
the chemical modification of the CNT surface during synthesis and use of surfactants to
lower the interfacial tension of the heat transfer liquid and CNTs. The most stable
suspensions have been achieved by using a combination of both physical and chemical

techniques [16].

3. The Relationship Between Thermal and Electrical Conductivity

The strong atomic bonds between carbon atoms enable it to have excellent
conductive properties. The Wiedemann-Franz law is an empirical law of physics that
states that the thermal and electrical conductivity properties are directly related by a
constant multiplied by the absolute temperature of the metal. This is also known as the

Lorentz relation [17, 18]. A linear relationship between the thermal conductivity and

5



material absolute temperature has been proven in many studies of various metallic and
semi-conducting materials. However, electrical conductivity testing of the same materials
fails to yield the same linear relationship. Despite inconsistent results from various
electrical conductivity tests, the conductivity does, in fact, increase with an increasing
absolute temperature [18]. By applying this relationship to nanofluids, the thermal
conductivity improvements achieved from using CNTs can be directly associated to

improvements in the electrical conductivity of the nanofluid.

4. Naval Postgraduate School Previous Research

In June of 2008, Kuhlmann studied the various thermal and fluid properties of
CNT-enhanced nanofluids and their possible inclusion in advanced thermal management
systems. He evaluated various CNT loading concentrations, temperature profiles, various
ultrasonication settings and surfactant concentrations. The study also focused on the
development of an appropriate protocol for producing stable, colloidal CNT suspensions.
His thermal analysis of the nanofluids revealed that CNTs possess a sensitive architecture
composed of loosely connected nanotube networks that directly impact the conductivity

properties of the nanofluid [19].

D. THESIS CONCEPT

The goal of this study is to evaluate the stability of static, CNT-enhanced, water-
based nanofluids over a specified number of thermal cycles, or phase changes between
freeze and thaw. The stability of the CNT-enhanced nanofluid is based upon changes in
the conductive paths formed by the homogenous dispersion of the nanotube network.
Theoretically, if the dispersed nanotubes maintained a homogenous network, the
conductive properties of the nanofluid would remain intact. Any changes in the
conductive properties during the thermal cycling of the nanofluid would indicate a

change within the nanotube network.

The electrical conductivity of the nanofluid will be used to assess the stability of
the nanofluid throughout thermal cycling. This study focuses on the ability to measure

electrical resistance to accurately detect changes in the CNT network. This study will also



evaluate the effects of CNT concentration, type of CNT, type of surfactant and the
nanofluid temperature during preparation on the electrical conductivity and stability of

the nanofluid.

Secondary studies were also conducted using electrical resistance measurements
to evaluate the stability of the surfactant during thermal cycling, and the effects of

combining different types of CNTs in the nanofluid.
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II. EXPERIMENTAL APPROACH AND VALIDATION

A. DESIGN OF EXPERIMENT

Based on the results of previous research using CNT-enhanced nanofluids, the
variables that had a significant impact on the thermal conductivity properties of a
nanofluid are:

. Type of Base Fluid

o Type of CNT

o CNT Volumetric Loading Percentage (Concentration)
o Type of Surfactant
o Surfactant Volumetric Loading Percentage (Concentration)

o Size, or Aspect Ratio, of CNT

A factorial approach was used to develop an experimental matrix. Each parameter
would have two levels, or settings. With the aim of keeping focus on the stability of the
nanofluid, some parameters were fixed to reduce the number of samples that needed to be
prepared. The base fluid, surfactant loading percentage and CNT size were fixed so as to
only have one level. Utilizing the Kuhlmann findings in the NPS 2008 study, similar
nanofluid processing techniques and comparable CNT and surfactant loadings were

selected in order to produce a stable nanofluid. Table 1 lists the design parameters for this

study.
Table 1. Design Parameters for Thesis Research
Parameter Level Settings
SWCNT
CNT Type 2 MWCNT

0.1 % volume

CNT Loading 2 0.2% volume
Surfactant Type ) Lithium Dodecyl Sulfate (LDS)
Igepal
Base Fluid 1 Distilled Water
Surfactant Loading 1 3.0% volume
CNT Size 1 SWCNT: 1—10pm x 1nm

MWCNT: 5—20um x 15 +/- 10nm
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B. PROPERTIES OF SELECTED PARAMETERS
1. Heat Transfer Fluid

The heat transfer fluid used for this research was distilled water. The excellent
thermal conductivity properties, specific heat and latent heat of fusion characteristics
make it a favorable choice in many heat transfer systems including high power
electronics and directed energy systems. Table 2 lists some important properties of

distilled water [20].

Table 2. Properties of Distilled Water
Parameter Value
. liquid: 1000 kg/m’
Density solid: 917 kg/m’
Melting o
Point 0°C
Boiling o
Point 100°C
Specific o
Heat 4180 J/kg per °C
Latent Heat 333.55 kl/kg
Viscosity 893.5 x 10 kg-s/m
pH approximately 7.0
2. Carbon Nanotubes

The single-wall and hollow, multi-wall CNTs used in this study were purchased
from Nano-Lab Incorporated located in Newton, Massachusetts. The CNTs were
synthesized by the chemical-vapor deposition processing technique. CNTs with a high
aspect ratio, or length to diameter ratio, were selected for this study. Residual impurities
from the synthesis process include less than 1% weight of iron and sulfur [21]. Table 3

lists the Nano-Lab CNT characteristics.
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Table 3.

Nano-Lab Incorporated CNT Characteristics

CNT Catalog Length | Diameter .

Type Structure Number (um) (nm) Purity
MWCNT | Hollow | PDIS5SL520 5-20 15+/-5 | >95%
SWCNT - DIL110 1-10 1 > 80%

In support of this study, prepared and processed CNT-enhanced nanofluids were
provided by Luna Innovations Incorporated located in Danville, Virginia. All nanofluids
were SWCNT-based with two purity levels and three CNT concentration levels. The
CNT synthesis and dispersion techniques used by Luna Innovations are unknown. Their
purity classification relied upon the Haddon method where purification levels above
100% were achieved by oxidation and nitric acid treatments. The CNTs were
ultrasonically dispersed in distilled water using a 2.0% volumetric loading of gum Arabic

surfactant [17]. Table 4 is a summary chart of the nanofluids prepared by Luna

Innovations.
Table 4. Luna Innovations Incorporated Nanofluid Information
CNT o
Sample Loading % (vol) Purity %

LnW - 0402 0.05 117.0

LnW - 0403 0.1 117.0

LnW - 0404 0.2 117.0

LnW - 0405 0.05 144.0

LnW - 0406 0.1 144.0

LnW - 0407 0.2 144.0

3. Volumetric Loading Percentages

Based on the results of previous research, the NPS research experimental values,
and the concentration of the Luna Innovations nanofluids, CNT loadings for this study
were selected to be 0.1% and 0.2% volume. The surfactant loading was fixed at 3.0%

volume to reduce the number of samples that could be reasonably evaluated within the

scope of this study.
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4. Surfactants

Chemical dispersion of the CNTs was accomplished by using Lithium Dodecyl
Sulfate (LDS) (anionic) and Igepal CO-630 (non-ionic) surfactants manufactured by
Sigma-Aldrich. These compounds were selected based on previous NPS research and to
evaluate their effects on nanofluid electrical resistance measurements. Both LDS and
Igepal are soluble in water, where LDS is in the form of a white-powder and Igepal is a
clear, viscous liquid compound. Detailed information on the surfactants can be found in

reference [22].

C. EQUIPMENT DESCRIPTION

Physical dispersion was accomplished by using a mechanical homogenizer and
ultrasonicator. An industrial freezer unit was used to enable the liquid-to-solid phase
change of the nanofluid. All electrical resistance measurements were taken using a digital
multimeter. The following sections describe the details of the equipment used in this

study.

1. Mechanical Homogenizer

A Stir-Pak mechanical homogenizer (stirrer) manufactured by Cole-Parmer
Instrument Company was used to homogenize the surfactant and the CNT additions into
the distilled water. A single propeller attachment was used during the homogenization
process. The homogenizer did not have an isolation assembly to prevent atmospheric
gasses from dissolving into the nanofluid during homogenization. Figure 3 shows a

photograph of the homogenizer.

2. Ultrasonicator

A Sonicator 3000 Ultrasonic Liquid Processor manufactured by Misonix
Incorporated was used for CNT dispersion. The ultrasonicator comprised of a probe tip
that transmitted ultrasonic energy into the nanofluid. The available ultrasonication power
settings were from 6 Watts to 42 Watts in 3 Watt increments with no alternate output
power setting available. A temperature probe was used to monitor the temperature of the

nanofluid during ultrasonication. Figure 3 shows a photograph of the ultrasonicator.
12



Figure 3. (Left) Stir-Pak Mechanical Stirrer. (Right) Sonicator 3000 Ultrasonic
Liquid Processor

3. Commercial Freezer Unit

A commercial deep freezer unit manufactured by Westinghouse was used to
conduct the liquid-to-solid phase change of the nanofluid. The freezer unit was set at a

constant temperature of -13°C. Figure 4 is a photograph of the freezer unit.

Figure 4. Westinghouse Commercial Freezer Unit
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4. Digital Multimeter

An 8840A digital multimeter manufactured by Fluke Industries was used to
measure the electrical resistance of the nanofluid. A two-wire setup was selected since
the lead resistance was negligible when compared to the overall resistance of the

nanofluid. Figure 5 is a photograph of the multimeter.

Figure 5. Fluke 8840A Digital Multimeter

D. EXPERIMENTAL PROCEDURES

The following procedure builds upon the nanofluid preparation protocol
developed by Kuhlmann [19]. The following steps outline the preparation procedure used
in this study:

. 20 mL of distilled water was poured into a non-conductive, glass beaker.

. Surfactant was measured out and placed directly into the distilled water in
accordance with the prescribed test matrix.

o The distilled water and surfactant mixture was homogenized at 600 RPM
using the Stir-Pak with a single-propeller attachment. The attachment was
placed approximately 0.25 inches from the bottom of the beaker to avoid
cavitation and foaming at the surface. The mixture was homogenized until
the surfactant was completely dissolved into the distilled water. This
process took approximately five minutes for samples containing LDS and
thirty minutes for samples containing Igepal.

14



. CNTs were measured out in accordance with the prescribed test matrix
and added to the distilled water and surfactant mixture. The sample will
now be referred to as a nanofluid.

o The nanofluid was homogenized at 600 RPM using the Stir-Pak with the
same single propeller attachment for thirty minutes.

o The nanofluid was ultrasonicated in accordance with the prescribed test
matrix. The ultrasonicator probe was placed approximately 0.25 inches
from the bottom of the beaker to avoid foaming in the nanofluid. The
temperature of the nanofluid was monitored through the duration of
ultrasonication.

o Due to boiling of the nanofluid during ultrasonication, various
ultrasonication power settings and time duration were selected. It
should be noted that ultrasonication parameters varied in order to
produce a well homogenized, stable nanofluid and were not
optimized for this study.

° The initial resistance measurements were taken after the nanofluid cooled
at room temperature for five minutes.

o All instruments were cleaned using only distilled water. The procedure
was repeated for the next sample.

The American Society of Testing and Materials (ASTM) International document
D1125—95, Standard Test Methods for Electrical Conductivity and Resistivity of Water,
outlines the standard procedures that should be used for static (non-flowing) and
continuous in-line conductivity and resistivity measurements. For this study, conductivity
measurements could not be taken in strict adherence with the ASTM procedure due to the
lack of available testing apparatus described by the ASTM. For detailed information on

the ASTM measurement procedures see reference [23].

The nanofluids received from Luna Innovations Inc. were not modified for this
study. All samples were taken directly from the container in which they arrived in from

Luna Innovations.

Due to the potential health hazards that CNTs pose to the user, basic safety
precautions were followed. Nitrile gloves, a protective face mask and safety glasses were
used when handling CNTs and the nanofluids. All nanofluids were prepared inside a
fume hood that was vented to the atmosphere. All waste and contaminated CNT-

enhanced fluids were disposed of using a hazardous material storage tank.
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E. EXPERIMENTAL VALIDATION

The success of this study hinged upon the ability to effectively reduce the
influence of physical phenomena on the electrical resistance of the nanofluid. Through
the initial testing process, this study expected to show a trend that the addition of CNTs
does improve the electrical conductivity of the base fluid by decreasing the overall
electrical resistance. The results of the initial testing revealed that the most significant
factor affecting the electrical resistance measurements of the nanofluid proved to be the

construction of the testing assembly.

The initial test assembly consisted of two, 3000 series aluminum plates separated
by a 0.5mm thick, non-conducting plastic insulator. The assembly was sealed with
waterproof, silicone caulk and multiple, electrically insulated spring clamps placed
around the perimeter of the assembly. A nanofluid with concentration of 3.0% Igepal and
0.5% (weight) Bamboo-type, MWCNTSs was injected into the assembly using a syringe
through a fill-hole drilled in the upper plate sealed with a cork stopper. A smaller hole
was also drilled in the upper plate to allow air to escape during the fill process. A direct
current (DC) resistance measurement was taken by placing the multimeter leads on the
upper and lower plate. An alternating current (AC) voltage measurement using a low
voltage signal generator and known resistance in series with the plate assembly was used
to calculate the assembly resistance. The DC resistance measurements were compared to
the calculated AC resistances to assess any variation due to the test assembly. Resistance
measurements of only the distilled water; distilled water and surfactant; and distilled
water, surfactant and CNTs were recorded to evaluate the effects each had on the

resistance of the base fluid. Figure 6 shows a photograph of the plate assembly.

Since the construction of the test assembly closely resembled that of a capacitor, a
capacitive reactance and sensitivity to both polarity and frequency existed within the
assembly. This resulted in an unsteady and indefinite resistance measurement. Also,
achieving an adequate dispersion of the nanofluid within the plate assembly was hindered
due to the small dimensions of the channel between the upper and lower plate. These

phenomena and physical variables prevented clear-cut measurements along with the
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inability to accurately correlate the calculated AC resistance to the DC resistance
measurement. Figure 6 shows the inadequate dispersion of the nanofluid within the plate

assembly.

r

Figure 6. (Left) Aluminum Plate Assembly. (Right) Inadequate Dispersion of the
Nanofluid within the Plate Assembly.

The suspected trend that CNTs would improve the electrical conductivity of a
base fluid was shown through the initial testing. For example, the calculated AC
resistance of the distilled water ranged between 3,100 Q and 3,400 Q compared to 645 Q
to 675 Q with the distilled water and surfactant and finally 520 Q to 575 Q with the
nanofluid. Since the calculated resistance values of distilled water did not approximately
equal the accepted distilled water resistance value of 18.18 MQ-cm [24] along with
inconsistent resistance values, the plate assembly was suspect of error. Figure 7 shows
the trend of decreasing resistance through the addition of surfactant and CNTs to the

distilled water. Appendix A shows the plate assembly initial resistance measurements.
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Figure 7. Initial Electrical Conductivity Trend using the Plate Assembly

In order to minimize error or variation introduced by the plate assembly
construction, measurement setup, lead placement, contact resistance or nanofluid
dispersion, a simplified probe-type test assembly was constructed. This assembly
consisted of three, 0.125 inch diameter stainless steel rods, or probes, mounted in a non-
conducting, plastic stopper. Each probe was labeled A, B, and C and were spaced 10mm
apart. The probes were secured to the stopper so that the probe tips were in-line at 0.25
inches from the bottom of the beaker, but also able to be removed when taking resistance
measurements. The multimeter leads were fastened to the probe using Fluke spring clips.
DC Resistance measurements were taken between the A—B, B—C and A—C probes to
measure the electrical resistance and to see if the resistance changed between various
points in the nanofluid. Using the probe assembly, the intention was to show the same
conductivity trend as seen with the plate assembly with minimal variation between

measurements. Figure 8 is a photograph of the probe assembly.
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Figure 8. (Top) Probe Assembly. (Bottom) Probe Assembly with Leads

The following nanofluids were used in validating this test assembly:

. All Luna Innovations Nanofluids

. 0.5% (weight) Hollow-MWCNT with 3.0% (weight) Igepal

. 0.5% (weight) Bamboo-MWCNT with 3.0% (weight) Igepal
19



Resistance measurements between probes were conducted for a period of ten
seconds. The beginning resistance value was recorded at the initial connection of the lead
to the probe and the ending resistance value was recorded at the expiration of ten

seconds. Probes not in use during the measurement were removed from the assembly.

Using the probe assembly, the second phase of experimental validation began
with the thermal cycling of the nanofluid. After the initial resistance measurements were
recorded, the nanofluid was placed in the deep freezer until completion of the liquid-to-
solid phase change. The nanofluid was then removed from the freezer and thawed at
room temperature until the completion of the solid-to-liquid phase change. The electrical
resistance of the nanofluid was measured and recorded with additional notes on the
physical appearance of the nanofluid, i.e., formation of agglomerates, layered separation
of the CNTs from the distilled water, sedimentation of CNTs out of solution, etc. All

nanofluids underwent five thermal cycles or until the sample showed signs of instability.

The initial results using the probe assembly showed the same trend of decreasing
resistance with the addition of surfactant and CNTs but with significantly higher
resistance ranges in excess of 30 kQ compared to values of less than 1 kQ using the plate
assembly. Sporadic resistance readings of less than 10 kQ made the probe assembly
suspect to error. A possible reason for the large difference in resistance ranges could
possibly be attributed to the small contact area between the teeth of the spring clip. If the
clips did not make good contact or any contact at all with the probes, the contact

resistance would significantly increase and prevent accurate measurements.

The physical stability of the nanofluids varied drastically between the Luna
Innovation and NPS nanofluids. All of the Luna Innovation nanofluids showed excellent
stability with minimal agglomeration and sedimentation after five phase changes. On the
other hand, the NPS nanofluids were unstable due to the formation of a large, single
agglomerate after the first thaw cycle. These initial results showed the sensitivity of
nanofluids to the preparation procedure, loading concentrations and shows the need for
nanofluid optimization. Figure 9 shows the physical appearance of the nanofluids upon

completion of initial thermal cycling.
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Figure 9. (Left) Luna Innovation LnW-404 Nanofluid after Five Phase Changes.
(Right) NPS Nanofluid after One Phase Change

These initial results proved that the probe assembly needed to be further refined
in order to achieve an accurate resistance measurement and that a lower CNT
concentration needed to be selected to prevent the formation of agglomerates. To have
comparable nanofluids, 0.2% and 0.1% volume CNT concentration were selected for
NPS nanofluids. Appendices B, C and D show the raw electrical resistance data from the

Luna Innovations, Hollow and Babmoo MWCNT nanofluids respectively.

The final test assembly was constructed using only the multimeter leads. This
setup removed any variation introduced through the construction of a test assembly. The
leads were fastened together using electrical tape with a 10mm distance between leads.
The multimeter lead resistance was less than 1Q and considered negligible when
compared to the overall nanofluid resistance. A total of 15 resistance measurements were
recorded to evaluate the variation between measurements and obtain a standard deviation

between data points. Figure 10 shows a photograph of the multimeter lead construction.
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Figure 10. Multimeter Lead Construction

To determine the proper submersion depth of the leads, resistance measurements
of all the Luna Innovations nanofluids were taken at the nanofluid surface and bottom of
the beaker. Based on the results, the clectrical resistance at the nanofluid surface was
higher than the bottom of the beaker. This is possibly due to sedimentation effects of
static, nanofluids where the CNTs naturally settle out of solution to the bottom of the
container creating a more conductive path. In order to avoid these extreme electrical
resistance values, resistance measurements would be taken at the mid-level of the
nanofluid. Figure 11 shows a plot of the nanofluid surface and bottom average resistance
values with the standard deviation between measurements. Appendix E shows the raw

data of the electrical resistance measurements.
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Figure 11. Luna Innovation Nanofluids Surface and Bottom Average Electrical

Resistance Measurements.

The leads were rotated in 90° increments at the submerged mid-level in order to
determine if the orientation of the leads affected the resistance measurements. Luna
Innovation samples LnW-402 and LnW-405 were tested. The results showed less than a
3% difference between resistance measurements of different orientations. The orientation
of the multimeter leads was considered negligible for the remainder of this study.

Appendix F shows the raw data from the multimeter lead orientation measurements.

After establishing the submerged depth and orientation of the multimeter leads, all
Luna Innovation nanofluids were tested and thermally cycled five times using new
samples. The initial resistance measurement displayed on the multimeter screen at the
moment of lead insertion was recorded. The results using this technique were the most
promising of all the tests conducted. Not only did the nanofluids show excellent physical
stability, but the resistance measurements ranged between 3 kQ and 13 kQ compared to

readings in excess of 30 kQ using the probe assembly.
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1. Ultrasonication Parameter Validation

In order to determine the effects of ultrasonication during the preparation process
of the nanofluid, four different power settings and time durations were evaluated using
distilled water with a 3.0% (volume) concentration of LDS and Igepal surfactants. Table

5 lists the tested ultrasonication settings.

Table 5. Ultrasonication Power Settings and Time Durations
Power Time
(Watts) | (Minutes)
39 5
24 30
15 15
15 60

The largest problem encountered during ultrasonication was controlling the
mixture temperature. The energy input from the ultrasonicator caused an increase in
mixture temperature, which resulted in excessive foaming, boiling and evaporation of
liquid. This significantly altered the volume concentration of surfactant in the mixture.
4mL to 7mL of liquid evaporated when the mixture was ultrasonicated at 24 Watts for 30
minutes and 15 Watts for 60 minutes. Less than 1ml of liquid evaporated using an
ultrasonication setting of 39 Watts for 5 minutes and 15 Watts for 15 minutes. In some
cases, the mixtures containing Igepal turned an opaque color at temperatures above 40°C

whereas the LDS mixtures did not.

In order to control the mixture temperature while ensuring an adequate
homogenization of CNTs, using an ice bath during preparation or using the 15 Watts for
15 minutes setting with no ice bath (uncontrolled temperature) could be used. To ensure
the preparation of a well homogenized, stable sample with minimal liquid loss,
nanofluids were prepared using an ultrasonication setting of 15 Watts for 15 minutes both

with and without an ice bath.
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F. EXPERIMENTAL SUMMARY

Nanofluids prepared by NPS consisted of 0.1% (volume) and 0.2% (volume)
concentrations of MWCNTs and SWCNTs dispersed in distilled water using a 3.0%
(volume) concentration of LDS or Igepal surfactant. The nanofluids were prepared using
a combination of physical and chemical means. Based on the results of the experimental
validation, the DC electrical resistances of the nanofluids will be tested using only the
multimeter leads submerged at mid-level at any orientation in the nanofluid. 15 resistance
measurements were recorded from the initial insertion of the leads into the nanofluid and
subsequent display on the multimeter screen. All nanofluids (except Luna Innovations
samples) will be ultrasonicated at a power setting of 15 Watts for 15 minutes both with
and without the use of an ice bath. The initial resistance measurements will be taken five
minutes after the completion of ultrasonication. All samples will be thermally cycled up
to five times or until the sample shows any signs of instability, in which testing will be
discontinued. Table 6 lists the NPS Nanofluid Experimental Matrix and Table 4 lists the

Luna Innovation Nanofluids that will be used for this study.

Table 6. NPS Nanofluid Experimental Matrix
Ultrasonication CNT Surfactant
CNT . .
Sample Temperature T Concentration Concentration
Control ype (% Volume) (3.0% Volume)
1 Ice Bath MWCNT 0.2 LDS
2 Ice Bath MWCNT 0.2 Igepal
3 Ice Bath SWCNT 0.2 LDS
4 Ice Bath SWCNT 0.2 Igepal
5 Ice Bath MWCNT 0.1 LDS
6 Ice Bath MWCNT 0.1 Igepal
7 Ice Bath SWCNT 0.1 LDS
8 Ice Bath SWCNT 0.1 Igepal
9 None MWCNT 0.2 LDS
10 None MWCNT 0.2 Igepal
11 None SWCNT 0.2 LDS
12 None SWCNT 0.2 Igepal
13 None MWCNT 0.1 LDS
14 None MWCNT 0.1 Igepal
15 None SWCNT 0.1 LDS
16 None SWCNT 0.1 Igepal
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The Luna Innovations samples will be thermally cycled up to twelve times to
evaluate the stability through extended thermal cycles and re-ultrasonicated at 15 Watts
for five minutes to investigate the need for re-homogenization of static, CNT-enhanced
nanofluids. Resistance measurements will only be taken at the sixth and twelfth thermal

cycles.

1. Ancillary Studies

Ancillary studies focused on the stability of the surfactant during thermal cycling
and the effects of mixing of Luna Innovation nanofluids with Nano-Lab Industries. The
selected surfactants, LDS and Igepal, were homogenized in 20 mL of distilled water and
prepared using the ultrasonication settings listed in Table 7, both with and without an ice
bath. All mixtures were thermally cycled three times to evaluate the overall stability

during the initial phase changes.

Table 7. Experimental Matrix for Thermal Cycling of Surfactants
Surfactant LDS & Igepal | LDS & Igepal | LDS & Igepal | LDS & Igepal
Concentration 3.0 % vol 3.0 % vol 3.0 % vol 3.0 % vol
Ultrasonication 39 W 2UW 15 W 15W
Power
Ultras?nlcatlon 5 min 30 min 15 min 60 min
Time

For the mixing of different types of CNTs, Nano-Lab Industries hollow-type
MWCNTs were mixed with Luna Innovations SWCNT nanofluids. 0.05% (volume)
MWCNTs were added to LnW-402 and LnW-405 and ultrasonicated at 39 Watts for 5
minutes and 15 Watts for 15 minutes both with and without and ice bath. The combined
CNT concentration of 0.1% (volume) was compared to the LnW-403 and LnW-406 to
evaluate their effects on the nanofluid resistance. The ultrasonication settings were
selected in order to minimize liquid evaporation during ultrasonication. The nanofluids
will be thermally cycled up to five times or until the nanofluid shows signs of instability.

Table 8 lists the combined CNT nanofluid experimental matrix.
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Table 8.

Combined CNT Nanofluid Experimental Matrix

Luna Nano- I;igzth Ultrasonication | Ultrasonication
Sample | Innovation Lab ul trasonicga tion Power Time
Nanofluid CNT (Yes / No) (Watts) (Minutes)

L1 0.05% Yes 15 15

L2 LnW-402 volume No 15 15

L3 Hollow Yes 39 5

L4 MWCNT No 39 5

L5 O 0 5 % Yes 1 5 1 5

L6 volume No 15 15

L7 LnW-405 Hollow Yes 39

L8 MWCNT No 39
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III. RESULTS

The results of this study are presented in a tabular format on the following pages.
Each table lists the average DC resistance of 15 resistance measurements using only the
multimeter leads. A transparency test was conducted upon the completion of the solid-to-
liquid phase change, where the nanofluid was tilted on-edge against white, ambient light
and evaluated for the existence of sediment or agglomerates. Table 9 identifies the terms
assigned to describe the physical appearance of the nanofluids and Figure 12 is a
photograph of the respective terms. Tables 10 through 13 summarize the average
resistance measurements of the NPS nanofluids, Luna Innovations nanofluids, combined
CNT nanofluids and thermal cycling of surfactant tests respectively. All electrical

resistance measurements can be found in Appendices G, H, and I respectively.

Table 9. Description of Physical Appearance of Nanofluid
C Clear
H Homogenous
VSA Very Small Agglomerates
SA Small Agglomerates
MA Medium Agglomerates
LA Large Agglomerates
LS Light Sediment
S Sediment
HS Heavy Sediment
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Table 10.

NPS Nanofluid Results

Average Resistance (kQ)

Type of | DW . 1st 2nd 3rd 4th 5th
Sampl DW/LDS| Initial
WP Surfactant | (M) " Thaw | Thaw | Thaw | Thaw Thaw
1 LDS 0.34 13.47 12.24 8.53 8.43 6.97 6.73 7.13
Appearance| C C H LS SA &S SA &S SA &S SA &S
) Igepal 0.19 | 38.95 37.71 30.36 31.25 30.26 30.97 26.43
Appearance| C C H LS SA &S SA &S MA &S |[MA,LA&S
3 LDS 0.23 13.62 6.01 8.69 10.21 8.26 8.25 7.26
Appearance| C C H LS LS SA &S SA &S SA &S
4 Igepal 0.24 | 34.86 36.43 30.57 30.21 28.97 - -
Appearance| C C H LS LS Unstable - Layered Apperance
5 LDS 0.28 14.96 9.65 8.07 9.85 10.18 8.69 7.17
Appearance| C C H SA SA SA SA & MA LA
6 Igepal 0.24 | 35.23 36.53 30.18 28.03 30.54 24.7 24.69
Appearance| C C H LS VSA VSA VSA VSA
7 LDS 0.22 13.54 5.58 12.15 12.02 10.35 9.19 8.73
Appearance| C C H LS LS LS LS LS
g Igepal 0.26 | 34.59 40.56 31.07 29.11 25.76 - -
Appearance| C C H LS HS Unstable - Layered Appearance
9 LDS 0.71 9.87 2.55 8.23 7.53 5.77 8.36 5.17
Appearance| C C H SA SA MA MA MA
10 Igepal 0.68 | 37.29 15.58 29.61 30.24 2491 27.38 27.55
Appearance| C C H SA SA &S LA &S LA &S LA &S
1 LDS 0.71 12.01 3.48 8.98 8.07 8.17 8.19 8.41
Appearance| C C H LS LS LS LS LS
2 Igepal 0.52 31.41 - - - - - -
Appearance| C C Unstable - Layered Separation after Ultrasonication
13 LDS 0.62 8.97 4.62 8.36 8.17 7.18 7.89 9.99
Appearance| C C H SA SA SA SA SA
14 Igepal 0.65 32.55 12.03 29.64 25.55 25.73 30.79 31.26
Appearance| C C H VSA SA SA SA SA
15 LDS 0.56 8.85 5.55 9.46 8.97 9.19 6.61 8.08
Appearance| C C H LS LS LS LS LS
16 Igepal 0.61 29.53 - - - - - -
Appearance| C C Unstable - Layered Separation after Ultrasonication
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Table 11. Luna Innovations Incorporated Nanofluid Results
Average Resistance (kQQ)
Sample Type of Initial st 2nd 3rd 4th Sth 6th 12th R.e- Ist
Surfactant Thaw | Thaw | Thaw | Thaw | Thaw |[Thaw| Thaw Som‘cate Thaw
LhW-402 Gum Arabic| 10.73 | 11.91 | 12.82 | 12.12 12.7 8.77 9.97 21.55 7.73 11.84
Appearance| H H H H H H SA LA&S H SA
LnW-403 Gum Arabic| 8.58 | 11.3 1155 | 1141 123 9.13 9.78 20.54 6.94 11.23
Appearance| H H H H H H SA LA&S H SA
LnW-404 Gum Arabic| 7.82 | 9.05 8.92 8.85 8.27 8.53 | 8.81 17.9 6.71 7.23
Appearance| H H H H H H LS MA & S H SA
LnW-405 Gum Arabic| 4.69 | 6.68 7.31 7.28 6.3 5.1 6.35 13.16 6.47 9.91
Appearance| H H H H H H SA MA & S H SA
LnW-406 Gum Arabic| 6.47 | 9.44 8.45 8.77 7.55 6.76 7.45 12.37 7.34 9.49
Appearance| H H H H H H S MA & S H SA
LnW-407 Gum Arabic| 7.4 10.14 | 9.05 9.77 8.22 7.28 7.99 16.41 6.9 9.63
Appearance| H H H H H H LS MA H SA
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Table 12.

Combined CNT Nanofluid Results

Average Resistance (kQ2)
Luna 1 Luna | Mixed | o 50 | 3ra | 4 | s
Sample | Innovation | Innovati| CNT 5 " r
. o Thaw | Thaw | Thaw | Thaw | Thaw
Nanofluid on Initial
L1 Gum Arabic | 8.47 7.94 16.51 7.95 10.35 14.45 17.15
Appearance H H S Unstable - HA and Layered Appearance
- Gum Arabic | 8.43 6.01 16.98 9.05 11.93 12.01 16.81
Appearance H H S SA&S|SA&S|SA&S|SA&S
3 Gum Arabic | 8.66 7.32 16.83 9.09 13.41 17.05 18.73
Appearance H H S Unstable - HA and Layered Appearance
> Gum Arabic | 8.11 5.53 18.1 8.81 11.59 17.58 18.99
Appearance H H Unstable - HA & S
Ls Gum Arabic | 7.86 7.33 9.55 11.93 11.27 - -
Appearance H H S Unstable - HA and Layered Appearance
L6 Gum Arabic | 8.27 4.03 9.07 11.15 9.66 - -
Appearance H H S Unstable - HA and Layered Appearance
Gum Arabic | 7.67 6.1 8.04 10.16 8.95 - -
L7 Appearance H H S Unstable - HA and Layered Appearance
Gum Arabic | 7.36 5.76 8.43 8.85 9.35 - -
L8 Appearance H H Unstable - HS & HA, Layered Appearance
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Table 13. Thermal Cycling of Surfactant Results
Surfactant LDS using an Ice Bath LDS (No Ice Bath)
Loading 3.0% vol 3.0% vol
Ultrasonication 39 24 15 15 39 | 24 15 15
Power (Watts)
Ultrasonication
Time (Minutes) 5 30 15 60 5 30 15 60
A Initial 13.84 9.93 13.45 8.48 10.35 5.09 10.55 3.67
Re;’iz::i‘; IstThaw | 13.17 | 9.85 | 1374 | 925 1334 | 1132 | 1221 -
(k) 2nd Thaw 13.9 10.23 13.36 8.45 9.34 9.72 13.16 -
3rd Thaw | 15.66 12.61 14.87 9.01 15.06 12.1 13.33 -
Surfactant Igepal using an Ice Bath Igepal (No Ice Bath)
Loading 3.0% vol 3.0% vol
Ultrasonication 39 24 15 15 39 24 15 15
Power (Watts)
Ultrasonication 5 30 15 60 5 30 15 60
Time (Minutes)
A Initial 30.55 33.93 34.47 36.89 31.13 14.91 31.18 18.19
Re;’i::ﬁ:e 1st Thaw | 30.03 | 3239 | 29.98 | 30.18 3505 | 32.87 | 36.1 -
(k) 2nd Thaw | 39.79 37.34 38.11 38.11 42.93 36.71 40.05 -
3rd Thaw | 38.95 36.22 35.18 36.69 44 .41 38.39 38.45 -
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A.

IV. ANALYSIS OF RESULTS

NPS NANOFLUIDS

Figure 13 is a plot of the average resistance throughout thermal cycling of all NPS

samples. It shows a top-level view of the effects of ultrasonication temperature on the

conductivity of the nanofluid and a conductivity comparison of nanofluids dispersed with

either Igepal or LDS. Both SWCNT and MWCNT of all concentrations are displayed on

the graph. Solid lines represent the nanofluids prepared using an ice bath during

ultrasonication and the dashed lines represent nanofluids prepared without an ice bath

during ultrasonication (uncontrolled temperature).

Average Resistance (kQ)

- - Nanofluids with Uncontrolled Temperature during Ultrasonication

== Nanofluids with Ice Bath during Ultrasonication

45
40
35
Nanofluids
30 Dispersed
95 with
lgepal
20
15
Nanofluids
10 Dispersed
5 with
LDS
0
Initial 1st 2nd 3rd 4th 5th
Thaw Thaw Thaw Thaw Thaw
Phase Change

Figure 13. Average Resistance vs. Thermal Cycling of NPS Nanofluids

Using an ice bath during nanofluid ultrasonication did not have a significant effect

on the nanofluid resistance throughout thermal cycling. All samples showed both

increasing and decreasing changes in electrical resistance after the start of thermal

cycling (1** Thaw). The largest difference in nanofluid resistance occurred at the initial
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measurement due to the higher nanofluid temperatures at the time of measurement.
Nanofluids prepared with no temperature control reached temperatures in excess of 70°C
compared to 21°C using an ice bath. The conductivity of carbon is notably higher at
warmer temperatures due to the increase in atomic movement within the lattice structure.
This resulted in higher initial conductivities, or lower resistances, for samples
ultrasonicated with no temperature control. After the first phase change, all nanofluids
were at the same temperature, which resulted in a convergence of similar surfactant-
based resistance measurements. Resistances both increased and decreased for the second
through fifth phase changes. A decrease in resistance is possibly due to the natural
sedimentation of CNTs out of solution, whereas, an increase in resistances is attributed to

the breakdown of the CNT network and formation of agglomerates.

Nanofluids dispersed using LDS had lower resistances than those dispersed with
Igepal. The conductive property of LDS assisted in the completion of the conductive
paths within the CNT network, whereas the non-conductive property of Igepal was
suspect of insulating adjacent CNTs or CNT networks. Also, nanofluids using LDS
appeared to have less variation in average resistance values between phase changes than
those using Igepal. The resistance values of all the LDS and Igepal samples after the final
phase change were relatively the same showing that temperature control during

ultrasonication does not have a significant impact on the conductivity of the nanofluid.

No apparent relationship between the effects of controlling nanofluid temperature
during ultrasonication on the physical stability of the nanofluid could be identified. All
samples showed signs of agglomeration or sedimentation, however, slightly larger
agglomerates formed throughout the thermal cycling process in nanofluids using an ice

bath.

Figure 14 and Figure 15 illustrate the effects that 0.1% and 0.2% concentration of
MWCNTs and SWCNTs have on the resistance of the nanofluid. Each figure shows the
average resistance of the nanofluid throughout thermal cycling. Nanofluids prepared both

with and without an ice bath during ultrasonication are plotted in each figure.
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Figure 14. 0.1% CNT Loading: MWCNT & SWCNT Resistance Comparison
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Figure 15. 0.2% CNT Loading: MWCNT & SWCNT Resistance Comparison
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Based on the illustrated results in Figure 14 and Figure 15, the type of CNT does
not significantly affect the resistance of the nanofluid. Neither MWCNTSs nor SWCNTs
dispersed in LDS or Igepal proved to show exceptional stability through thermal cycling.
All samples using MWCNTs showed signs of agglomeration after the first phase change
and SWCNTs showed signs of sedimentation as thermal cycling progressed. Neither type

of CNT proved superior over the other within the respective concentration.

On the other hand, the concentration of CNTs had a minor impact on the
resistance of the nanofluid. The 0.2% concentration of MWCNTs and SWCNTSs showed
a small decrease in the nanofluid resistance in both types of surfactants. However, larger-
size agglomerates formed as thermal cycling progressed. Using higher concentrations of
both SWCNTs and MWCNTs in LDS increased the conductivity of the respective
nanofluids. Intuitively, this was expected since using more of a conducting material in a
naturally conductive medium should increase the conductivity of the nanofluid. Further
optimization of individual nanofluids should balance this trade-off between CNT

concentration and acceptable agglomeration.

In both concentration cases, MWCNTs exhibited higher conductivities than
SWCNTs. This result was unexpected since SWCNTSs have a lower number of defects
than MWCNTs, theoretically rendering a higher conductivity. Despite the conductivity
gains with MWCNTs, the associated increase in agglomerate size during the progression

of thermal cycling yielded those nanofluids more unstable than those using SWCNTs.

SWCNTs dispersed in Igepal showed to be more unstable than those dispersed in
LDS. Igepal-based, SWCNT nanofluids prepared with an ice bath during ultrasonication
were only stable until the third phase change, whereas, nanofluids using the same
parameters were unable to be produced without using an ice bath during ultrasonication.

These results should direct future research optimize individual nanofluid combinations.
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B. LUNA INNOVATIONS INCORPORATED NANOFLUIDS

The Luna Innovations nanofluids showed exceptional stability throughout the first
five thermal cycles. Light sedimentation and small agglomeration started after the sixth
cycle followed by severe instability and agglomeration after the twelfth phase change.
After the nanofluids were re-ultrasonicated, the resistances returned to a value near or
lower than the initial resistance values. All nanofluids exhibited both increasing and
decreasing average resistance values just as the NPS nanofluids. Under identical thermal
cycling conditions, the similar trends displayed between each nanofluid may be due to the
properties of the surfactant or characteristics of the CNTs selected by Luna Innovations.
Figure 16 shows the physical breakdown of sample LnW-402 from initial testing, to the

twelfth thermal cycle and appearance after re-sonication.

The nanofluids with a lower purity exhibited a decreasing resistance with higher
CNT concentrations just as the NPS nanofluids, but the resistance of the higher purity
samples increased as CNT concentration increased. No distinct conclusion could be
drawn to explain this behavior. Figure 17 and Figure 18 show the average resistances

throughout thermal cycling of the 117% and 144% pure nanofluids.

Figure 16. (Left) Initial Appearance of LnW-402. (Middle) Appearance of LnW-402
after 12th Cycle. (Right) Appearance of LnW-402 after Re-sonication
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Figure 17.

117% Pure Luna Innovations Nanofluids
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Figure 18.

144% Pure Luna Innovations Nanofluids

40




C. COMBINED CNT NANOFLUIDS

Combining the Nano-Lab MWCNTs with the Luna Innovations nanofluids did
not have a significant effect on the resistance of the nanofluid. The initial measurement
after ultrasonication was slightly less than the initial resistances of the 0.05% and 0.1%
Luna nanofluid. Although this may seem beneficial, all mixed nanofluids were physically
very unstable. In the lower purity samples, signs of agglomeration were noticed after the
second phase change with increasing agglomerate formation in subsequent phase
changes. The higher purity nanofluids were unstable after the first phase change

exhibiting a layered appearance with heavy sedimentation and agglomerate formation.

This combination of CNTs and nanofluid showed to be unstable. However, this
does not prove that combining various types of CNTs will always yield unstable

nanofluids. Further investigation is required in this area of nanofluid technology.

D. SURFACTANT CYCLING

The average resistance of Igepal and LDS does slightly increase as thermal
cycling progresses. The fluctuating trend during thermal cycling resembles the trend
displayed by the NPS and Luna Innovations nanofluids. Regardless of the temperature
control method used during ultrasonication, all surfactant mixtures maintained a
homogenous distribution with no precipitation out of solution. The initial resistances of
LDS and Igepal samples prepared without an ice bath were lower than those prepared
with an ice bath due to the effects of heat generation during ultrasonication. Samples
prepared without an ice bath that were ultrasonicated at 24 Watts for 30 minutes and 15
Watts for 60 minutes lost 4mL to 6mL of liquid due to evaporation. While the increasing
resistance of the surfactants during thermal cycling may have a minor contribution to the
increasing resistance trends of the nanofluids, it is not indicative of the effects on the heat
transfer properties of the nanofluids. This study also shows the need for temperature
control during preparation to prevent severely altered surfactant and CNT concentrations

from the evaporation of liquid.

41



THIS PAGE INTENTIONALLY LEFT BLANK

42



V. CONCLUSION

Regardless of CNT type, size, concentration, preparation procedure, surfactant
type and concentration, static, CNT-enhanced nanofluids used as a phase change material
are stable between three to five thermal cycles. This study has shown that the breakdown
of the CNT network during thermal cycling adversely affects the electrical conductivity
properties of the nanofluid. By using electrical resistance measurements as a surrogate
means to identify an approximate range where the nanofluid begins to significantly
breakdown, a system can possibly be calibrated to re-sonicate the nanofluid before
becoming unstable. The trade-off between the addition of ultrasonication equipment and
the reduction in cooling equipment size can only be validated through field-tested

investigations.
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VI. RECOMMENDATIONS FOR FUTURE WORK

The versatility of CNTs makes them ideal for a wide range of applications. The
limits of CNTs are still being discovered in various industries, while new ideas continue
to emerge. For thermal transport applications, the first step after selecting CNT-enhanced
nanofluids for use as a phase change material should be to optimize the nanofluid to
achieve the highest concentration for the lowest agglomeration over a pre-determined
number of thermal cycles. Whether functionalized CNTs or nanotubes of various
synthesis techniques are used, this still remains an overwhelming task due to a vast
number of combinations and factors that give nanofluids their unique properties. If the
focus is directed toward improving the conduction properties of the nanofluid,
researchers should focus on how to complete the conductive path within the CNT

architecture and network.

Pending nanofluid optimization, field testing with mathematical modeling or
computer simulation should be conducted to better understand the heat transfer behavior
of the nanofluid. By actually employing nanofluids and validating the calculated gains,
proper cost-benefit analyses can be conducted to initiate the acquisition process and

phased implementation cycle.

Finally, a follow on study conducting thermal conductivity tests after each
thermal cycle would show the actual change in conduction properties throughout thermal
cycling. By comparing those results to the conductivity measurements in this study, the
relationship between the thermal and electrical conductivity properties of the nanofluid

may be better understood.
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APPENDIX A. CALCULATED RESISTANCE VALUES USING THE

PLATE ASSEMBLY
D.W.
Test #1 Distilled Water 3.0 vsi)"'/avil.gepal 3.0 wt% Igepal
0.5 wt% CNT
Frequency (Hz) 10 10 10
Known Resistance - Ry (Q) 100,000 100,000 100,000
Input Voltage to Unknown Res - Eg; 1.020 1.007 1.17
AC Voltage Across
Unknow Resistance - E - E, (V) 0.032 0-0065 0.0061
Calcualted Unknown
Resistance - R, (Q) 3137.255 645.482 521.368
- Unsteady, increase from - Unstable, 61 kohm decreasing to | - Unstable, fluctuate between

DC Resistance Measurement (Q)

58 - 75 kohm
- Somewhat unsteady,

45 kohm

- Unstable, 53 kohm decreasing to

36 - 40 kohm
- Somewhat Stable between 8|

10 kohm

DC Reverse polarity Measurement () decrease fiom 72 - 64
kohm 26 kohm
D. W D.W.
Test #2 Distilled Water 3.0 wt"/ l. 1 3.0 wt% Igepal
0 Weve fgepd 0.5 wt% CNT
Frequency (Hz) 10 10 10
Known Resistance - Ry (Q) 100,000 100,000 100,000
Input Voltage to Unknown Res - Eg; 1.023 1.0106 1.0100
AC Voltage Actoss 0.0349 0.0068 0.0058
Unknow Resistance - E - Eg, (V) ' ’ '
Calcualted Unknown
Resistance - R, () 3411.535 672.868 573.267
- Unstable, decreasing from

- Somewhat Unsteady, 60

- Unstable, 55 kohm decreasing to

2.0 to less than 1.0 kohm

DC Resistance Measurement () to 72 kohm 38.6 kohm
DC Reverse polarity Measurement () - Unsteady, 79 to 45 - Unstable, 40 kohm decreasing to | - Unstable decrease from 6.0
kohm 20 kohm to less than 2.0 kohm
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APPENDIX B. PROBE ASSEMBLY—LUNA INNOVATIONS
NANOFLUID RESISTANCE MEASUREMENTS

* All Resistances in kilo-ohm, Resistance recorded over 10 second immersion

Sample Solution A-B B-C A-C
Initial Conductivity 9.4-12.5 | 7.8-11.4 | 86-101
1st Thaw 68-103 |[14.1-19.1| 72-110
402 2nd Thaw 35-91 14.1-21 | 105- 145
3rd Thaw 50-101 | 142-158 | 221-223
4th Thaw 61-111 72-103 | 210-219
5th Thaw 63- 119 17-156 | 278-300
Initial Conductivity 41-75 6.5-13.4 | 191-210
1st Thaw 48-78 |[12.1-16.8| 188-220
2nd Thaw 6.2-16.5 | 12.5-17.1| 258-267
405 3rd Thaw 45-102 30- 96 229 - 238
4th Thaw 49-113 33-102 | 238-246
5th Thaw 36-90 52-105 | 248-259
Initial Conductivity 11.2-15.7 | 8.6-13.2 | 183-200
1st Thaw 58-91 |14.6-19.1| 72-110
403 2nd Thaw 48- 112 20-80 183 - 220
3rd Thaw 29- 65 79-114 | 223-226
4th Thaw 51-116 26-100 [ 229-238
5th Thaw 27 - 80 80-120 | 262-273
Initial Conductivity 42-79 6.7-16.4 | 96-122
1st Thaw 29-79 9.6- 18 186 - 216
1406 2nd Thaw 44 - 80 73-109 | 237-242
3rd Thaw 51-112 23-98 248 - 256
4th Thaw 44-119 23-100 | 256- 265
5th Thaw 56 - 108 37-95 252 - 262
Initial Conductivity 34-75 7.6-14.2 | 188-199
1st Thaw 9.4-16.2 [11.1-16.9| 91-93
404 2nd Thaw 33-45 91 - 100 48 - 56
3rd Thaw 35-83 50- 95 217 - 232
4th Thaw 43 - 105 25-92 233 - 240
Sth Thaw 47 - 92 56-115 | 256- 265
Initial Conductivity 45-91 8.9-12.8 35-79
1st Thaw 8.5-17.9 | 18.1-32 | 101-120
407 2nd Thaw 46 - 95 56-102 | 244-157
3rd Thaw 50- 116 24-101 | 253-265
4th Thaw 58- 124 24-90 256 - 263
5th Thaw 47-115 28-103 | 256- 267
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APPENDIX C. PROBE ASSEMBLY—HOLLOW MULTI-WALL
CARBON NANOTUBE RESISTANCE MEASUREMENTS

*All Resistances in kilo-ohm

Sample Solution A-B B-C A-C General Notes
Distilled Water 99 - 160 83-140 267 - 305 Ultrasonication Power 39 Watts
Distilled Water / Surf 84-119 94 - 106 193- 228 Time Elapsed until Boiling (Min:sec)
5 Inbetween Stir and Ultra 70 - 100 69 - 102 197 - 225 Sample 5 5:02
Distilled Water / Surf / CNT 0.75-1.1 0.9-1.32 3.8-4.9 Sample 6 4:59
1st Thaw - - - Sample 7 5:31
2nd Thaw Sample 8 5:46
Distilled Water 140 - 180 92 - 150 298 - 326 |Freeze Time (Hours) 6+
Distilled Water / Surf 52-99 24 - 66 190- 223 |1st Thaw Temp 24°C
6 Inbetween Stir and Ultra - - -
Distilled Water / Surf / CNT 0.81-0.92 0.86-1.53 2.6-3.5
1st Thaw - - -
2nd Thaw
Distilled Water 254 - 284 86 - 146 296 - 335
Distilled Water / Surf 51-92 41-97 198 - 245
7 Inbetween Stir and Ultra 76- 107 25-81 190- 234 |- Conductivity Test inbetween Mech Stir and
Distilled Water / Surf / CNT 0.56-0.62 0.78-0.84 | 0.98-1.26 |Ultrasonication Test not conducted due to
1st Thaw - - - human error
Distilled Water 223 - 283 84 - 142 302 - 343 | - Heavy agglomeration in all samples after first
Distilled Water / Surf 41-98 95- 120 197-232 [thaw. Testing Discontinued.
8 Inbetween Stir and Ultra 49- 96 22-79 183 - 228
Distilled Water / Surf / CNT 0.90-0.97 1.2-1.46 2.56-7.1
1st Thaw - - -

Measurement Explanation

- All Resistances in kQ

- 10 sec Elapsed for Recorded Readings

- First Number - Initial Reading when leads were clamped
- Second Number - Reading when 10 seconds elapsed
- All readings increased - Capacitive effects
- Mechanical Stirring for 30 min prior to Ultrasonication
- Ultrasonication only conducted for solutions with CNT's

Loading Weight % Dimension
Surfactant 3.0 0.618 mL
CNT Type 0.5 0.1005 g
Volume of Dist Water - 20 mL
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APPENDIX D. PROBE ASSEMBLY—BAMBOO MULTI-WALL
CARBON NANOTUBE RESISTANCE MEASUREMENTS

Sample Solution A-B B-C A-C General Notes
Distilled Water 78 - 160 77-128 138- 175 |Ultrasonication Power 39 Watts
1 Distilled Water / Surf 71-122 68 - 97 75-128 |Time Elapsed until Boiling (Min:sec) 5:03
Distilled Water / Surf / CNT 5.5-6.2 49-57 5.9-7.3 |Freeze Temp -14°C
First Thaw - - - Freeze Time (Hours) 6
Distilled Water 105 - 181 78-170 296 - 334 |1st Thaw Temp 23°C
Distilled Water / Surf 69 - 120 91-112 103- 136 | - Heavy Agglomeration noticed at end of 1st
3 Distilled Water / Surf / CNT 6.7-12.7 8.4-12.2 8.9-11.8 |Thaw, conductivity tests not conducted.
First Thaw ) ) ) - CNT precipitated out of solution
Sample Solution A-B B-C A-C General Notes
Distilled Water 123 - 187 109 - 169 297 - 341 |Ultrasonication Power 15 Watts
) Distilled Water / Surf 81-121 49-99 102 - 133 |Time Elapsed until Boiling (Min:sec) No Boil
Distilled Water / Surf / CNT 31-41 32-40 37-39 [Freeze Temp -14°C
First Thaw - - - Freeze Time (Hours) 6
Distilled Water 145- 199 82-176 272 - 350 |1st Thaw Temp 23°C
Distilled Water / Surf 38-92 93- 108 103- 124 | - Heavy Agglomeration noticed at end of 1st
4 Distilled Water / Surf / CNT 21-35 39-47 29-48 |Thaw, conductivity tests not conducted.

First Thaw

- CNT precipitated out of solution

Measurement Explanation

- All Resistances in kQ
- 10 sec Elapsed for Recorded Readings
- First Number - Initial Reading when leads were clamped
- Second Number - Reading when 10 seconds elapsed
- All readings increased - Capacitive effects
- Mechanical Stirring for 30 min prior to Ultrasonication
- Ultrasonication only conducted for solutions with CNT's

Loading Weight % Dimension
Surfactant 3.0 0.618 mL
CNT Type 0.5 0.1005 g
Volume of Dist Water - 20 mL
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APPENDIX E. LUNA INNOVATION NANOFLUID SURFACE AND
BOTTOM RESISTANCE MEASUREMENTS

Surface Resistance (kQ)
Insertion | LnW-402 [LnW-403|LnW-404|LnW-405 [ LhW-406 | LnW-407
1 11.6 11.7 9.9 5.2 6.9 8.1
2 10.8 11.4 10.1 5.7 7.3 10.1
3 10.8 11.2 12.2 5.8 9.3 9.7
4 11.2 10.0 9.6 5.9 6.9 10.2
5 11.7 10.2 10.3 6.3 7.1 9.6
6 10.2 10.8 9.8 5.5 9.2 8.8
7 10.1 11.3 12.1 6.0 7.4 11.5
8 11.4 10.7 9.9 5.7 12.2 8.7
9 13.2 11.4 10.5 5.8 7.0 9.6
10 10.3 12.8 10.1 5.3 8.2 8.3
11 10.4 10.5 10.3 5.1 11.3 9.0
12 11.3 11.1 9.9 6.3 8.6 10.0
13 10.5 11.3 9.8 6.8 10.6 8.7
14 12.8 11.0 9.9 6.1 7.1 7.9
15 10.9 11.1 10.5 5.9 7.7 8.4
Mean 11.15 11.10 10.33 5.83 8.45 9.24
Std Dev 0.91 0.66 0.79 0.45 1.73 0.98
Bottom Resistance(kQ )

Insertion | LnW-402| LnW-403 | LnW-404 | LnW-405 | LhW-406 | LnW-407
1 8.3 7.5 6.1 4.4 5.5 6.2
2 8.1 7.5 6.6 4.2 5.3 5.9
3 7.8 8.1 6.0 3.8 4.8 6.4
4 8.2 7.0 6.4 3.9 4.9 6.0
5 7.9 7.3 6.6 3.9 5.0 5.7
6 8.0 6.7 6.5 4.1 4.9 5.9
7 7.4 6.8 6.2 3.8 4.5 6.1
8 8.0 7.1 6.3 3.9 4.7 5.0
9 8.2 7.3 5.9 4.0 5.1 6.1
10 7.9 7.0 6.4 3.7 4.6 5.5
11 8.2 7.3 6.2 3.6 4.7 5.8
12 7.4 7.1 6.1 3.9 5.0 5.6
13 7.6 6.4 6.2 3.6 4.6 5.7
14 7.5 6.6 6.0 4.1 5.1 5.1
15 7.7 7.0 6.4 3.7 4.8 6.0

Mean 7.88 7.11 6.26 3.91 4.90 5.80

Std Dev 0.30 0.42 0.22 0.23 0.28 0.39
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APPENDIX F. MULTIMETER LEAD ORIENTATION
RESISTANCE MEASUREMENTS

* All Resistances in kilo-ohm

Sample Trial o° 90° 180° 270°
1 7.8 7.9 7.8 7.6

402 2 7.6 7.8 7.8 7.5

3 7.7 7.4 7.4 7.5

1 4.7 4.7 4.6 4.5

405 2 4.0 3.7 3.8 3.8

3 3.8 3.6 3.8 3.9
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APPENDIX G. NAVAL POSTGRADUATE SCHOOL NANOFLUID

RESISTANCE MEASUREMENTS

MWOCNT - LDS vs. Igepal Initial Testing

(ICE BATH DURING U/S)
SN ow Samlzle LS ;-ZS 3rd 4th sth | ow Samlile s Izgjpal 3rd 4th 5th
L. st n T it t! L st n i{ it tl
3.0% surt (MQ) bW /1Ds Initial Thaw Thaw Thaw Thaw Thaw (MQ) DW/lge Initial Thaw Thaw Thaw Thaw Thaw
1 0.33 123 14.1 8.1 9.7 6.7 7.2 8.4 0.29 32.8 32.8 25.9 27.1 344 28.4 26.7
2 0.36 12.1 16.7 9.5 8.8 6.2 6.4 6.7 0.14 34.3 38.6 27.9 34.6 30.0 34.4 25.6
3 0.37 12.4 14.8 9.6 9.0 6.1 6.1 9.1 0.22 38.9 39.6 27.1 31.0 24.5 23.8 34.5
4 0.36 13.4 115 10.1 8.0 6.7 5.9 4.8 0.11 38.2 36.0 29.2 42.1 25.3 28.8 21.4
5 0.42 13.6 12.8 9.1 8.6 5.9 5.4 5.5 0.20 41.9 39.5 35.6 35.7 34.0 34.7 23.4
6 0.33 14.4 10.1 8.0 8.7 8.8 7.1 6.3 0.18 42.5 40.0 36.7 30.4 28.0 28.5 24.1
7 0.30 14.7 11.6 7.4 9.2 7.8 6.6 6.7 0.21 36.3 34.6 317 28.6 33.7 28.0 253
8 0.34 14.0 11.4 7.0 7.9 6.5 7.1 7.3 0.22 32.4 42.2 34.5 29.7 31.2 315 22.6
9 0.32 13.5 12.6 7.2 8.0 7.4 7.3 7.8 0.25 39.6 35.0 31.5 29.1 28.5 31.3 23.1
10 0.32 12.1 10.6 8.0 7.1 7.2 5.7 3.9 0.12 39.8 36.9 26.2 32.5 24.6 30.9 30.8
11 0.34 12.4 10.4 9.1 7.5 7.9 5.1 6.6 0.17 44.1 36.6 27.5 30.3 25.3 35.5 23.1
12 0.39 14.3 10.0 6.6 8.0 6.0 8.5 7.0 0.21 40.5 42.3 31.9 33.1 34.1 33.4 28.0
13 0.31 13.7 12.9 7.0 8.1 6.9 7.4 9.3 0.13 40.6 39.4 32.5 27.1 28.4 32.9 32.0
14 0.33 14.1 12.3 11.1 8.6 7.4 8.7 83 0.16 44.1 34.7 26.5 28.4 37.0 29.2 25.4
15 0.33 15.1 11.8 10.1 9.3 7.1 6.5 9.3 0.18 38.3 37.5 30.7 29.1 34.9 33.2 30.5
Mean 0.34 13.47 12.24 8.53 8.43 6.97 6.73 7.13 0.19 38.95 37.71 30.36 31.25 30.26 30.97 26.43
Std Dev 0.03 1.00 1.86 1.38 0.71 0.81 1.04 1.62 0.05 3.69 2.83 3.52 3.93 4.24 3.18 3.91
Notes 1st Thaw - Light Sediment at bottom 1st Thaw - Light Sediment at bottom
- Hollow MWCNT, 20 mL Sample 2nd Thaw - Small Agglomerates and Sediment at Bottom2nd Thaw - Small Agglomerates and Sediment at Bottom
- All Resistances in k-Ohm 3rd Thaw - Small Agglomerates and Sediment at Bottom 3rd Thaw - Small Agglomerates and Sediment at Bottom
- Ultrasonicated at 15W for 15 Min, Sample at 21°C 4th Thaw - Small Agglomerates and Sediment at Bottom 4th Thaw - Medium Agglomerates and Sediment
-0.2% vol CNT (0.04 g) 5th Thaw - Small Agglomerates and Sediment at Bottom 5th Thaw - Medium and Large Agglomerates and Sediment
- 3.0% Surfactant (0.6 g)
SWCNT - LDS vs. Igepal Initial Testing
(ICE BATH DURING U/S)
2% CNT bW Sam’l)lte B :Dds 3rd 4th 5th bw Samzlf B IZgjpaI 3rd 4th 5th
- s n r - s n r
3.0% Surf (MQ) DW /LDS Initial Thaw Thaw Thaw Thaw Thaw (MQ) bW/ lge Initial Thaw Thaw Thaw Thaw Thaw
1 0.23 9.3 6.3 10.4 10.5 6.9 6.9 5.7 0.21 29.9 31.8 25.2 27.1 29.9
2 0.32 12.0 6.5 6.4 11.5 8.5 6.7 5.3 0.22 33.0 35.5 29.1 27.2 29.6
3 0.22 12.5 7.1 7.1 7.2 7.8 5.6 4.5 0.26 37.6 32.0 29.7 29.9 28.7
4 0.28 14.6 6.0 7.7 10.2 6.5 8.6 5.2 0.24 36.5 41.3 30.8 33.2 32.2
5 0.21 15.1 6.4 9.4 9.3 6.0 7.8 5.9 0.23 38.5 36.6 31.0 31.6 22.1
6 0.22 14.0 5.3 7.2 10.6 7.4 8.2 7.2 0.30 39.6 30.7 29.4 29.2 23.7
7 0.25 15.3 5.5 8.5 9.9 8.3 8.7 8.0 0.28 37.0 42.4 29.5 30.6 25.8 Sample Unstable
8 0.24 12.6 5.7 9.1 10.1 8.1 8.1 8.5 0.21 31.2 41.7 30.3 35.0 27.9
9 0.19 14.5 6.3 10.5 10.2 10.0 7.9 9.3 0.19 33.1 35.0 32.5 29.2 30.1 Testing
10 0.28 15.8 5.8 11.1 9.4 8.5 8.7 7.6 0.31 34.7 43.1 317 31.8 30.4 Discontinued
11 0.23 12.2 5.7 7.5 11.0 7.1 8.9 9.0 0.24 34.0 37.8 33.7 29.6 29.4
12 0.22 14.7 6.0 8.5 11.2 11.5 9.6 8.0 0.22 35.5 42.5 33.0 30.0 28.0
13 0.20 14.1 6.3 9.6 10.6 10.6 9.8 7.8 0.23 34.8 35.0 30.2 30.3 32.7
14 0.18 13.0 5.2 9.9 10.4 9.1 9.3 8.6 0.22 35.1 29.9 30.8 27.4 30.6
15 0.25 14.6 6.1 7.5 11.0 7.6 9.0 8.3 0.19 32.3 31.2 31.6 31.0 33.4
Mean 0.23 13.62 6.01 8.69 10.21 8.26 8.25 7.26 0.24 34.86 36.43 30.57 30.21 28.97
Std Dev 0.04 1.69 0.50 1.44 1.03 1.53 1.15 1.54 0.04 2.71 478 2.01 2.18 3.15
Notes 1st Thaw - Light Sediment at bottom 1st Thaw - Light Sediment at bottom
- SWCNT, 20 mL Sample 2nd Thaw - Light Sediment at bottom 2nd Thaw - Light sediment at Bottom
- All Resistances in k-Ohm 3rd Thaw - Small Agglomerates and Sediment at Bottom 3rd Thaw - Sample Unstable - Layered Appearance
- Ultrasonicated at 15W for 15 Min, , Sample at 21°C 4th Thaw - Small Agglomerates and Sediment at Bottom - Heavy Sediment at Bottom
-0.2% vol CNT (0.04 g) 5th Thaw - Small Agglomerates and Sediment at Bottom

- 3.0% Surfactant (0.6 g)
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(ICE BATH DURING U/S)

MWOCNT - LDS vs. Igepal Initial Testing

Sample #5 - LDS

Sample #6 - Igepal

QB CNT bW 1st 2nd 3rd 4th 5th bw 1st 2nd 3rd 4th 5th
" s n r " s n re
3.0% Surf (MQ) DW /LDS Initial Thaw Thaw Thaw Thaw Thaw (MQ) bW/ lge Initial Thaw Thaw Thaw Thaw Thaw
1 0.26 9.7 8.9 8.0 11.1 10.7 9.2 5.7 0.21 28.2 34.1 27.8 24.2 36.0 23.8 22.0
2 0.33 12.7 7.9 6.3 8.3 111 9.7 6.3 0.29 28.8 32.7 28.9 26.6 315 24.0 26.3
3 0.21 12.9 8.8 6.5 7.8 12.1 7.2 7.5 0.33 29.5 35.7 35.4 32.5 28.0 27.2 23.5
4 0.31 14.2 10.0 7.1 10.3 10.6 7.4 4.0 0.28 36.5 35.6 25.4 29.1 28.8 23.6 25.2
5 0.40 15.8 10.1 7.9 8.6 9.1 10.2 6.4 0.21 32.1 39.5 28.6 29.6 39.9 24.7 23.9
6 0.36 17.3 9.2 9.1 11.1 10.8 8.6 7.0 0.19 35.7 37.1 40.1 27.1 30.9 27.3 35.2
7 0.37 14.2 9.1 8.0 9.3 9.8 8.0 7.8 0.20 35.8 40.4 28.1 27.9 29.2 30.9 20.4
8 0.25 15.9 10.8 7.7 9.9 10.5 8.6 6.7 0.27 37.0 37.0 27.3 313 29.8 28.9 20.6
9 0.26 16.6 9.6 8.1 10.0 8.6 7.8 8.1 0.23 34.3 40.1 29.9 23.4 27.1 30.9 22.0
10 0.25 16.4 9.8 9.2 11.0 10.8 8.8 6.6 0.20 36.4 37.5 28.0 22.6 32.2 29.7 24.1
11 0.22 14.0 7.8 8.6 10.3 11.5 9.1 9.0 0.22 34.6 32.7 30.6 26.5 23.8 24.7 21.8
12 0.20 17.0 11.3 7.5 10.8 8.8 9.0 8.0 0.28 41.2 34.7 28.5 25.0 33.4 27.8 26.1
13 0.28 15.9 10.4 10.5 10.2 8.9 9.4 8.6 0.21 39.0 36.6 27.8 28.0 29.8 318 25.0
14 0.29 15.5 9.8 7.9 8.5 9.5 9.1 7.0 0.19 40.5 39.1 34.7 34.0 29.6 31.3 29.9
15 0.25 16.3 11.3 8.7 10.6 9.9 8.2 8.9 0.22 38.8 35.2 31.6 32.6 28.1 33.2 24.4
Mean 0.28 14.96 9.65 8.07 9.85 10.18 8.69 7.17 0.24 35.23 36.53 30.18 28.03 30.54 24.70 24.69
Std Dev 0.06 2.04 1.07 1.07 1.09 1.05 0.84 1.33 0.04 4.07 2.49 3.84 3.49 3.83 3.26 3.81
Notes 1st Thaw - Small Agglomerates at bottom 1st Thaw - Light Sediment at Bottom
- Hollow MWCNT, 20 mL Sample 2nd Thaw - Small Agglomerates at bottom 2nd Thaw - Very small agglomerates at Bottom
- All Resistances in k-Ohm 3rd Thaw - Small Agglomerates at bottom 3rd Thaw - Very small agglomerates at Bottom
- Ultrasonicated at 15W for 15 Min, , Sample at 21°C 4th Thaw - Medium and Small Agglomerates and Suspensions 4th Thaw - Very small agglomerates at Bottom
-0.1% vol CNT (0.02 g) 5th Thaw - Large Agglomerates and Suspensions at Bottom 5th Thaw - Very small agglomerates at Bottom
- 3.0% Surfactant (0.6 g)
SWCNT - LDS vs. Igepal Initial Testing
(ICE BATH DURING U/S)
0.1% CNT Sample #7 - LDS Sample #8 - Igepal
DW . 1st 2nd 3rd 4ath 5th DW . 1st 2nd 3rd 4ath 5th
3.0% surt (MQ) DW/1Ds Initial Thaw Thaw Thaw Thaw Thaw (MQ) OW/lge Initial Thaw Thaw Thaw Thaw Thaw
1 0.21 9.2 5.5 12.9 12.2 9.5 7.1 7.1 0.25 28.2 43.0 27.4 30.4 25.5
2 0.19 113 5.2 12.0 12.9 9.3 9.6 7.7 0.26 32.2 45.9 30.2 26.7 25.3
3 0.25 12.0 6.0 14.5 9.7 9.4 7.9 7.1 0.30 313 44.2 29.5 28.7 29.9
4 0.18 12.4 6.3 13.6 11.3 9.8 9.2 7.5 0.29 37.0 39.2 27.8 26.5 22.6
5 0.19 12.2 5.8 12.3 12.1 9.7 10.2 7.7 0.32 33.0 45.7 29.2 24.7 25.0
6 0.26 11.4 5.4 13.1 11.1 10.6 8.8 9.3 0.25 38.5 41.8 32.2 29.3 26.4
7 0.27 14.8 5.7 9.7 12.4 11.2 6.1 9.0 0.24 334 35.2 34.8 27.4 23.8 Sample Unstable
8 0.19 13.9 4.9 12.9 13.0 11.1 8.3 9.1 0.28 33.9 37.0 33.8 29.1 25.9
9 0.20 13.6 5.4 9.6 11.9 113 9.7 8.5 0.29 319 41.7 29.2 26.8 26.8 Testing
10 0.22 17.1 5.7 10.6 11.8 10.8 113 9.6 0.25 32.8 33.5 27.6 29.5 22.1 Discontinued
11 0.19 14.0 4.9 12.1 12.0 10.7 9.7 10.8 0.26 37.1 40.4 32.7 32.1 22.6
12 0.20 16.6 6.4 13.8 11.5 9.1 10.5 9.9 0.24 39.1 36.2 30.3 28.9 28.9
13 0.19 16.7 6.2 13.1 113 111 9.6 11.0 0.18 41.6 47.1 313 33.6 26.2
14 0.29 14.4 5.1 11.2 14.2 10.4 11.6 7.2 0.28 35.3 39.5 33.9 324 28.9
15 0.24 13.5 5.2 10.9 12.9 11.3 8.2 9.4 0.27 33.5 38.0 36.1 30.5 26.5
Mean 0.22 13.54 5.58 12.15 12.02 10.35 9.19 873 0.26 34.59 40.56 31.07 29.11 25.76
Std Dev 0.04 2.21 0.49 1.48 1.04 0.80 1.50 1.31 0.03 3.49 4.14 2.75 2.45 2.35
Notes 1st Thaw - Light Sediment at Bottom 1st Thaw - Light Sediment at Bottom

- SWCNT, 20 mL Sample
- All Resistances in k-Ohm

-0.1% vol CNT (0.02 g)
- 3.0% Surfactant (0.6 g)

2nd Thaw - Light Sediment at Bottom
3rd Thaw - Light Sediment at Bottom

- Ultrasonicated at 15W for 15 Min, , Sample at 21°C  4th Thaw - Light Sediment at Bottom
5th Thaw - Light Sediment at Bottom

2nd Thaw - Heavier Sediment Layer at Bottm

3rd Thaw - Sample Unstable - Layered Apperance

- Heavy Sediment at Bottom

60




MWCNT - LDS vs. Igepal Initial Testing

0.2% CNT Sample #9 - LDS Sample #10 - Igepal
DW ", 1st 2nd 3rd 4th Sth DW L 1st 2nd 3rd 4th 5th

3.0% surf (MQ) DW /LDs Initial Thaw Thaw Thaw Thaw Thaw (MQ) DW/ lge Initial Thaw Thaw Thaw Thaw Thaw
1 0.61 10.9 3.2 10.1 7.3 6.0 7.9 4.8 0.71 38.8 17.2 24.8 24.4 24.0 23.5 34.9

2 0.62 8.2 1.7 9.7 5.6 2.5 6.6 4.6 0.65 36.4 17.9 29.6 29.8 224 21.8 24.5

3 0.70 7.9 2.8 83 7.7 1.9 6.8 2.9 0.69 40.0 16.0 28.5 32.2 26.0 28.2 31.2

4 0.69 9.1 1.5 7.7 5.7 3.1 9.2 4.4 0.80 34.5 14.0 24.4 33.6 23.7 26.8 26.4

5 0.72 8.6 1.4 7.3 4.5 0.6 8.6 5.1 0.65 35.0 15.7 31.4 31.1 215 25.2 27.1

6 0.73 9.3 3.0 9.2 6.4 5.8 9.1 4.5 0.72 36.0 123 33.2 33.9 23.6 27.2 26.5

7 0.65 9.2 3.1 8.0 7.1 6.1 6.4 6.2 0.60 37.0 17.0 32.0 29.3 21.4 22.6 29.4

8 0.71 9.4 2.0 7.6 8.5 6.7 7.4 6.1 0.65 35.9 123 31.8 28.1 28.9 29.8 26.5

9 0.67 10.8 2.5 7.8 7.7 7.1 8.7 5.2 0.66 36.3 15.5 26.6 26.3 26.0 31.6 27.7

10 0.70 9.9 3.4 7.7 7.8 8.7 9.8 6.7 0.71 37.6 15.8 25.6 34.4 26.4 31.9 26.3

11 0.93 11.5 2.2 7.8 8.9 8.9 8.2 4.8 0.75 38.7 17.1 30.7 31.2 23.2 32.9 24.2

12 0.73 12.5 2.7 7.4 8.7 8.0 9.1 5.6 0.70 40.1 13.2 31.9 27.5 28.6 27.5 28.2

13 0.80 10.3 2.6 9.5 9.0 7.2 8.4 6.0 0.62 42.4 17.0 27.9 38.1 24.5 26.2 28.9

14 0.63 11.3 3.0 7.6 9.4 6.1 10.0 5.4 0.64 35.4 15.5 35.2 24.9 27.9 27.9 24.1

15 0.71 9.2 3.1 7.8 8.6 7.8 9.2 5.2 0.65 35.2 17.2 30.6 28.8 25.6 27.6 27.4
Mean 0.71 9.87 2.55 8.23 7.53 5.77 8.36 5.17 0.68 37.29 15.58 29.61 30.24 24.91 27.38 27.55
Std Dev 0.08 1.31 0.64 0.92 1.44 2.56 1.13 0.93 0.05 2.27 1.83 3.22 3.80 2.40 3.29 2.81

Notes Max Temp during U/S - 73°C, Sample Stable Max Temp during U/S- 73°C, Sample Stable

- Hollow MWCNT, 20 mL Sample

- All Resistances in k-Ohm, except DW
for 15 Min
-0.2% vol CNT (0.04 g)

- 3.0% Surfactant (0.6 g)

3rd Thaw - Medium Agglomerates and Sediment

1st Thaw - Small Agglomerates at Bottom
2nd Thaw - Small Agglomerates at Bottom

4th Thaw - Medium Agglomerates and Sediment
5th Thaw - Medium Agglomerates and Sediment

3rd Thaw - Large Agglomerates and Sediment

1st Thaw - Small Agglomerates at Bottom

2nd Thaw - Small Agglomerates and Sediment - Ultrasonicated at 15W
4th Thaw - Large Agglomerates and Sediment

5th Thaw - Large Agglomerates and Sediment

SWCNT - LDS vs. Igepal Initial Testing

0.2% CNT Sample #11 - LDS Sample #12 - Igepal
DW . 1st 2nd 3rd 4th Sth bW . 1st 2nd 3rd 4th 5th

3.0 surf (MQ) W /1Ds Initial Thaw Thaw Thaw Thaw Thaw (MQ) W/ lge Initial Thaw Thaw | Thaw ‘ Thaw ‘ Thaw
1 0.75 10.2 3.6 8.5 6.0 6.8 6.5 4.4 0.52 33.1
2 0.80 11.1 3.5 8.8 6.5 5.1 4.3 9.8 0.55 34.8
3 0.79 9.8 3.3 7.9 8.1 6.6 7.5 7.0 0.48 29.7
4 0.67 12.3 3.7 6.4 8.2 7.2 7.4 8.6 0.52 29.1
5 0.71 13.6 3.2 8.7 7.9 8.0 8.9 9.0 0.49 28.8
6 0.64 11.5 3.3 7.8 83 8.9 10.5 8.5 0.48 30.3
7 0.82 10.3 3.4 9.4 8.8 6.6 7.4 9.8 0.51 33.0
8 0.75 12.5 3.6 10.0 83 7.5 7.2 7.2 0.53 32.4 Sample Unstable after U/S
9 0.71 14.2 3.9 9.6 8.7 9.6 8.8 9.4 0.57 343
10 0.66 13.6 3.3 10.4 8.3 12.3 8.5 9.8 0.49 33.1 Testing Discontinued
11 0.62 13.6 3.4 8.7 8.5 8.6 10.2 5.2 0.60 34.5
12 0.65 13.0 3.7 9.1 9.3 9.5 11.0 9.6 0.49 29.9
13 0.68 14.0 3.9 9.5 7.2 7.1 8.1 9.0 0.48 31.0
14 0.71 9.7 3.3 10.0 8.2 9.5 7.5 9.2 0.52 28.7
15 0.63 10.7 3.1 9.9 8.7 9.3 9.0 9.6 0.50 28.4

Mean 0.71 12.01 3.48 8.98 8.07 8.17 8.19 8.41 0.52 31.41
Std Dev 0.06 1.62 0.25 1.05 0.88 1.76 1.69 171 0.04 2.30
Notes Max Temp during U/S - 70°C, Sample Stable Max Temp during U/S- 74°C, Sample Unstable

- SWCNT, 20 mL Sample

- All Resistances in k-Ohm, excpet DW
- Ultrasonicated at 15W for 15 Min
-0.2% vol CNT (0.04 g)

- 3.0% Surfactant (0.6 g)

1st Thaw - Light Sediment at bottom
2nd Thaw - Light Sediment at bottom
3rd Thaw - Light Sediment at bottom
4th Thaw - Light Sediment at bottom
5th Thaw - Light Sediment at bottom

- Layered Separation after U/S ->Heavy sediment
at bottom with small agglomerates
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MWCNT - LDS vs. Igepal Initial Testing

0.1% CNT Sample #13 - LDS Sample #14 - Igepal
o, DW . 1st 2nd 3rd 4th Sth DW ", 1st 2nd 3rd 4th 5th
3.0%Surf (MQ) DW /LDS Initial Thaw Thaw Thaw Thaw Thaw (MQ) DW/lge Initial Thaw Thaw Thaw Thaw Thaw
1 0.63 9.9 4.2 10.6 6.6 6.4 5.0 7.7 0.65 32.2 10.5 30.0 23.3 20.3 25.9 28.8
2 0.66 7.1 5.1 10.2 6.8 5.5 6.5 9.1 0.67 28.4 9.8 27.7 18.8 25.6 333 27.5
3 0.71 9.8 4.8 7.3 8.0 7.1 5.8 9.8 0.61 28.5 10.6 32.6 24.7 21.1 29.5 375
4 0.56 8.4 5.3 7.8 7.5 12.1 6.6 7.9 0.60 33.4 11.1 31.2 26.6 24.9 34.9 32.5
5 0.55 8.9 3.7 9.5 8.8 8.6 8.3 9.5 0.59 31.7 14.3 29.7 23.1 26.2 28.2 29.3
6 0.59 9.2 5.5 8.0 9.5 6.2 7.2 10.4 0.71 33.8 12.3 27.6 24.6 31.3 34.5 27.1
7 0.68 9.4 4.8 7.1 6.1 6.1 8.6 8.9 0.69 32.1 12.7 28.8 26.9 27.4 26.4 36.2
8 0.62 8.6 3.6 8.9 7.1 8.0 10.3 8.8 0.68 29.3 12.3 29.6 25.6 19.4 32.0 35.3
9 0.57 9.3 4.0 8.0 9.2 7.4 9.3 12.4 0.62 36.8 12.1 33.3 27.6 22.7 34.4 32.4
10 0.54 10.0 4.7 7.7 8.9 6.8 9.1 11.0 0.65 34.7 10.9 27.8 29.1 30.7 317 28.0
11 0.61 9.9 4.8 7.6 9.5 5.4 7.2 9.0 0.63 35.7 11.9 27.0 25.0 29.4 28.6 29.1
12 0.70 8.4 6.0 8.5 8.5 7.5 7.1 10.4 0.70 36.8 13.6 28.4 27.2 27.3 33.0 31.5
13 0.68 7.8 5.1 8.1 8.7 8.8 10.5 12.4 0.69 32.4 12.9 27.6 29.3 23.8 319 27.8
14 0.55 8.8 4.8 7.9 8.3 5.6 8.1 11.8 0.59 30.1 12.1 30.8 23.2 24.0 25.8 32.1
15 0.59 9.0 2.9 8.2 9.1 6.2 8.7 10.8 0.63 32.3 13.3 32.5 28.3 31.8 31.7 33.8
Mean 0.62 8.97 4.62 8.36 8.17 7.18 7.89 9.99 0.65 32.55 12.03 29.64 25.55 25.73 30.79 31.26
Std Dev 0.06 0.82 0.81 1.02 1.10 1.73 1.59 1.49 0.04 2.73 1.26 2.05 2.78 3.96 3.17 3.36
Notes Max Temp during U/S - 72°C, Sample Stable Max Temp during U/S- 77°C, Sample Stable
- Hollow MWCNT, 20 mL Sample 1st Thaw - Small Agglomerates at Bottom 1st Thaw - Very Small Agglomerates at Bottom
- All Resistances in k-Ohm, except DW 2nd Thaw - Small Agglomerates at Bottom 2nd Thaw - Small Agglomerates at Bottom
- Ultrasonicated at 15W for 15 Min 3rd Thaw - Small Agglomerates at Bottom 3rd Thaw - Small Agglomerates at Bottom
-0.1% vol CNT (0.02 g) 4th Thaw - Small Agglomerates at Bottom 4th Thaw - Small Agglomerates at Bottom
- 3.0% Surfactant (0.6 g) 5th Thaw - Small Agglomerates at Bottom 5th Thaw - Small Agglomerates at Bottom
SWCNT - LDS vs. Igepal Initial Testing
0.1% CNT Sample #15 - LDS Sample #16 - Igepal
DW . 1st 2nd 3rd 4th Sth DW ", 1st 2nd 3rd 4th 5th
3.0% Surf (MQ) DW /LDS Initial Thaw Thaw Thaw Thaw Thaw (MQ) DW/ lge Initial Thaw | Thaw | Thaw ‘ Thaw Thaw
1 0.53 8.2 5.5 9.3 7.2 6.2 4.5 4.2 0.61 25.4
2 0.56 9.7 6.2 8.1 6.4 7.9 4.9 5.4 0.65 34.1
3 0.52 9.6 5.3 8.4 8.7 9.0 5.3 6.4 0.59 27.9
4 0.57 9.5 5.8 8.5 8.0 8.1 7.1 7.2 0.57 27.8
5 0.53 7.3 7.1 9.4 9.5 9.4 5.1 8.6 0.62 26.5
6 0.54 8.2 6.0 9.0 8.6 9.1 7.5 9.6 0.55 30.3
7 0.55 8.3 4.5 9.6 9.7 8.2 6.0 9.5 0.61 29.9
8 0.59 8.0 5.1 12.2 10.0 9.3 6.5 7.2 0.60 28.4 Sample Unstable after U/S
9 0.63 8.2 4.8 10.0 9.0 11.7 8.5 8.6 0.70 27.7
10 0.51 10.1 5.4 9.8 9.4 11.4 5.9 7.3 0.62 34.4 Testing Discontinued
11 0.65 9.4 5.3 7.8 9.3 9.6 6.0 9.1 0.64 29.2
12 0.51 8.8 5.7 9.5 10.9 8.4 7.1 9.6 0.63 30.7
13 0.52 9.3 5.4 11.2 10.8 10.1 7.5 10.4 0.60 28.9
14 0.55 9.1 4.9 8.7 8.3 8.9 7.7 10.1 0.62 29.1
15 0.60 9.0 6.2 10.4 8.7 10.5 9.5 8.0 0.59 32.7
Mean 0.56 8.85 5.55 9.46 8.97 9.19 6.61 8.08 0.61 29.53
Std Dev 0.04 0.78 0.65 1.17 1.21 1.40 1.41 1.79 0.04 2.59
Notes Max Temp during U/S - 69°C, Sample Stable Max Temp during U/S- 72°C, Sample Unstable

- SWCNT, 20 mL Sample
- All Resistances in k-Ohmexcept DW

- Ultrasonicated at 15W for 15 Min

-0.1% vol CNT (0.02 g)
- 3.0% Surfactant (0.6 g)

1st Thaw - Light Sediment at Bottom

2nd Thaw - Light Sediment at Bottom
3rd Thaw - Light Sediment at Bottom

4th Thaw - Light Sediment at Bottom
5th Thaw - Light Sediment at Bottom

- Layered Separation after U/S -> Heavy sediment
at bottom with small agglomerates
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APPENDIX H. LUNA INNOVATIONS NANOFLUID RESISTANCE
MEASUREMENTS

*All Resistances in kilo-ohm

LnW - 402 Resistance (kQ)

Insertion Initial Thaw #1 Thaw #2 Thaw #3 Thaw #4 Thaw #5 Thaw #6 Thaw #12 Re-Son Thaw #1

1 11.2 123 14.0 12.0 13.5 8.5 10.0 21.6 7.6 10.2
10.6 11.4 14.2 12.2 123 8.9 9.2 17.4 8.2 133

3 10.9 11.7 10.8 11.7 12.6 7.8 10.2 18.4 8.5 11.0

4 10.1 10.8 12.7 13.4 13.5 8.6 9.1 21.0 8.0 111

5 10.5 11.8 14.9 12.6 11.7 8.3 9.3 20.9 6.4 12.7

6 11.0 12.7 115 11.8 123 8.9 9.5 22.0 7.6 9.5

7 10.9 11.7 13.8 115 13.4 8.4 9.6 27.9 7.7 11.0

8 10.4 12.2 11.7 11.9 13.0 8.6 10.1 23.1 8.1 10.6

9 10.8 11.6 12.1 12.6 12.9 9.1 10.4 23.7 8.0 10.1
10 11.0 11.9 13.6 12.0 123 9.7 10.1 19.5 7.2 111
11 10.6 12.7 14.1 113 13.0 8.6 10.2 21.9 8.4 11.7
12 12.1 11.3 12.0 13.5 12.7 8.2 9.8 23.4 8.0 12.8
13 10.4 12.1 11.5 11.7 12.6 10.1 12.5 20.8 8.9 13.5
14 9.9 13.1 117 12.7 11.9 9.3 9.6 19.5 6.5 15.6
15 10.6 11.4 13.7 10.9 12.8 8.6 10.0 22.1 6.8 13.4
Mean 10.73 11.91 12.82 12.12 12.70 8.77 9.97 21.55 7173 11.84
Std Dev 0.52 0.61 1.28 0.73 0.54 0.59 0.80 2.51 0.73 1.66

LnW - 403 Resistance (kQ)

Insertion Initial Thaw #1 Thaw #2 Thaw #3 Thaw #4 Thaw #5 Thaw #6 Thaw #12 Re-Son Thaw #1

1 9.1 11.7 12.0 11.8 12.3 8.4 9.3 18.4 4.4 12.8
8.4 113 10.6 10.5 12.0 9.5 9.0 18.1 7.1 103

3 8.9 10.7 13.2 10.7 133 9.0 10.3 20.5 6.3 10.4

4 8.2 11.7 12.0 11.7 12.4 9.8 9.6 25.1 7.1 11.9

5 8.0 11.4 11.4 11.6 12.8 9.9 9.9 22.8 7.0 10.3

6 8.3 115 11.0 9.5 12.7 8.4 9.5 19.6 7.5 10.5

7 9.1 11.2 113 11.2 12.9 9.9 9.9 16.7 6.9 11.6

8 8.3 10.5 12.0 11.6 11.9 9.5 9.3 20.5 6.7 123

9 8.5 12.2 11.0 12.7 11.5 8.3 9.0 18.8 5.5 10.3
10 8.2 11.6 10.9 12.4 12.2 8.7 10.4 20.8 7.2 12.2
11 8.8 10.9 11.5 11.3 12.9 9.0 10.1 22.6 7.9 11.6
12 8.9 10.8 12.2 11.5 123 9.5 10.2 21.8 7.4 133
13 8.3 11.6 11.0 12.6 11.6 8.6 10.5 20.6 8.2 9.9
14 8.7 10.9 11.8 10.9 11.9 9.7 10.2 21.7 7.0 10.6
15 9.0 11.5 11.3 11.1 11.8 8.7 9.5 20.1 7.9 10.5

Mean 8.58 11.30 11.55 11.41 12.30 9.13 9.78 20.54 6.94 11.23
Std Dev 0.37 0.46 0.67 0.84 0.53 0.59 0.50 2.11 0.97 1.07
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*All Resistances in kilo-ohm

LnW - 404 Resistance (kQ)

Insertion Initial Thaw #1 Thaw #2 Thaw #3 Thaw #4 Thaw #5 Thaw #6 Thaw #12 Re-Son Thaw #1
1 8.6 8.4 9.6 9.8 8.9 8.9 9.0 15.4 5.1 6.3
2 7.4 9.3 9.4 7.8 9.2 7.7 8.5 15.6 6.4 3.9
3 7.2 8.8 9.5 7.3 9.1 8.4 9.2 16.1 6.7 3.4
4 7.4 8.8 7.9 9.0 7.8 8.7 9.0 19.4 6.5 6.7
5 7.9 9.7 9.1 9.2 7.3 8.3 7.4 17.6 7.5 7.1
6 7.6 9.4 8.4 8.8 7.4 7.8 9.0 18.8 6.8 8.2
7 8.1 9.7 9.3 9.3 7.4 9.8 8.6 15.2 6.9 7.3
8 7.4 8.7 9.0 9.0 8.5 8.6 9.9 17.1 6.6 8.5
9 7.9 9.1 9.5 8.5 8.3 8.3 8.5 18.5 6.4 5.4
10 8.2 9.5 8.4 7.8 7.9 9.2 8.1 16.8 7.5 7.9
11 8.0 9.1 8.0 9.5 8.2 9.7 8.9 23.5 7.1 6.4
12 7.5 9.2 8.8 8.6 8.4 8.6 8.5 17.5 6.4 8.0
13 8.3 8.3 9.3 9.8 7.8 7.6 9.6 21.5 7.2 7.7
14 8.1 8.7 9.2 9.0 8.9 8.0 9.1 16.7 6.3 11.7
15 7.7 9.0 8.4 9.4 9.0 8.3 8.9 18.8 7.2 9.9
Mean 7.82 9.05 8.92 8.85 8.27 8.53 8.81 17.90 6.71 7.23
Std Dev 0.40 0.43 0.57 0.74 0.65 0.66 0.60 2.30 0.60 2.10

LnW - 405 Resistance (kQ)

Insertion Initial Thaw #1 Thaw #2 Thaw #3 Thaw #4 Thaw #5 Thaw #6 Thaw #12 Re-Son Thaw #1
1 5.1 6.9 7.3 6.4 7.1 4.8 6.4 13.1 5.7 8.7
2 4.9 6.9 7.2 8.2 6.9 5.7 6.9 13.5 6.0 11.5
3 5.3 8.0 7.8 7.0 8.9 4.6 6.7 13.0 6.1 9.1
4 4.6 6.3 8.4 8.2 6.4 4.7 6.9 12.3 6.2 9.5
5 4.6 7.3 7.3 7.0 6.2 5.1 6.5 16.0 6.8 9.3
6 4.2 6.9 7.7 6.7 6.3 5.4 6.8 11.8 6.0 10.3
7 4.5 6.1 7.3 8.1 5.9 4.6 6.0 13.0 6.3 9.2
8 4.4 6.8 6.6 7.2 6.2 5.9 6.2 13.8 6.7 9.1
9 5.0 6.2 6.7 8.2 5.7 4.9 6.1 16.0 7.2 10.9
10 4.7 6.7 7.0 6.9 5.8 4.3 5.8 13.0 6.1 11.5
11 4.6 6.1 7.4 7.4 5.7 5.0 5.7 11.0 6.3 10.5
12 4.9 6.3 8.2 6.8 6.0 6.1 5.9 12.5 6.9 11.1
13 4.8 6.7 6.6 7.2 6.3 4.6 6.2 13.4 7.4 9.7
14 4.2 6.2 7.3 7.0 5.4 5.7 7.0 12.6 7.0 9.9
15 4.6 6.8 6.8 6.9 5.7 5.1 6.2 12.4 6.3 8.4
Mean 4.69 6.68 7.31 7.28 6.30 5.10 6.35 13.16 6.47 9.91
Std Dev 0.31 0.52 0.54 0.60 0.85 0.54 0.43 1.35 0.50 1.00
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*All Resistances in kilo-ohm

LnW - 406 Resistance (kQ)

Insertion Initial Thaw #1 Thaw #2 Thaw #3 Thaw #4 Thaw #5 Thaw #6 Thaw #12 Re-Son Thaw #1
1 6.2 9.1 7.4 7.6 6.3 6.2 7.2 9.4 8.0 7.0
2 6.4 8.6 8.6 8.2 7.4 6.7 7.3 11.0 7.8 8.2
3 6.9 9.2 8.7 9.4 7.7 5.6 7.6 10.1 7.7 8.4
4 6.6 9.5 8.5 8.4 7.1 6.2 7.3 11.2 8.1 8.9
5 6.3 9.9 8.2 7.6 7.6 7.3 7.4 13.2 8.0 9.1
6 6.0 9.2 7.9 9.6 8.6 7.0 6.9 13.7 9.1 9.5
7 6.2 10.6 7.8 8.8 7.3 5.9 7.3 13.3 5.6 11.4
8 6.1 8.9 8.9 9.1 6.2 6.5 7.9 10.1 7.3 9.5
9 6.9 8.6 8.2 8.2 7.7 6.9 7.8 11.4 7.0 10.3
10 6.3 8.9 9.3 9.3 8.1 8.1 7.7 12.1 6.4 8.5
11 6.5 9.7 8.9 8.7 7.2 7.5 7.8 14.9 7.3 10.7
12 6.9 9.8 7.9 9.2 7.8 6.1 7.7 14.2 7.5 10.0
13 6.2 10.3 8.3 8.5 8.6 7.1 7.3 15.3 6.6 13.9
14 6.9 10.2 7.8 9.1 8.3 6.7 7.2 12.5 6.5 8.6
15 6.7 9.1 10.4 9.9 7.4 7.6 7.3 13.1 7.2 8.3
Mean 6.47 9.44 8.45 8.77 7.55 6.76 7.45 12.37 7.34 9.49
Std Dev 0.32 0.62 0.74 0.69 0.71 0.69 0.29 1.80 0.85 1.65

LnW - 407 Resistance (kQ)

Insertion Initial Thaw #1 Thaw #2 Thaw #3 Thaw #4 Thaw #5 Thaw #6 Thaw #12 Re-Son Thaw #1
1 7.5 9.5 9.3 9.7 8.0 6.2 7.1 15.4 5.8 9.2
2 7.1 10.5 9.1 9.3 7.4 6.7 8.2 18.3 5.9 8.0
3 7.3 9.9 8.6 10.1 8.3 7.8 7.7 16.7 5.8 9.9
4 7.4 10.6 8.2 9.4 8.8 7.9 9.0 16.0 6.2 8.9
5 7.4 10.3 8.8 10.7 7.7 6.6 8.8 17.7 7.3 9.7
6 7.6 10.5 9.5 9.5 7.8 8.0 8.1 15.3 6.5 10.1
7 7.3 9.9 8.5 9.8 8.6 6.6 7.1 16.4 8.0 9.6
8 7.6 10.0 8.7 10.7 8.4 7.5 7.9 16.2 7.4 8.7
9 7.2 10.4 8.6 9.2 7.9 7.6 7.3 15.9 8.2 10.3
10 7.3 10.0 9.0 10.8 8.9 7.7 8.2 16.1 7.3 10.2
11 7.2 10.1 8.6 8.3 7.6 6.9 8.4 16.7 7.4 9.5
12 7.9 9.5 10.8 9.0 8.1 7.7 8.8 17.2 7.5 9.7
13 7.3 9.9 8.4 10.6 8.4 7.3 7.9 16.0 7.3 10.1
14 7.1 10.0 9.4 9.7 8.3 6.9 7.3 16.4 6.5 10.2
15 7.8 11.0 10.2 9.8 9.1 7.8 8.1 15.9 6.4 10.4
Mean 7.40 10.14 9.05 9.77 8.22 7.28 7.99 16.41 6.90 9.63
Std Dev 0.24 0.41 0.71 0.71 0.50 0.58 0.61 0.81 0.79 0.68
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APPENDIX I. COMBINED CNT NANOFLUID RESISTANCE
MEASUREMENTS

Mixed LnW - 402 Resistance
L1 - 15W / 15 min, U/S with Ice bath
R . ) 1st 2nd 3rd 4ath 5th
Insertion Initial Mixed
Thaw Thaw Thaw Thaw Thaw
1 8.8 8.6 16.1 7.5 11.1 12.4 16.7
2 7.6 7.3 16.6 8.4 12.0 14.2 17.3
3 8.1 8.5 17.4 7.8 10.3 13.6 18.6
4 9.0 8.3 17.1 8.2 9.2 14.0 17.1
5 8.1 8.1 18.4 7.3 8.7 13.3 16.5
6 8.8 7.8 17.4 7.4 10.6 13.4 15.4
7 7.2 7.4 15.4 7.9 9.9 16.2 22.9
8 8.8 7.9 16.2 8.5 10.1 14.3 13.6
9 7.6 7.8 14.1 8.4 9.4 14.1 15.4
10 8.7 7.5 15.1 7.9 12.7 15.3 15.9
11 8.9 7.8 15.4 8.0 9.6 18.3 17.9
12 7.9 8.2 18.8 8.1 11.5 15.7 19.2
13 8.8 8.0 17.3 7.9 11.7 13.6 15.9
14 9.1 8.0 15.1 7.2 10.0 14.1 17.9
15 9.6 7.9 17.3 8.8 8.5 14.2 17.0
Mean 8.47 7.94 16.51 7.95 10.35 14.45 17.15
Std Dev 0.67 0.37 1.32 0.47 1.23 1.44 2.12
Notes
Max Temp during U/S - 21°C
1st Thaw - Sediment at Bottom
2nd Thaw - Heavy Agglomerates at Bottom - Sample Unstable
3rd Thaw - Small and Large Agglomerates Suspended and Sediment at Bottom
4th Thaw - Heavy Agglomeration and Sediment at Bottom, Layered Appearance
5th Thaw - Heavy Agglomeration and Sediment at Bottom, Layered Appearance

Mixed LnW - 402 Resistance
L2 - 15W / 15 Min, No Ice bath
Insertion Initial Mixed Lst 2nd 3rd 4th 5th
Thaw Thaw Thaw Thaw Thaw
1 7.8 6.6 17.6 9.0 12.1 8.4 17.2
2 8.7 7.0 18.2 8.6 14.3 8.7 16.4
3 8.9 6.3 17.4 8.7 10.9 6.3 16.8
4 8.1 6.4 18.0 9.6 10.3 7.2 15.1
5 7.4 7.4 17.0 9.5 9.9 9.2 17.9
6 8.2 7.2 16.7 8.1 10.2 11.3 16.3
7 9.0 5.2 19.1 9.8 10.0 11.8 18.1
8 8.4 6.0 14.7 9.3 11.2 13.2 17.0
9 8.3 5.5 15.9 9.0 10.7 14.6 15.6
10 9.2 6.2 17.9 10.0 15.8 16.8 15.0
11 8.1 5.4 16.7 9.4 12.0 16.2 16.8
12 9.1 5.0 15.6 8.3 13.3 13.6 17.3
13 9.0 4.7 18.2 9.0 10.3 13.8 19.4
14 8.4 6.1 16.2 8.9 14.6 14.0 15.8
15 7.8 5.2 15.5 8.5 13.3 15.0 17.4
Mean 8.43 6.01 16.98 9.05 11.93 12.01 16.81
Std Dev 0.54 0.83 1.23 0.55 1.90 3.33 1.18
Notes
Max Temp during U/S - 72°C
1st Thaw - Sediment at Bottom
2nd Thaw - Small Agglomerate Suspensions and Sediment at Bottom
3rd Thaw - Small Agglomerates and Sediment at Bottom
4th Thaw - Small Agglomerates and Suspensions with Sediment at Bottom
Sth Thaw - Small Agglomerates and Suspensions with Sediment at Bottom
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*All Resistances in kilo-ohm

Mixed LnW - 402 Resistance
L3 -39 W/ 15 Min, U/S with Ice Bath
. . ) 1st 2nd 3rd 4th 5th
Insertion Initial Mixed
Thaw Thaw Thaw Thaw Thaw
1 8.4 7.4 16.6 9.1 15.0 15.8 21.3
2 7.8 7.3 17.1 9.2 13.0 16.2 22.6
3 9.0 7.2 18.9 9.4 13.3 16.3 18.0
4 9.1 6.0 15.1 9.2 14.2 19.0 17.5
5 8.1 6.9 16.2 10.2 12.3 16.8 16.7
6 8.2 7.2 18.0 9.8 15.6 17.1 18.4
7 8.9 7.1 15.1 9.5 10.4 17.0 16.6
8 8.7 7.7 17.8 9.2 11.6 15.8 17.8
9 9.6 8.1 17.5 8.4 13.6 16.9 18.3
10 10.1 6.7 16.4 8.7 11.7 16.2 23.2
11 8.1 7.0 16.9 8.1 14.0 15.9 15.2
12 8.7 8.1 15.5 9.5 12.5 18.4 18.9
13 8.2 7.4 16.0 8.8 14.1 17.2 23.4
14 8.6 7.7 18.5 9.0 14.6 19.2 17.2
15 8.4 8.0 16.8 8.3 15.3 18.0 15.9
Mean 8.66 7.32 16.83 9.09 13.41 17.05 18.73
Std Dev 0.61 0.56 1.16 0.57 1.50 1.12 2.65
Notes
Max Temp during U/S - 34°C
1st Thaw - Minor Sediment at Bottom
2nd Thaw - Heavy Agglomeration at Bottom - Sample Unstable
3rd Thaw - Small and Large Agglomerates Suspended and Sediment at Bottom
4th Thaw - Large Agglomerates and Suspensions with Sediment at Bottom
Sth Thaw - Large Agglomerates and Suspensions with Sediment at Bottom
Mixed LnW - 402 Resistance
L4 - 39W / 15 Min, No Ice bath
Insertion Initial Mixed 1st 2nd 3rd ath Sth
Thaw Thaw Thaw Thaw Thaw
1 8.5 5.0 17.4 8.3 13.8 14.3 17.9
2 9.0 4.9 18.3 9.5 11.4 15.6 20.1
3 7.2 5.6 17.1 8.6 12.7 17.8 17.1
4 7.3 4.9 17.3 8.8 8.7 17.2 15.2
5 7.4 5.8 20.1 8.9 11.4 17.5 18.5
6 8.6 5.7 22.3 7.9 9.9 18.1 19.5
7 9.2 5.5 15.4 8.5 8.0 16.2 22.9
8 8.5 5.2 18.3 8.3 8.8 19.1 20.4
9 7.4 4.8 16.2 9.3 12.7 16.8 19.2
10 8.3 5.5 19.6 9.5 12.4 18.0 19.0
11 8.5 5.9 18.2 8.5 12.9 19.1 21.8
12 7.4 6.4 19.8 8.4 12.0 17.2 18.2
13 8.3 6.2 15.7 9.8 11.9 19.2 16.9
14 8.5 5.6 17.7 9.3 14.3 18.4 19.1
15 7.6 6.0 18.1 8.6 13.0 19.2 19.0
Mean 8.11 5.53 18.10 8.81 11.59 17.58 18.99
Std Dev 0.66 0.49 1.81 0.55 1.91 1.43 1.91
Notes
Max Temp during U/S - 78 °C
1st Thaw - Heavy Sediment and agglomeration at Bottom - Sample Unstable
2nd Thaw - Heavy Sediment and agglomeration at Bottom
3rd Thaw - Heavy Sediment and agglomeration at Bottom
4th Thaw - Heavy Sediment and agglomeration at Bottom
Sth Thaw - Heavy Sediment and agglomeration at Bottom
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*All Resistances in kilo-ohm

Mixed LnW - 405 Resistance
L5 - 15W / 15 min, U/S with Ice bath
Insertion Initial Mixed Ist 2nd 3rd 4th Sth
Thaw Thaw Thaw Thaw Thaw

1 8.4 7.5 11.8 15.2 12.5

2 7.4 7.3 9.9 16.6 11.7

3 7.8 7.8 10.1 11.5 11.1

4 7.6 7.1 9.2 16.8 9.3

5 7.9 6.8 8.7 9.8 13.9

6 7.3 7.1 9.8 12.5 9.0

7 8.0 7.0 11.6 10.8 13.0

8 7.9 8.0 8.6 10.6 10.5

9 8.8 7.1 9.1 9.1 10.1

10 6.8 7.6 7.7 10.6 11.5

11 7.8 7.1 10.5 9.6 14.9

12 7.5 7.7 8.8 9.7 10.3

13 7.7 6.8 8.9 13.6 11.3

14 7.4 6.6 9.2 11.7 10.7

15 9.6 8.5 9.3 10.8 9.3

Mean 7.86 7.33 9.55 11.93 11.27 #DIV/0! [ #DIV/0!
Std Dev 0.67 0.51 1.11 2.52 1.71 #DIV/0! [ #DIV/0!

Notes
Max Temp during U/S - 20°C
1st Thaw - Minor Sediment at Bottom
2nd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at
Bottom
3rd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at
Bottom
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Mixed LnW - 405 Resistance
L6 - 15W / 15 Min, No Ice bath
i . ) 1st 2nd 3rd 4th 5th
Insertion Initial Mixed
Thaw Thaw Thaw Thaw Thaw

1 7.7 3.9 10.7 14.1 12.6

2 8.5 4.0 8.8 13.4 9.7

3 8.6 4.6 9.0 11.4 10.7

4 8.1 4.0 8.8 14.0 9.9

5 7.9 4.8 9.7 10.8 9.3

6 8.3 3.8 9.0 9.2 10.0

7 8.0 4.2 9.1 9.6 8.1

8 8.3 4.0 9.7 8.8 8.2

9 6.8 3.8 8.7 13.9 12.1

10 9.7 3.6 7.6 10.6 8.7

11 7.6 3.9 9.5 10.3 7.7

12 10.0 3.7 11.3 9.3 8.0

13 8.4 3.9 8.2 9.5 9.3

14 8.0 4.0 8.4 8.7 8.9

15 8.2 4.3 7.6 13.6 11.7

Mean 8.27 4.03 9.07 11.15 9.66 #DIV/0! | #DIV/0!
Std Dev 0.78 0.32 1.02 2.08 1.53 #DIV/0! | #DIV/0!

Notes
Max Temp during U/S - 69 °C
1st Thaw - Minor Sediment at Bottom
2nd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at Bottom
3rd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at Bottom

*All Resistances in kilo-ohm

Mixed LnW - 405 Resistance
L7 - 39 W/ 15 Min, U/S with Ice Bath
Insertion Initial Mixed Ist 2nd 3rd ath Sth
Thaw Thaw Thaw Thaw Thaw

1 6.8 6.1 8.7 15.4 7.5

2 7.3 5.7 6.9 9.4 7.8

3 7.7 5.5 7.8 11.6 8.8

4 6.6 5.8 7.1 9.0 8.3

5 7.5 6.0 7.6 7.9 10.5

6 7.3 5.7 8.5 9.1 9.0

7 7.5 6.0 9.2 9.3 8.3

8 7.0 5.4 8.1 9.1 7.3

9 7.2 5.7 8.6 9.5 10.5

10 8.6 6.2 9.0 9.6 7.6

11 10.0 7.0 6.5 15.4 8.9

12 8.4 7.5 8.3 8.8 10.7

13 7.5 7.0 8.5 10.0 9.6

14 8.4 6.2 8.3 9.9 9.1

15 7.2 5.7 7.5 8.4 10.4

Mean 7.67 6.10 8.04 10.16 8.95 #DIV/0! | #DIV/0!
Std Dev 0.87 0.61 0.79 2.28 1.17 #DIV/0! | #DIV/0!

Notes
Max Temp during U/S - 43°C
1st Thaw - Minor Sediment at Bottom
2nd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at
Bottom
3rd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at
Bottom
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Mixed LnW - 405 Resistance

L8 - 39W / 15 Min, No Ice bath

i . ) 1st 2nd 3rd 4th 5th
Insertion Initial Mixed
Thaw Thaw Thaw Thaw Thaw
1 6.7 6.2 8.9 7.8 11.0
2 7.3 5.4 7.9 8.2 10.5
3 7.0 5.8 7.6 8.4 9.6
4 7.8 7.5 8.0 7.4 9.0
5 6.8 6.4 6.9 8.5 10.7
6 7.1 5.4 6.6 9.1 8.2
7 8.2 5.0 7.8 10.0 7.6
8 7.5 5.6 7.9 9.4 9.5
9 8.7 5.3 9.7 8.5 8.1
10 7.1 5.7 8.5 8.6 10.0
11 6.8 5.0 11.4 9.1 8.3
12 6.9 6.4 8.5 8.1 9.1
13 7.4 5.6 9.7 9.9 7.9
14 7.2 5.9 8.1 10.6 9.4
15 7.9 5.2 9.0 9.1 11.3
Mean 7.36 5.76 8.43 8.85 9.35 #DIV/0! | #DIV/0!
Std Dev 0.57 0.66 1.20 0.87 1.18 #DIV/0! | #DIV/0!
Notes

Max Temp during U/S - 84 °C

1st Thaw - Heavy Sediment and agglomeration at Bottom

2nd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at Bottom
3rd Thaw - Layered Appearance, Sample Unstable, Heavy Agglomeration and Sediment at Bottom
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