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ABSTRACT

The thermal conductivity of heat transfer fluids (HTF) is a critical parameter to determine
the overall heat transfer of thermal energy storage systems. With the ideato enhance heat
transfer of HTFs, measuring thermal conductivity is vital. With different approaches to measure
thermal conductivity, the transient hot-wire method (THWM) was the selected technique due to
eliminating convection to extract accurate thermal conductivity values of measured fluids. As the
THWM has a fully defined theory of extracting thermal conductivity, this thesis aims to illustrate
the design and implementation of the custom-designed apparatus. Material procurement and
special techniques to utilize a 25 um diameter platinum wire was possible to developa THW test
bench. Air, isopropyl alcohol (IPA), ethanol, and DI water were tested as base fluids.
Experimental results show that the percent error of detecting their thermal conductivities ranged
from 0.117-4.772% in experimental error compared to literature values. The overall thesis shows
that the developed THW apparatus can determine thermal conductivity values from 0.026 W/mK
t00.73 W/mK for fluids. With the THW test cell capable to detect the thermal conductivity of
liquids and gases, this opens to measuring other liquid solutions that are known for their

enhanced thermal conductivity values via nanofluids.
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Chapter 1. Introduction

1.1. Introduction

Heat transfer fluids (HTF) of a solar water heater system (SWHS) has been the lack of
attention towards thermal transport as researchers focus on the enhancement of solid materials to
enhance heat transfer. Convectional HTF such as water and ethylene glycol are commonly used
for heating and/or cooling purposes [1]. With water known for its high specific heat capacity,
thermal energy can transfer without raising the temperature of the liquid too quickly compared to
ethylene glycol (shown in Appendix A table A.1and, table A.3). Ethylene glycol is well known
for having a lower freezing and higher boiling temperature range compared to water [1].
However, water and ethylene glycol tend to have low thermal conductivity values which dictates
how much heat can transfer through pure conduction (thermal conductivity values are shown

from appendix A table A.1 and table A.3).

The aim of this thesis is to touch upon the continuing work of enhancing a SWHS
towards Hawaii’s climates. With the possibility to enhance the HTF of the SWHS, it is crucial to
know that convection and thermal conduction are the main modes of heat transfer for the stored
water tank to reach its optimal hot temperature. To enhance heat transfer, thermal conduction
must increase. However, to determine fluids thermal conductivity, measuring this
thermophysical property must be investigated to determine if it is conductive or an insulative
substance. With Hawaii plan to transitioning towards the renewable energy route by the year
2045 [2], accomplishing the enhancement of the SWHS may result in a promising future towards

energy conversion.



1.2. Background on solar water heater project

1.2.1 Direct solar water heater system

Hot Water

Circulating Pump Cold Water Storage Tank

(a) (b.)

Figure 1.1. Direct SWHS: (a.) overall schematic, (b.) electrical heater integrated to the stored
water tank

With SWHS used for commercial and household purposes, an auxiliary electrical heater
is typically used [3]. A direct SWHS utilizes this electrical system during cold seasons shown in
figure 1.1. This will ensure that the temperature of the stored water tank is able to rise to its
optimal hot temperature range of 140°F [3]. With the use of an electrical heater, electricity
converts to heat and is transferred to the water tank from joule heating. This process becomes
more costly with utilizing too much electricity for even household residents or businesses and
water itself has a relatively high specific heat capacity. However, solar radiation during the
summer season is high [4] and can be used for energy conversion especially for direct and/or
indirect SWHS. Figure 1.2 contains the annual solar radiation in Hawaii [4] to illustrate that the
summer sessions extracts more solar radiation than any other seasons of the year (May to

August).
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Figure 1.2. Annual solar radiation obtained at UHM, data obtained from [4]

1.2.2 Indirect solar water heater system

Next up is an indirect SWHS. Figure 1.3 illustrates an indirect SWHS that utilizes an
antifreeze solution (such as water/ethylene glycol mixed solutions) to extract the necessary
thermal energy from the solar absorbers to the stored water tank without any physical mixing [3].
The entire setup of an indirect SWHS can be viewed as a large heat exchanger, which divides
into two closed loops. One loop containing the HTF and the other loop with the stored water that
will be used for . The principle behind the indirect SWHS is that the HTF extracts the heat from
the solar absorbers and flows to the stored water tank. The entire piping system is thermally
insulated to allow all the heat to transfer into the storage tank over time. Once the hot HTF

passes through the copper coil within the storage tank, the working fluid is at a lower



temperature since heat was transferred to the water tank. The HTF continuously flows in the
same loop until the stored water tank reaches to its optimal hot temperature range. The water
tank within the SWHS also relies on natural convection as heat is transferred from the density
and temperature differences that drives recirculating fluid motion [5, 6]. With the ideato enhance
the working fluids in a SWHS, the use of nanofluids would allow the overall heat transfer of the
water tank to reach its optimal temperature range of 140°F [3] quicker compared to conventional

HTF such as water and/or ethylene glycol.

o
-
-
-
-

-
-
-
-

Hot HTF Hot Water

Storage

Cold HTF

--------

Heat
Exchanger
Coil

Circulating Pump Cold Water

Figure 1.3. Indirect SWHS layout

With the idea to enhance the HTF of a SWHS, nanofluids was the selected candidate towards this
work due to their well-known ability towards their enhanced thermal conductivity values

compared to their base liquids [7].



Chapter 2. Background on nanofluids, thermal transport modes and thermal
conductivity measurement techniques

This chapter will introduce the background on nanofluids, the two main modes of heat
transfer for fluids which are convection and thermal conduction. This chapter will also include
literature works of different thermal conductivity measurement techniques to distinguish what

type of approach shall be done to design and implement for this thesis work.

2.1. Background on nanofluids

Nanofluids are colloidal solutions well known for their enhanced thermal conductivity
values comparing to their base liquids such as water, ethylene glycol, etc. Nanofluids contains
nanoparticles from the size of 1-100nm [7]. A few materials used for nanofluids consists of
silver, alumina, diamond, carbon nanotubes, etc. as the solid particles [7]. Figure 2.1 illustrates a
physical preparation of alumina nanofluids with different volume fractions of the suspended

nanoparticles [8].

Figure 2.1. Alumina nanofluids with different volume fractions of suspended nanoparticles [8]



With nanofluids as the hot topic towards thermal engineering, researchers do need to investigate
an optimal approach of how to enhance base liquid’s thermal conductivity with the number of
nanoparticles and surfactants to ensure that the colloids are stabilized to enhance the heat transfer
of the fluid. It has been said that nanofluids enhance the overall heat transfer of the base fluid
due to the present of nanoparticles. The nanoparticle’s surface to volume ratio is significantly
higher than microparticles, which allows the heat to conduct onto the nanoparticles’ surface area
to the liquid’s interface [9]. For the nanoparticles to stabilize within the medium, surfactants (or
surface-active agents) are used to reduce the surface tension of the liquid. The common
technique is the two-step method [10, 11] in which the nanoparticles are measured out and
dispensed into the base liquid. This is followed up with an ultrasonic process to distribute the
surfactants and nanoparticles within the medium fora uniform mixture as shown in figure 2.2

[11].

(Optional)

(Step 1) (Step 2) (Step 3)

Nanoparticles

Nanofluid

Ultrasonication

Figure 2.2. Nanofluid preparation with the two-step method [11]

As the work towards nanofluids are in development towards the stabilization and heat transfer
enhancement, the overall idea behind these suggested colloidal solutions is the fact that they
exhibit thermal conductivity enhancement that can be utilized for energy conversion. This brings
into the next section as thermal convection and conduction are the modes of thermal transport

that helps govern the ability of fluids to transfer heat.



2.2. Convection
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Figure 2.3. Forced convection over a solid surface [6]

First up, thermal convection is the major mode of heat transfer towards fluids. The two
types of convections are natural and forced [5]. Natural convection is reliant to buoyancy forces
due to density differences of hot and cold fluids while forced convection is where the liquid or
gas is in motion along the solid surface that is either hot or cold [5, 6]. From figure 2.3, the no-
slip boundary illustrates that heat is only transferred by thermal conduction which is also backed
up by the claim that conduction allows heat to flow from hot to cold regions without any bulk or
macroscopic motion [6]. Convection is governed after the no-slip boundary due to two boundary
layers (velocity and thermal) [6]. This is related when there is a temperature gradient between the

solid surface and bulk fluid [5]. Convection heat transfer is also obtained from Newton’s Law of

cooling shown in equation 2.1:

q = hA,AT 2.1)



The q, h, A, and AT, represents the convection heat transfer rate, heat transfer
coefficient, surface area, and the change in temperature, respectively [6]. The heat transfer
coefficient is not a thermophysical property of a specific material, it is a flow property that is
governed by the type of fluid properties, flow field, and the geometry of the solid surface that the
liquid or gas flows over [5]. From equation 2.1 (Newton’s Law of cooling) it shows that q is
proportional to h, A,, and AT. This means that to enhance the overall heat transfer rate for the
HTF from thermal convection, the thermal conductivity would have to increase as this utilizes
the Nusselt number. The Nusselt number is the ratio of convection heat transfer to thermal

conduction of the fluid across the boundary [6]. The Nusselt number equation is followed:

Nu = ke (2.2)
kg

Variables Nu, h, L., and k, represents the Nusselt number, convection heat transfer coefficient,

characteristic length, and the thermal conductivity of the fluid [6]. Rearranging equation 2.2 to

solve for the convection heat transfer coefficient is shown to be:

ho= 24 (2.3)

From observing equation 2.3, h is proportional to the Nu and k, which shows that if k, increase,

then the convection heat transfer coefficient increases too which allows the fluid of interest to

transport heat from the solid surface or vice versa.

2.3. Thermal conduction
Thermal conduction is the main transport mechanism that measures how heat is
transferred from different martials/substances. As mentioned before, thermal conduction occurs

when heat is transferred from hot to cold when there is no bulk or macroscopic motion of the



material/substance. The governing equation to measure conduction heat transfer is from

Fourier’s law:

q" = —kVT (2.4)
The ¢, k, and T are the local heat flux, thermal conductivity of the material, and the gradient
operator of the change in temperature [5]. The VT, helps to determine the direction fora 3-

dimensional analysis of thermal conduction which is governed by:

_0Ts T 5, 9T,
VT—axx+ayy+azz (2.5)

T OT

The variables ax’ %' and Z—Z represents the temperature gradient corresponding in the x, y , and z

ox
direction, respectively. As this is only with respect to Cartesian coordinates, equation 2.5 can
also be utilized for cylindrical and/or spherical coordinates. The main parameter that drives

Fourier’s law equation for heat transfer is thermal conductivity as many bulk materials are

unique towards the ability to insulate or conduct thermal energy.
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Figure 2.4. Thermal conductivity of bulk materials: (a) solids, (b) liquids, (c) gases [6]



Thermal conductivity is a vital thermophysical property to indicate if materials or
substances are either insulators or conductors [6]. Thermal conductivity of bulk materials are
referenced from reliable literatures/academic textbooks that have been experimentally measured
as shown in figure 2.4 for solids, liquids, and gases. However, as materials (especially
nanomaterials or powders) and liquid substances are altered, thermal conductivity cannot be
referenced as there is no publications on their thermophysical properties. In other words, when
fluids or materials are experimentally designed or altered from laboratory procedures, properties
such as mechanical, electrical, and thermophysical properties can change. This shows that
experimentation is vital to measure thermal conductivity of unknown materials/substances via

nanofluids.

2.4. Literature works on developed thermal conductivity techniques

With the idea to measure thermal conductivity towards new synthesized substances, it is
vital to select a suitable technique that does provide consistent results. This breaks into two
categories which are accuracy and precision. The goal of any experiment is to extract accurate
results that is able to result to the closeness of the expected value [12]. Precision is another key
factor that indicates that each repeated trial are consistent with each other that is also related to
the standard deviation [12]. Having a low standard deviation provides the user that the extracted
experimental results do have a low spread and are in range of the extracted data. The listed
techniques in this section will provide a foundation of how each system works and their

fundamental principle of how measurements are taken for either fluid or solids.

2.4.1 Guarded hot plate (GHP) method
First off, the guarded hot plate (GHP) is the common approach for measuring bulk solid

materials [13]. The bulk solid sample is sandwiched between a hot and cold plate. This approach

10



relies on the steady state temperature which dictates that the system must be at thermal
equilibrium to extract the material’s thermal conductivity. Using Fourier’s law of heat
conduction in 1-direction [6] is calculated to obtain thermal conductivity of the bulk material.

This equation is shown to be:

q=—kAZ) (2.6)

The variables q , k, A, dT, and dx represents the heat transfer rate from thermal conduction,
thermal conductivity of the material, cross-sectional area in which heat is transferred, the change
in temperature, and the distance that the heat is transferred, respectively. The negative sign helps

to distinguish which direction heat is flowing since heat transfers from hot to cold regions along

the material. To solve for k, equation 2.6 must be rearranged in which results to:

k=-4G) 2.7)

For the GHP method to work with Fourier’s law, the cold and hot plate must have a consistent
temperature that does not change as the material of interest also comes into thermal equilibrium.
This is to show that a long-time duration must be implemented for the temperature of the two
plates and materials cannot change for a long duration. Insulation is also used to ensure that the
bulk material does not lose heat from convection during the experiment. The main drawback of
this specific technique is the capability to measure fluid’s thermal conductivity [14]. Figure 2.5
illustrates the overall setup of the hot guarded plate technique which utilizes a solid bulk material

during the experiment.

11
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Figure 2.5. Guarded hot plate: a. physical setup, b. schematic of setup [15]

2.4.2 Laser flash method (LFM)

Next, the laser flash method (LFM) is an unsteady state technique that utilizes a laser
pulse that allows the heat to propagate through a material [3, 5]. This technique mainly measures
thermal diffusivity to extract thermal conductivity [16]. Parker was the first scientist to develop
this technique in order to measure thermal diffusivity of solid materials only from the
temperature ranges of 22°C and 135°C [17]. The bulk material usually requires a specific shape
that can be placed under the apparatus. The sample that is tested with the LFM is coated with a
material such as graphite to emit and absorb the laser pulse during the experiment [13]. A
radiation thermometer is used to monitor the temperature of the sample over a short period of
time to extract thermal diffusivity and other thermophysical properties. The datais analyzed by
taking half of the overall temperature rise with the corresponding time duration the experiment
took from the transient temperature profile from the LFM [10, 11]. Figure 2.6 illustrates the

physical setup of the LFM.
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Figure 2.6. Schematic of the LFM [18]

According to Tada, it is possible to measure liquid’s thermal conductivity with the LFM
[19] however, the heat flux passing through the container cannot be neglected during the
experiment [20]. This illustrates that during the LFM test, the extracted data will include the
temperature rise of the container and fluid of interest to analyze the thermal diffusivity and
thermal conductivity. Another thing is that the LFM requires an input of the material’s density
and specific heat capacity [20] to obtain thermal diffusivity and thermal conductivity. The LFM
test bench also needs to be tested in a vacuum to prevent any convection heat loss during the

experimentation [17]. All in all, the LFM is beneficial towards solid materials that can also be

electrically conductive at high temperatures [17].

2.4.3 Transient plane source (TPS)

The transient plane source (TPS) is another unsteady state technique also known as the
“hot disk” technique [21]. This method is aimed to measure material’s thermal conductivity

ranging from liquids, pastes, and solids without the present of natural convection from the
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selected time range for the temperature profile plot forthe TPS technique. The TPS acts as a heat
source and a resistance thermometer to detect the temperature response of the sensor over time
[21]. This is based off the joule heating effect as current passes through the conductive coil but
does not allow the current to leak into the material (even if it is a conductive material) as there is
a uniform layer of Kapton around the TPS sensor. With the heat transferred to the material
(illustrated in figure 2.7a), the sensor’s temperature response will dictate if the material is an
insulator or conductor. The TPS method requires the sensor to be sandwiched between two
identical materials (shown in figure 2.7b) to initiate the transient technique [15, 16]. With a high
temperature response from the sensor, it will show that the material is an insulator while a low

temperature response will indicate that a conductive material has been measured.

Gt i

a b) AErse e
(a) (o) S

A

heat diffused

- 1A R
R 2 2 2 2 4

Figure 2.7. Overall setup of the TPS: (a) heat diffusing to the sample from TPS sensor, (b)
sandwiching two identical materials between TPS sensor [22]

The downside towards the TPS method is that the sample being measured must have a
specific dimension to accommodate the thermal penetration depth (TDP). TDP is the distance in

which heat is diffused through a material over time [23]. This is an important parameter because
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this indicates that the sensor’s signal is influenced by another factor other than the measured
substance. Another downside to this technique is that the insulation of the sensor may affect the
time range to extract thermal conductivity from the temperature profile plot. In other words, the
sensor has its own heat capacity which influences the heat transfer between the measurement
instrument and the material of interest [24]. Even from the joule heating effect within the coil,
the sensor’s insulation will also be present within the temperature response. Overall, the TPS
technique does require the TPD to not exceed the material’s thickness and heavily rely on the use

of adjusting the time range to accommodate the insulation material as the temperature response

of the sensor is detecting thermal conductivity of the desired substance.

2.4.4 Transient hot-wire method (THWM)

Lastly, the transient hot-wire method (THWM) is a popular technique which utilizes a
very thin wire as the main resistor [8, 9]. This approach is modeled as a line source where the
wire is infinitely thin [26] meaning that the wire changes temperature from the applied step
voltage. This also illustrates that the thin wire dissipates a uniform heat flux [25] around the
surface area in contact with the material of interest. The dissipated heat from the thin wire only
transfers to the material by thermal conduction. Convection is eliminated during the data analysis
process as it occurs at later time durations [15, 18]. The joule heating effect from the wire also
contributes to the change in temperature of the wire due to the change in resistance (temperature
coefficient of resistance (TCR) is further discusses in section 5.2). Published literature towards
utilizing the THW technique has been shown that the test cell is a reproducible system to
calibrate and measure thermal conductivity of substances/materials [11-15]. Literature works
utilize a Wheatstone bridge to extract the small voltage drops of the resistor in contact with the

substance of interest [8, 9, 14, 16]. From figure 2.8, the potentiometer is adjusted until the
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voltage bridge was balanced in which a current was applied to allow the hot-wire to change in

resistance to convert into the change in temperature [30].
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Figure 2.8. THWM setup with data analyzed to measure base fluids of deionized water (DI
water) and ethylene glycol [30]

The main drawback of this technique is utilizing a very thin resistor that is fragile during
the design process [9]. Even though there are commercialized products specifically with the
THWM, many literature works do utilize the ideato design and implement their own THW
apparatus as it builds the foundation of how the system operates [18-23]. This shows that the
THWM is a reproducible system to measure thermal conductivity of substances. The limitation
that the THW test can be utilized is towards fluids as the entire surface area of the wire must be
in contact as heat is transferred directly from the surface of the wire to the substance’s interface

as the no-slip boundary condition exists for thermal conduction.

2.5. Technique Selection
With the four popular techniques reviewed to measure material’s thermophysical
properties, the THWM was the selected technique. With the goal to measure fluid’s thermal

conductivity, having the fluid in contact with the thin wire is possible as it only requires having

16



an apparatus that is an open/closed system. This means that the fluid will be dispensed into a
vessel before the experiment (opened) and the cavity will be closed during the experimentation,
so liquid does not flow out. Since the measured substances are only liquids, the internal volume
of the designed test cell must be constant to ensure a consistent amount of material is measured
in the designed THW test cell. With the THWM eliminating thermal convection [15, 21, 24], this
approach was the selected technique to design and implement towards this thesis work as it
eliminates any misleading results towards measuring thermal conductivity of known fluids and

nanofluids.

2.6. Research objectives

The goal of this thesis work is to design and develop a THW apparatus that can
accurately detect thermal conductivity of different fluids. To achieve the goal, literature works
were reviewed to investigate an optimal approach to construct and develop a THW test cell for
fluids along with developing a MATLAB code to initiate the experimental apparatus to obtain
thermal conductivity of liquids and gases. This will indicate that known thermal conductivity
values for air and water is traceable from utilizing the developed THW apparatus. The custom-

designed test cell shall be used to measure novel substances/materials such as nanofluids.
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Chapter 3. THW derivation and theory

This chapter aims to provide a brief understanding of utilizing the THWM equation for
data extraction and analyzing thermal conductivity. The derivation of the THW model will

illustrate how thermal conductivity is obtained.

3.1. Derivation of the THWM

Over time, the THWM equation has been fully developed from modeling as an infinite
line source [26]. In the past, the THWM was aimed to measure thermal conductivity of different
gases which also utilizes temperature correction factors to extract thermal conductivity of the
gases due to other effects [13, 14]. For this thesis, the only gas measured is air which did not
need to accommodate for any temperature factors. For that, this work utilized no correction

factors to help obtain fluids thermal conductivity through the THWM.

Over time, the THWM mathematical model has been fully developed by Nagasaki and
Nagashima for an insulated thin wire aimed to measure electrically conductive liquids [32].
Equation 3.1 is derived off the heat equation in cylindrical coordinates with time and the radial
distance that the heat is generated from the hot-wire to the substance of interest [36]. The wire
must be long enough to neglect any end effects so there is a uniform heat flux generated to the
medium over the short time interval [18, 26]. Asthe THWM mathematical model is based on the
wire to generate constant heat from start to finish, the general heat equation to conduct the

THWM is shown:

AT = 4 (et
AT (r,t) = AT == In(5)) (3.1)

The variables of AT (r,t), q', t, r, v, k, and « represents that temperature is a function with

respect to the radial distance and time, the heat generated per length of the wire, the time
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duration, radial distance of the wire, Euler constant (y = ¢%>772-=1.781...), thermal conductivity
and thermal diffusivity of the measured substance, respectively. The variable « thermal

diffusivity is expressed as:
a=— (3.2)

With k known as the thermal conductivity of the substance, c,, and p represents the isobaric

specific heat capacity and the density of the same substance, respectively. Equation 3.2
determine the ability of a substance to transport heat relative to its ability to contain thermal
energy [6]. Substances with large a will quickly respond to changes in their thermal
environments while low a will respond slowly around their thermal environments [6]. This
variable is important as it is included in the THW heat equation shown in equation 3.1. This also

contributes to the thermal penetration depth (TPD) as it will be mentioned heavily in section 3.4.

Equation 3.1, the THW model can be viewed as how temperature of the wire changes
over time (without the need to indicate the heat propagated from the thin wire). Since the change
in temperature of the wire indicates that heat transfer occurs within the THW test cell, equation
3.1 can be simplified much further. From following the derivation provided by tec-science, the

THW heat equation is simplified from equations 3.3 to 3.7 illustrating the final equation of the

THWM [38].

AT =T(r,t,) — T(r,t;) (3.3)

The difference in the change in temperature can be viewed by the final temperature minus the
initial temperature of the thin wire immersed in the medium. Equation 3.3 follows from equation

3.1 to have time stamp at different durations during the THW test. The change in temperature of
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the wire from two different time stamps can be simply expanded from utilizing equation 3.1 to

obtain equation 3.5:

AT= L (%52) - Ly (224) (3.4)

41 riy mk riy

!

With 4?Tk as the common variable within equation 3.4, the function can be rewritten simply as:

4at,

2

AT= 4ka In| "7 /ml (3.5)
r2y

With similar variables within the natural logarithm the % from the numerator and denominator

can be cancelled out leaving the time stamps of t, and t, behind as shown:

AT=L In(%2) (3.6)

4Ttk ty

Equation 3.7 is the overall heat equation where the temperature of the thin wire is dependent to
the time stamps between t, and t,. To determine the thermal conductivity of the substance of

interest, AT and k are rearranged which results to:

k=t (%) (3.7)

4ATAT ty
The final equation to determine thermal conductivity of the fluid from the THW experiment is
shown in equation 3.7. This shows that with constant joule heating from Z—n of the thin wire, the

overall slope is determined by the AT vs In (E—Z) Figure 3.1 illustrates a general overview of
1

determining the slope to obtain the substance’s thermal conductivity while utilizing the derived

heat equation from equation 3.7. This indicates that the slope (AT vs In (Z—Z)) is equivalent to the
1

heat generated per unit length of the wire over the fluid’s thermal conductivity.
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Figure 3.1 Diagram of the wire’s temperature rise of the natural logarithmic time at a fixed point

in the fluid [35]

Attimes t; and t,, a temperature value related to the change in resistance of the wire will
be shown. The specific term of t, is never the initial point of the THW experiment but sometime
later to indicate a constant joule heating effect from the wire to the substance of interest as
constant thermal conduction occurs beyond t,. After t,, the constant joule heating effect may
overshoot leading into the convection region during the THW experiment [30], this region does
produce an inaccurate reading the material’s thermal conductivity as there is no linear region to
fit. With the analysis of the temperature response with respect to time of the wire, the plot will
show an exponential growth as temperature increases exponentially over time with transient

conduction. The exponential plot must be converted to natural logarithmic function of time as it
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provides a linear region to fit in the wire’s change in temperature with respect to the natural

logarithm of time (as shown in figure 3.1).

3.2. Utilizing the THW model

It is been also shown that for the line of best fit to appear on the AT/In (t) graph, it relies
on the least square method [39]. Figure 3.2 illustrates that the obtained temperature response
shows a linear regression between 0.1 to 0.6 seconds [39]. This also illustrates that fitting the line
before and/or after the linear range will result an inaccurate measurement in the material’s
thermal conductivity. Fitting in before the existence of the linear range will result an
overestimated thermal conductivity value as the wire is still in the heating phase [40]. The initial
wire heating phase does not lead into a constant joule heating effect right away. At some time
later, the temperature response over the In(t) will show a linear regression indicating the line of
best fit region where heat from the wire is transferred to the medium. This specific range
happens quickly since the technique is based on transient thermal conduction. To ensure there is
consistency of how the data is extracted, it is vital to have a referenced time range to fit in the

change in temperature of the wire to measure thermal conductivities of different materials.
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Figure 3.2. Temperature vs In(t) graph forthe THWM [39]

3.3. Change in voltage to change in temperature
For the THWM, to obtain a change in temperature of the wire, the change in voltage over
time must be extracted. To extract a change in voltage, current must pass through a resistor

which results in a voltage drop over time. This is related to Ohm’s Law which is:

AV = IAR (3.8)
The variables AV, I, and AR represents the change in voltage, electrical current, and the change

in resistance, respectively. Rearranging equation 3.8 shall provide the following:

AR =% (3.9)

I
The variables involved in equation 3.9 are the same from equation 3.8 but shows that the change
in resistance equals to the change in voltage divided by the electrical current. With the change in

resistance of a thin wire, it can also be expressed with the temperature coefficient of resistance

(TCR) equation:
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AR

AT = (3.10)

Ryef @TCR

Variables of AT, AR, R,..., and a ;. represents the overall change in temperature, change in

ref
electrical resistance, referenced resistance at corresponding temperature, and the wire’s

temperature coefficient of resistance, respectively. This will help to see how an infinitely thin

wire can transfer heat to the surrounding medium.

3.4. Thermal penetration depth (TPD)

Another thing to accommodate in the THWM is the thermal penetration depth (TPD) [6,
18, 31]. TPD is the distance to which significant temperature effects transports within a
substance [6]. For the THW test cell, the size and dimensions of the cavity is vital to investigate
how quickly heat will propagate within the substance/material. As each material has a different
thermophysical properties (more specifically thermal diffusivity @), this dictates how quickly

heat is transferred through different substances. TPD can be calculated with:

Lipp =Védat= /%: ’% (3.11)

The variables Lrpp, t, @, k, c,, p, and C represents the thermal penetration depth, time duration,

thermal diffusivity, thermal conductivity, isobaric specific heat capacity, density, and the

volumetric heat capacity [28] of the measured material/substance, respectively.

The THWM relies on the heat transfer of the thin wire to the test material by thermal
conduction. If the TPD is larger than the cavity’s radial distance, then the measurement of the
material’s thermal conductivity will be incorrect due to the interference of the test section’s
surface [41]. But if the cavity’s distance is larger than the TPD, then the apparatus is capable to

detect the selected material’s thermal conductivity accurately. Figure 3.3a illustrates that the
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obtained data to extract thermal conductivity of DI water and stainless steel 316L from the time
range of 0.1 to 0.9 seconds, while 3.3b is the front cross-sectional view of the copper cavity to
establish the maximum radial distance to determine TPD. It was also shown that from Wei’s
work that the largest TPD was approximately 1.1 mm with thermal conductivity, volumetric heat
capacity, and time of duration to be 0.8 W/mK, 2.6 x 10° J/m3K, and 0.9 seconds, respectively
[28]. This was tolerable because the overall radial distance of the copper cavity was 3.75mm
which means that the heat diffused in the material did not propagate more than 3.75mm in less

than 1 second but only diffused at 1.1mm which is a shorter radial distance from conducting the

THW test.
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Figure 3.3 TPD accommodation: (a.) data extraction from literature utilizing time duration of
TPD [28], (b.) cavity width and radial distance for heat to diffuse from the wire and wall to fulfill
the THWM.
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Chapter 4. Designing the transient hot-wire apparatus

This chapter will focus on emphasizing what each material or component shall be used
for the THW test cell. The techniques to configure the components of the THWM together shall

be discussed.

4.1. Platinum wire

4.1.1 Selected material for resistor
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Figure 4.1. Plotted wire diameters corresponding to AWG with a close-up view of 50AWG. Data

from [42]

26



A platinum wire was used as the main resistor for the THWM. The diameter size was
also considered as wires do go by specific wire gauges (usually AWG or American Wire Gauge
as shown from figure 4.1). AWG sizes plays a role here towards the THW apparatus because to
have an optimal resistance of the selected wire, the cross-section must be reduced as it relates

towards the electrical resistivity equation:

R = Presl (41)

A
The variables R, p,..s, L, and A, represents the wire’s nominal resistance, material’s electrical
resistivity, length of the entire wire, and the cross-section of the wire, respectively. This shows

that the cross-section of the wire changes the resistance of the wire significantly as they are

inversely proportional to each other.

The platinum wire serves as a very thin heater and a thermometer in the THW apparatus
[9]. Asplatinum is considered as a noble metal, tarnishing is unlikely to happen. Platinum is also
a good electrical conductor, indicating that insulation is required for the THW test cell. A 50
AWG isonel-insulated platinum wire (purchased from A-M system) was utilized as the insulating
coating was about 1.3um thick and already adhered to the entire platinum wire for 1 spool. The
50 AWG isonel insulted platinum wire makes it a suitable resistor for an infinitely thin heater
source for conducting the THWM as mentioned from the derivation of Nagashima and Nagasaki
[32]. Researchers has also investigated that the isonel material does not affect the heat transfer

from the wire to the substance due to the electrical insulation [15, 17, 18].

4.1.2 Selection of platinum wire size
As the THWM utilizes a very thin resistor, the AWG size of the platinum wire must be

considered. The platinum wire must register a reasonable resistance value as the THWM relies
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on the incremental change in temperature of the wire. With a large reasonable resistance of the
platinum wire, the change in voltage can be detected for the designed apparatus. To ensure that
the cross-sectional area of the platinum wire does affect the predicted resistance, the electrical
resistivity equation is used. The electrical resistivity equation helps to determine what the

resistance of the platinum wire will be if a specific wire gauge and length was used.

The electrical resistivity p,.,, of platinum is 10.6 x 10~8Qm [43] to ensure the resistance
is obtained for the corresponding resistor. As the cross-sectional area increases, the resistance
will decrease as there is more room for electrons to flow. If the cross-sectional area of the wire
decreases, then the resistance will increase as the concept to determine a specific wire that is a

specific material

4.2. Copper apparatus

A machined copper block was used for the THWM. As copper is known for its high
thermal conductivity as a bulk material, integrating a heat source on the outer surface area of the
apparatus would allow the fluid/material to maintain a constant temperature during experimental
trials that require to extract thermal conductivity at different temperatures. The copper block
contains a cavity that will implement for where the substance of interest will be dispensed.

Figure 4.2 illustrates the designed copper piece for the designed cavity.
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Figure 4.2. SolidWorks drawing of designed copper apparatus

The design of the copper block was based off the literature work [28] with a few touches

towards the cavity dimensions to accommodate any challenging techniques to incorporate the

platinum wire within the test cell. To ensure that the substance of interest is in contact with the

copper cavity during the THW test (to determine TPD), a machined copper piece was integrated

with the main vessel. Figure 4.3 provides a general schematic of the copper cover for the THW

test cell.
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Figure 4.3. SolidWorks drawing of designed copper apparatus cover

4.3. Electronic systems for THW apparatus

The critical systems used for the THWM was a current source, a data acquisition (DAQ)

system, and a voltage amplifier. First off, a current source was used to allow the apparatus to

produce a constant current over time during the THW test. The model Keithley 6221 current

source was used and has the capability to connect with MATLAB utilizing the GPIB to USB

port. The restriction for utilizing this specific current source was the operatable ranges of O-

105mA. Even with the current limit, the THWM should work as the overall electronic

configuration is similar to two apparatus designs [11, 15].
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Next,a DAQ board was used to detect the voltage drop of the platinum wire. The USB-
1808 DAQ board has the capability to detect 0.07mV with an analog to digital resolution of 18
bits. was used to register the voltage drop in either differential or single ended modes. The
differential mode was used to ensure that the signal from the positive and negative lead cancels
out any electrical noise from the signal during the experiment to produce a transient curve as a
Heaviside step current was used to perform the THW test. The DAQ board is in line with the
MATLAB code as the current source allows the specific electrical current to initiate the test and
the DAQ board to register the voltage readings (shown in Appendix B.1). However, with only
the DAQ board able to extract raw voltages and provides no low pass filters, a clear signal must

exist to extract the transient voltage drop of the platinum wire.

Lastly, a Stanford Research 560 System low noise voltage preamplifier was used adjacent
tothe DAQ board. This ensures that a large amount of current would not have to be used to
detect the voltage drop of the platinum wire and overcomes any electrical noise within the data
extraction. With the right optimal voltage gain without any overloading, the data can be traceable
toillustrate the temperature rise of the platinum wire in the THW test cell. Overloading the THW
test cell will provide no accurate results as the voltage amplifier is able to register 5-6 volts
maximum with the amplification. Anything passing 6V results to an inaccurate measurement
where the data does not increase exponentially from the applied Heaviside step current for the

THW test.

31



4.4. Copper leads
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Figure 4.4. Plotted wire diameters corresponding to AWG with a close-up view of 30 AWG.
Data from [42]

Insulated 30 AWG copper leads were used to help connect the platinum wire to the
current source and voltage amplifier. From figure 4.4, 30 AWG has a larger diameter comparing
to the 50 AWG platinum wire (from section 4.1.1). A 30 AWG wire is approximately 0.25mm in
diameter which is 10 times larger than a 50 AWG wire (referring to selected platinum wire
diameter). 30 AWG wires were used due to the restricted dimensions of what the DAQ system
was capable to detect (from 18-30 AWG wires). As the entire setup is configured in a 4-wire

connection, two copper leads would be attached to each end of the platinum wire to fulfill the
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electrical circuit to measure fluid’s thermal conductivity. The 4-wire configuration allows the
resistor of interest to obtain its accurate resistance due to the noncontributing resistance from the
copper leads. The copper lead sizing was another factor to accommodate for the inner diameter
of the PTFE tube which was 2mm. However, two 30 AWG copper leads were able to slide
within the PTFE tube easily (from modeling the wires out in SolidWorks prior to ordering the

materials).

4.5. Configuring platinum wire

As the main purpose of the THWM is to utilize a thin platinum wire, soldering was vital.
With a wire diameter at 25 um, conventional techniques to solder a wire cannot be used. With a
thin coating of isonel insulation, burning off the material helped to expose the bare wire. This
helps to ensure that the copper leads are connected to the platinum wire. Figure 4.5 shows the

process of removing the insulation from the thin platinum wire.
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After removing the platinum wire’s insulation, soldering was approached differently. The
copper wires from each end of the copper vessel were coated with solder first. With the high
potential of the 25 um diameter wire snapping off easily, tweezers were used to hold the
platinum wire close to the soldered node of the copper leads. With the soldering iron in contact
with the tinned copper leads, the heat allows the solder to transition from solid to liquid. This
provides the platinum wire to contact the copper leads within the liquid metal and solidifies to
ensure a steady electrical connection was made. This was done on the opposing side of the
platinum wire to span within the copper cavity. Figure 4.6 shows the overall technique to solder

the platinum wire.
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Figure 4.6. Top view of soldering technique within copper cavity

Aftersoldering, a solid connection must exist between the copper leads and the platinum
wire. Utilizing a digital multimeter (DMM) provided an insight of how the platinum wire
showed a consistent/inconsistent reading in its resistance with the two-probe technique. Figure
4.7 shows the overall approach of how the designed THW test cell was measured with the DMM
to ensure a solid resistance reading after soldering. If an inconsistent resistance reading is shown
from the DMM, then the soldering technique was repeated until a steady resistance reading is
displayed. To ensure that the displayed resistance of the platinum wire was correct, the resistivity

equation (equation 4.1) was utilized to determine if the resistance is close to the theoretical

resistance value of the soldered platinum wire.
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Figure 4.7. Two-probe technique after soldering platinum wire

4.5.1 Insulation test

With a solid connection of the platinum wire and copper leads, epoxy was added around
the surface area of the entire electrical nodes of the platinum wire and copper leads. With one
day of a full cure time for the epoxy to harden, liquid electric tape was also applied to the cured
nodes. This ensures the electrical nodes to be perfectly insulated as it operates exactly like
electric tape but in a liquid form to cover tiny areas to electrically insulate the applied solid
surface from conductive materials/substances. Approximately five coating of liquid tape were
used for the nodes. To also illustrate that the electrical nodes were insulated from any current
leakage, a two-probe technique was used to illustrate that no current was flowing within the
liquid medium (D1 water). Figure 4.8 shows the simple schematic behind the two-probe method
where the positive lead connects to the copper wire (from any leads outside of the copper

apparatus) and the negative lead was dipped into the liquid to display a resistance reading. The
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two-probe technique was also done vice versa to ensure that current should not flow between the

electrical nodes due to the layering of epoxy and liquid electric tape as an insulation barrier.

Positive

Negative

Figure 4.8. Two-probe technique where the positive lead connected to copper wire and negative
lead dipped in liquid

4.6. Apparatus setup

With all the necessary equipment and materials integrated together, the apparatus has
been developed. The current source and DAQ board work in synchronous with each other
through the MATLAB code (shown in appendix C). The voltage amplifier was manually set to
100hz as the cutoff filter, the low pass filter with 12dB/Octave roll off was utilized to ensure the
lower frequencies are capable to pass through the amplifier. The gain mode was selected to low
noise and the appropriate voltage gain was manually selected to prevent any voltage overload.

The voltage amplifier system itself provided gain selections ranging from 1, 2, and 5 by factors

of 10%, 102, 103, and 10*. The highest and lowest gains used in this thesis were 200 and 5,
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respectively without any type of overloading. The voltage gains of 200, 20, 10, and 5 were used
for the TCR measurement, detecting the change in voltage of air, detecting ethanol’s and IPA’s
change in voltage, and detecting water’s thermal conductivity, respectively. The overall platinum
wire’s length is 38.5mm within the 60mm long copper cavity to allow the wire to be completely
submerged for the THW test. The necessary connections from the DAQ board and current source
are connected to the laptop with the necessary USB connections. Figure 4.9 shows the entire

setup of the designed THW test bench.

1. Current Source
2. Voltage amplifier
3. DAQ board
4. Designed copper apparatus
a) Cover
b) Fluid of interest
¢) Platinum wire (d=25.8 um)
d) PTFE tubes (OD: 4mm, ID: 2mm)
e) Designed cavity (60mm x 20mm x 20mm)
5. GPIB to USB connections
6. Laptop/MATLAB interface

Figure 4.9. Developed transient hot-wire setup
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Chapter 5. Temperature coefficient of resistance of platinum wire

This chapter will discuss critical testing approaches to ensure the developed THW test

cell is able to operate correctly before measuring any fluid’s thermal conductivity values.

5.1. Overall setup of TCR measurement

Once the apparatus is confirmed to be electrically insulated, extracting the TCR of the
platinum wire is the next step. The THW apparatus is dependent on the resistance of the
platinum wire which also exhibits its change in temperature over time as mentioned from chapter
3. The literature TCR value of pure platinum is 0.003927 K~ at ambient temperature [44]. The
resistance of the insulated platinum wire will change when the temperature of the wire is either
higher or lower than ambient temperature. The platinum wire configured in this thesis is 38.5
mm in length spanned within the copper cavity. With the use of DI water as the main liquid, the
wire shows that the temperature of the fluid is exactly the temperature of the thin wire.
Configuring the setup with the 4-wire technique, a small current value was utilized throughout
the TCR experiment. A gain of 200 was utilized during the TCR experiment for the voltage
amplifier. When the liquid was at a higher temperature, there were no signs of any voltage
overloads which helps to extract the amplified data of the platinum wire. The amplified voltage
was then divided by the corresponding voltage gain to extract the correct voltage from the
platinum wire where the low current passes through the thin resistor. With constant current in the
loop, the experimental approach was to measure the voltage drop of the wire adjacent with the
corresponding temperature of the liquid with the thermocouple data logger. Figure 5.1 illustrates

the overall setup to conduct the TCR experiment.
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Figure 5.1. TCR setup: (a.) thermocouple data logger, (b.) DMM, (c.) voltage amplifier, (d.)

current source, (e.) copper apparatus with water

5.2. Obtained TCR of 50AWG platinum wire

With the data obtained, the temperature and resistance of the platinum wire were plotted
in an XY plot to investigate the linearity. This will provide a linear regression of the overall
platinum wire and will produce a slope corresponding to the change in resistance over the change
in temperature. Figure 5.2 illustrates the obtained resistance values of each corresponding

temperatures.
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Figure 5.2. Platinum wire’s temperature coefficient of resistance

To obtain the TCR value of the platinum wire at ambient temperature (22°C), equation

5.1 was used which is:

_ SlOpeTCR
Arecr = R (5.1)
ref

The variables a¢p , Slopercg, and R, are the TCR value at the corresponding temperature,

the slope of the change in resistance over change in temperature (0.03181 Q/K), and the

referenced resistance at the referenced temperature (R, .= 8.77() at 22°C), respectively. The

TCR value at 22°C resulted in 0.00366 K~. To compare with other literature studies towards the

platinum wire calibration test, pure platinum’s TCR is 0.003927 K~ [44] which indicates a
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difference of 7.3% from the extracted value of 0.00366 K~*. Another referenced TCR value from
a calibrated THW test bench from Wei et al. is 0.003792 K ~* [28] which also shows that the
percent difference is equivalent to 1.9%. As Wei’s 50 AWG platinum wire is coated with the

same isonel material, this shows that the TCR value is in reasonable range to utilize towards the

customed designed THW test bench.
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Chapter 6. Transient hot-wire method results

6.1. Experimental approach for THW apparatus

From extracting the necessary TCR of the 25 um diameter platinum wire, the experiment
can be conducted with all the equipment connected and work in synchronous. First the current
source was selected to trigger a constant input through the designed THW circuit. Current ranges
from 20-95mA were used to help detect the voltage drop of the platinum wire. 1t was found that
materials with a higher k value, requires higher current to detect the change in voltage during the
THW test [28]. Even as the THW apparatus is detecting exceedingly small voltages, the low
noise amplifier was used to overcome the electrical noise from applying the Heaviside step
current. With the right gain and the low noise filter, the voltage detection was much clearer to
view over the entire test period. With the DAQ board capable of detecting 50kHz as the
maximum sampling rate, 1kHz was used in the THWM. This was to investigate how the
temperature response of the platinum wire will be over a 10 second interval for different fluids.
This will also illustrate where the initial wire heating takes place and the onset of convection
during the THW test. With lower sample rates, it was experimentally investigated that
determining the initial wire heating phase does not appear as it typically occurs at shorter
durations. To ensure that the initial wire heating is viewed and avoided for fitting in the line of
best fit, it was necessary to conduct the experiment with 1kHz. In between the wire heating phase
and convection region, a linear regression will appear to indicate that the joule heating effect is
constant for a short period of time. This region specifically is where the least square method is

used to extract the thermal conductivity of the medium [39].

Since the designed THW apparatus experimental duration is done in 10 seconds,

conducting 10 trials with the same parameters for each fluid was done. This was to help reduce the
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signal noise of the obtained experimental trials for different fluids. The fundamental equations to
utilize for obtaining the average, standard deviation and, standard error of mean (SEM) [45]. First

off, the average equation:

n
Yic1z, %

§ = e 6.1)

.....

of all datavalues, and the number of data items in the sample, respectively. With obtaining the

average the standard deviation can be calculated with:

(6.2)

.....

sum of all datavalues squaring the difference between the average of the overall data set and
conducted sample trial, and the number of data items in the sample, respectively. With the use of

equation 6.2 to extract the standard deviation, SEM must be calculated which equates to:
Ogpy = \7_; (6.3)

The variables oy, o, and n represents the overall SEM of the analyzed average samples of
data, the overall standard deviation, and the number of data items in the sample, respectively.

Utilizing equations 6.1-6.3, Excel was used to obtain the average, standard deviation, and SEM

of the analyzed thermal conductivity values from the conducted THW test.

The raw data trials obtained were the corresponding voltage drop of the platinum wire of

the duration of 10 seconds. The voltage values were converted to resistance and thento
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temperature implementing Ohms Law and the TCR equation, respectively (shown from chapter

3).

6.2. Preparing THW apparatus before testing

To operate the THW apparatus the fluid must be dispensed within the vessel. The day
prior to operating the test cell, the cavity is cleaned up with soapy water, isopropyl alcohol, and
rinsed with DI water. This is to remove any residue of the test sample from operating a full day
of the THW apparatus and allowing the platinum wire to be sequentially clean. After draining
out the liquid from the cell, the vessel was air dried over night to allow the moisture within the
apparatus to evaporate. When testing with only air or water, the cleaning procedure is not
necessary. If different fluids such as oils, powders, or glycol-based solutions were used, then the

cleaning procedure is necessary for the platinum wire and cavity walls to remain clean.
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6.3. THWM for air

a. Copper cover
b. Platinum wire
c. Cavity section
d. Platinum wire

Figure 6.1. Front cross-sectional view of the designed copper cavity to reference radial distance
for TPD.

The first fluid of interest to test was air. It has been known that air is the perfect insulator
due to its low thermal conductivity approximately 0.026 W/mK (shown in appendix A table A.2)
at ambient temperature [6, 41]. To ensure accurate readings of the platinum wire during the
THW test, a cover was placed above the copper apparatus to ensure that the heat diffused from
the wire in the radial direction does propagate uniformly towards the solid walls of the cavity as
shown in figure 6.1. To ensure that the wire can detect air’s thermal conductivity, TPD was
calculated. For air, the TPD is about 9.4mm at 1 second. This means that the heat diffused in the
radial direction from the wire is almost equivalent to the radial distance of the copper cavity. The
time range to fit in the data to extract air’s thermal conductivity was less than 1 second to ensure
there was no signal disturbance from the wire to the copper walls of the apparatus. However, to

ensure that the TPD signal interference existed for air, each trial was conducted in 10 seconds.
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Air was measured with an input of 20mA with the appropriate voltage gain of 20. With
the utilization of the TPD, 20mA was the right current input to allow enough heat to raise the
temperature of the wire roughly by 1 K over the 10 second interval. It was also shown that the
initial wire heating did occur from the onset of the trials and the signal interference after the time
duration of the TPD occurred. The THW test was done 10 times with the same configuration to
detect air’s thermal conductivity. Data analysis to extract the averaged data set of the substance
and plotting the thermal conductivity extraction graph can be viewed in Appendix B.2 and B.3,
respectively. Figure 6.2 is the averaged extraction of the 10 conducted data sets to detect air’s

thermal conductivity. The plot is similar to Wei et al. thermal conductivity extraction process

4TtA

[28] in which -

L and In (t) were plotted as the Y and X axis, respectively. Obtaining the

overall slope from the 4’:# vs In (t) plot would allow the result to be in the units of W~'mK

which is the inverse of the thermal conductivity units. Taking the inverse of the extracted slope
will provide the extracted value of the substance’s thermal conductivity in the THW test cell.
The time intervals of 0.3 to 0.8 seconds were fitted along the linear regression as the earlier time
duration illustrates the initial wire heating phase and the convection region occurred close to 0.9-
1 second mark from the 10 second experiment. TPD was also accommodated as it was in the

region where convection occurred after the 1 second mark.
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Figure 6.2. Data obtained from THW apparatus for measuring air

From the 10 conducted trials in table 6.1, it is shown that air’s thermal conductivity does
fluctuate from 0.0255 W/mK t0 0.0274 W/mK as the lowest to highest extracted values,
respectively. From averaging the 10 trials of the raw voltage datato convert to temperature the
extracted value of air’s thermal conductivity is 0.0266 + 0.0002 W/mK. From comparing the
literature value of air at 0.0259 W/mK at 22°C [6, 41], the experimentation does indicate a 2.6%
difference concluding a reasonable range to detect the thermal conductivity of air. From
analyzing air’s thermal conductivity, the time range of 0.3 to 0.8 seconds were selected to
accommodate the initial wire heating phase, convection range, and TPD. With those specific

time ranges, the change in temperature is approximately 0.27°C (or 0.27 K) which indicates that
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the wire’s temperature rise is relatively low but corresponds to the joule heating effect needed for

the platinum wire to transfer heat constantly to the measured substance.

Table 6.1. Experimental trials from THWM measuring air at 22°C vs referenced value

Extracted thermal Percent error (%) at
Trials
conductivity (W/mK) 0.0259 W/mK [6]
1 0.0268 3.358
2 0.0255 1.569
3 0.0274 5.474
4 0.0261 0.766
5 0.0274 5.474
6 0.0265 2.264
7 0.0262 1.145
8 0.0271 4.428
9 0.0265 2.264
10 0.0264 1.894
Avg 0.0266 2.632
Standard deviation o 0.0006 -
OsEm 0.0002 =
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6.4. THWM for isopropyl alcohol

The second fluid of interest was isopropyl alcohol (IPA). IPA’s thermal conductivity
from literature is approximately 0.1357 W/mK at ambient temperature [47] which is higher than
air’s thermal conductivity. From the first test with air, we utilized the temperature rise between
the time range of 0.3 to 0.8 seconds to be 0.27°C. To ensure we aim for a temperature rise of
0.27°C within the time range of 0.3 to 0.8 seconds, an input current of 45mA was utilized. This
was to ensure that the platinum wire is capable to provide a constant change in temperature
closely to how air was obtained but utilizing a higher current input to detect the necessary
voltages over time from the Heaviside step current. It was also hypothesized from reverse
calculating what input current shall be used within the derived heat equation for the THW test
cell to obtain the referenced thermal conductivity value of IPA. Ten trials of measuring IPA at
22°C with the same configuration are shown in table 6.2. cell to obtain the referenced thermal
conductivity value of IPA. Ten trials of measuring IPA at 22°C with the same configuration are
shown in table 6.2. The lowest and highest extracted values for IPA’s thermal conductivity was
0.1282 W/mK t0 0.1576 W/mK, respectively. From applying the same method to plot out the
thermal conductivity extraction graph , the reported value of IPA from the THW testis 0.1425 +
0.0031 W/mK (shown in figure 6.3). Comparing to literature value of 0.1357 W/mK [6], the two

values differ by 5.2%.
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Table 6.2. Experimental trials from THWM measuring IPA at 22°C vs referenced value

Extracted thermal Percent error (%) referenced
Trials
conductivity (W/mK) at 0.1357 W/mK [47]
1 0.1387 2.163
2 0.1399 3.002
3 0.1540 11.883
4 0.1306 3.905
5 0.1282 5.850
6 0.1489 8.865
7 0.1395 2.724
8 0.1413 3.963
9 0.1576 13.896
10 0.1526 11.075
Avg 0.1425 4,772
Standard deviation o 0.0099 -
OsEm 0.0031 -
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6.5. THWM for ethanol

The third fluid of interest was ethanol. Ethanol’s thermal conductivity value from
literature is 0.1698 W/mK [48]. As IPA was tested as the liquid with the lowest thermophysical
property, ethanol does have a slightly higher thermal conductivity value and was a good
candidate to investigate if the THW test worked or not. To investigate that the thermal
conductivity of ethanol would require a different electrical current input, the suggested current

was 50mA to compensate the temperature rise of 0.27°C within the time range 0.3t00.8
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Figure 6.3. Data obtained from THW apparatus for measuring IPA



seconds. Table 6.3 shows the extracted data of obtaining ethanol’s thermal conductivity and
illustrates that using the predicted current led to some fluctuated extractions of the

thermophysical property. Ranges of 0.1629 W/mK to 0.1967 W/mK were the lowest and highest

extracted values for ethanol from observing table 6.3.
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Table 6.3. Experimental trials from THWM measuring ethanol at 22°C vs referenced value

Extracted thermal Percent error (%) referenced
Trials
conductivity (W/mK) at 0.1698 W/mK [48]
1 0.1815 6.446
2 0.1679 1.132
3 0.1763 3.687
4 0.1967 13.676
5 0.1802 5.771
6 0.1629 4.236
7 0.1782 4.714
8 0.1712 0.818
9 0.1805 5.928
10 0.1770 4.068
Avg 0.1768 3.959
Standard deviation o 0.0091 -
OsEm 0.0029 -

With the same approach to plotting out the extracted thermal conductivity graph of air
and IPA, ethanal’s data can be viewed from figure 6.4. From the 10 analyzed experimental trials

for ethanol, the averaged extracted thermal conductivity value of came to be 0.1768 + 0.0029

W/mK. Comparing to literature [48], the experimental and expected value differ by 4.2%.
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Figure 6.4 Data obtained from THW apparatus for measuring ethanol

6.6. THWM for deionized (DI) water

The fourth fluid of interest was DI water. Utilizing DI water indicates that the substance
Is pure water, and no impurities are present in the liquid medium. As water has the highest
thermal conductivity out of the three measured substances, its literature value is between 0.59-
0.60 W/mK [6, 36] at ambient temperature (also shown in appendix A). With the same principle
to determine the input current with IPA and ethanol, water’s expected input current was 95mA.
Conducting 10 trials for 10 seconds, the data extracted were consistent and the averaged reported

thermal conductivity of water was 0.6007 + 0.0048 W/mK as shown in figure 6.5.
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Figure 6.5. Data obtained from THW apparatus for measuring DI water

Table 6.5 shows that the results of the experimental values and literature values are in
tolerable ranges as the literature value of water is in good agreement. The largest and lowest
reported value for water were 0.6173 W/mK and 0.5833 W/mK, respectively. From comparing
the overall reported thermal conductivity value of DI water, the experimental and literature [6,
44] differ less than 1%. This indicates that thermal conductivity of DI water is detectable as the
wire’s temperature rise is within 0.27°C from the fitted time range of 0.3 to 0.8 seconds.
Comparing to air’s thermal conductivity extraction with the same temperature rise over time with

a current input does validate that higher k values require more input current [28].
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Table 6.4. Experimental trials from THWM measuring DI water at 22°C vs referenced value

Extracted thermal Percent error (%) referenced
Trials
conductivity (W/mK) at 0.6014 W/mK [6]
1 0.5749 4.609
2 0.5833 3.103
3 0.6154 2.275
4 0.5846 2.874
5 0.6013 0.017
6 0.6173 2.576
7 0.6170 2.528
8 0.6082 1.118
9 0.5997 0.283
10 0.6084 1.151
Avg 0.6007 0.117
Standard deviation o 0.0153 -
OsEm 0.0048 -

6.7. Validation of the analyzed data

With all four different fluids measured, compiling all the data together would see how
each datatrend differ from each other. This approach is similar to Wei’s approach to extract
thermal conductivity [28]. From conducting each THW test with all four different fluids, the
temperature rise, and time range were consistent. On the other hand, as each fluid requires

different heat inputs since higher k values require more electrical current [28], the data
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regression will show which fluid has a higher or lower slope. From observing figure 6.6, the data

region that has the highest slope of 47;# vs In(t), would result that an insulator has been

measured within the THW test cell which illustrates that air was measured. Thermal conductive
substances like water would result in a smaller slope resulting in a higher value in thermal
conductivity. Substances such as IPA and ethanol would be in close range when comparing their

literature and measured experimental thermal conductivity values at ambient temperature.
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Figure 6.6. complied data with air, IPA, ethanol, and DI water

Figure 6.7 shows a clear view of the IPA, ethanol, and DI water data. This is to locate
which region IPA, ethanol, and DI water would be on the graph as air is clearly shown to have a

higher slope regression (leading to a low thermal conductivity value). It is shown that IPA is the
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second substance for its low thermal conductivity and the data trend would be above ethanol and
water to show that it is an insulative liquid. Lastly, ethanol will show that its thermal

conductivity is the third lowest compared to all the remaining fluids tested in this thesis. The data

trend for ethanol would be between IPA and DI water.
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Figure 6.7. Close up view of the complied data of IPA, ethanol, and DI water.

6.8. Discussion

With all 4 tested substances measured in the THW test cell, it is shown that the designed
apparatus is highly capable to detect thermal conductivity of fluids. The temperature rises from
conducting air and water separately were in the range of 0.27°C to fit within the time range of

0.3 t0 0.8 seconds with a percent error of 2.632% and 0.117%, respectively. With traces of IPA
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and ethanol evaporating over time in the covered test cell, this could be the potential to the larger
percent error of 4.772% and 3.959%, respectively. Evaporation was mentioned because when the
THW test cell was complete for their corresponding fluid, the liquid level did decrease slightly
once the copper cover was lifted to draw the liquid back into its corresponding vial. Water did
not have the tendency to evaporate quickly compared to IPA and ethanol. which may have
contributed to a low percent error from the THW test. Overall, the obtained data from the
designed THW apparatus can detect fluid’s thermal conductivity with utilizing the current input
to extract the desired temperature range of 0.27°C within the time intervals from 0.3t00.8
seconds to fit in the line of best fit. Table 6.5 illustrates the overall gathered thermal conductivity

values of the 4 different fluids at ambient temperature of 22°C.

Table 6.5. Measured thermal conductivity of fluids vs referenced values at 22°C

_ Measured thermal  Referenced thermal Percent
i conductivity (W/mK) conductivity (W/mK) error (%)
Air 0.0266 + 0.0002 0.0259 [6] 2.632
IPA 0.1425 + 0.0031 0.1357 [47] 4,772
Ethanol 0.1768 + 0.0029 0.1698 [48] 3.959
DI Water| 0.6007 + 0.0048 0.6014 [6] 0.117

The customed designed apparatus is capable to extract thermal conductivity values from
0.026 W/mK to 0.73W/mK. The maximum value of 0.73 W/mK was obtained from the
investigating the largest input current while utilizing the time range of 0.3 to 0.8 seconds with the

wire’s temperature rise of 0.27°C.
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Chapter 7. Conclusion and Future Works

7.1. Conclusion

With a fully developed THW apparatus, the design can detect fluid’s thermal
conductivity. With air, IPA, ethanol, and DI water the required currents to detect their thermal
conductivity is 20mA, 45mA, 50mA, and 95mA, respectively. With the experiment conducted
for 10 seconds with 10 data sets obtained with the same parameter, the experimental error ranges
from 0.117-4.772% indicating good agreement with the literature values of the measured fluids.
It has been also found that the temperature rises to fit within the suggested time range of 0.3 to
0.8 seconds is found to be 0.27°C from the developed apparatus. With referencing known
substance’s thermophysical properties, using the same concept throughout the THW experiment
to ensure the time ranges are fixed at 0.3 to 0.8 seconds and to have a temperature rise of at least
0.27°C by selecting the right input current will determine unknown fluid’s thermal conductivity.

It has been also shown that the mathematical model of the THWM from investigating the
literature works is a promising model to use when designing and implementing a different
apparatus with specific dimensions. With the measurement time of the THWM kept short, this
would illustrate consistent results of how the platinum wire would respond to the change in
temperature from the joule heating effect. TPD and initial wire heating region must be
investigated from the extracted data throughout the THW test. This is to ensure that data fits
within the line of best fit as the platinum wire has a linear regression of the change in
temperature with In(t) for a short period of time.

From developing the THW test cell, calibrating the platinum wire to obtain its TCR
would ensure that change in temperature is obtained from the voltage drop of the wire with the

applied Heaviside step function. Insulation is vital for the platinum wire to not leak any electrical
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current in the liquid medium as this would result to inconsistent joule heating to fulfil the
THWM theory. The soldering technique used in this thesis required no special equipment to
obtain the micro soldered joint. All the hands-on component integration was done by hand and
utilized no special equipment for any precision engineering.

7.2. Future Works

With the extracted data of each fluid being tested at ambient temperature, it would be
vital to measure fluids at different temperatures to ensure that the designed apparatus is capable
to perform for hot and cold substances. With only fluids measured, the THW apparatus may have
the potential to measure powders’ thermal conductivity. As water has the highest thermal
conductivity from the report of this thesis, a new designed cavity would expand the
thermophysical property measurement range to measure thermally conductive fluids. With the
current source ranging from 0-105mA, the platinum wire can be longer since resistance will also
increase due to the resistivity equation and Ohm’s Law to detect the necessary change in voltage
for the measured material (that could contain a larger thermal conductivity value than water).

As the motivation behind this work is to characterize fluid’s thermal conductivity from an
experimental approach, the designed THWM can analyze unknown fluid’s thermal conductivity
values at short time durations. With the idea to enhance the HTF of a SWHS (mentioned earlier
in the thesis) creating or altering the base fluid’s thermophysical property can be investigated for
future works. In order to enhance heat transfer, thermal conductivity must be increased which
leads into the potential of creating nanofluids as they are known for their enhanced thermal
conductivity values [14, 19, 20]. As Nanofluids thermal conductivity values are enhanced, the
type of material, size, and shape do alter the heat transfer. To measure nanofluids, the designed

THW test cell can be utilized to measure nanofluids with different volume fractions of
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nanoparticles and surfactants to help stabilize the colloid solution. This opens to the next plan for

future implementation and development for an enhanced SWHS.
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Appendices

Appendix A: Thermophysical properties of conventional fluids

Table A.1. Water's thermophysical properties at atmospheric pressure [6]

x10° x100 x10-3 x10® x100 x100 x100 X107
0 999.84 1.792 1.792 4219.0 0.561 13.47 1.330
5 999.97 1.518 1.518 4216.2 0.571 11.19 1.358
10 999.70 1.306 1.306 4213.4 0.580 9.45 1.383
15 999.10 1.138 1.139 4210.6 0.589 8.09 1.407
20 998.21 1.002 1.003 4207.8 0.598 7.00 1.432
25 997.05 0.890 0.893 4205.0 0.607 6.13 1.456
30 995.65 0.797 0.801 4203.0 0.616 541 1.480
35 994.04 0.719 0.724 4201.0 0.623 4.82 1.499
40 992.22 0.653 0.658 4199.0 0.631 4.33 1.522
45 990.22 0.596 0.602 4197.0 0.637 3.91 1.539
50 988.05 0.547 0.553 4195.0 0.644 3.55 1.559
55 985.71 0.504 0.511 4193.8 0.649 3.25 1.575
60 983.21 0.466 0474 4192.6 0.654 2.98 1.590
65 980.57 0.433 0.442 41914 0.659 2.75 1.606
70 977.78 0.404 0.413 4190.2 0.663 2.55 1.619
75 974.86 0.378 0.387 4189.0 0.667 2.37 1.632
80 971.80 0.354 0.365 4188.2 0.670 2.22 1.643
85 968.62 0.333 0.344 4187.4 0.673 2.08 1.654
90 965.32 0.314 0.326 4186.6 0.675 1.96 1.663
95 961.90 0.297 0.309 4185.8 0.677 1.85 1671
100 958.43 0.282 0.294 4185.0 0.679 1.75 1.680
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Table A.2. Thermophysical properties of air at atmospheric pressure [6]

0 1.287 159.60 13.49 1006.5 0.0241 0.720 15.89
1 1.283 160.10 13.58 1006.5 0.0242 0.720 16.00
2 1278 160.60 13.67 1006.5 0.0243 0.721 16.11
3 1273 161.10 13.75 1006.5 0.0244 0.721 16.23
4 1.269 161.60 13.84 1006.5 0.0245 0.722 16.34
5 1.264 162.10 13.93 1006.6 0.0245 0.722 16.45
6 1.259 162.60 14.02 1006.6 0.0246 0.723 16.57
7 1.255 163.10 1411 1006.6 0.0247 0.723 16.68
8 1.250 163.60 14.20 1006.6 0.0248 0.723 16.80
9 1.245 164.10 14.29 1006.6 0.0249 0.724 16.91
10 1241 164.60 14.38 1006.7 0.0249 0.724 17.03
11 1.236 165.10 14.47 1006.7 0.0250 0.724 17.15
12 1231 165.60 14.56 1006.7 0.0251 0.724 17.27
13 1.227 166.10 14.64 1006.7 0.0252 0.725 17.39
14 1222 166.60 14.73 1006.7 0.0253 0.725 1751
15 1.217 167.10 14.82 1006.8 0.0253 0.725 17.63
16 1213 167.60 1491 1006.8 0.0254 0.725 17.75
17 1.208 168.10 15.00 1006.8 0.0255 0.725 17.87
18 1.203 168.60 15.09 1006.8 0.0256 0.725 18.00
19 1.199 169.10 15.18 1006.8 0.0257 0.725 18.12
20 1.194 169.60 15.27 1006.9 0.0257 0.724 18.25
21 1.189 170.10 15.36 1006.9 0.0258 0.724 18.37
22 1.185 170.60 15.45 1006.9 0.0259 0.724 18.50
23 1.180 171.10 15.53 1006.9 0.0260 0.724 18.63
24 1.175 171.60 15.62 1006.9 0.0261 0.724 18.76
25 1171 172.10 15.71 1007.0 0.0261 0.723 18.89
26 1.166 172.60 15.80 1007.0 0.0262 0.723 19.02
27 1.161 173.10 15.89 1007.0 0.0263 0.723 19.15
28 1.158 173.60 15.99 1007.0 0.0264 0.722 19.29
29 1.155 174.10 16.09 1007.1 0.0264 0.722 19.42
30 1151 174.60 16.19 1007.1 0.0265 0.721 19.56
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Table A.3. Thermophysical properties of ethylene glycol at atmospheric pressure [6]

0 1130.8 6.51 57.60 2294.0 0.242 617.4 9.329
5 1127.2 4.86 43.10 23147 0.243 462.0 9.330
10 1123.7 3.68 32.74 2336.5 0.245 350.6 9.339
15 1120.2 2.82 25.14 2359.0 0.247 268.7 9.355
20 11175 2.20 19.70 2382.1 0.249 2104 9.362
25 11153 1.75 15.70 2405.6 0.251 167.7 9.363
30 1111.2 1.42 12.77 2428.5 0.253 136.2 9.372
35 1105.8 1.17 10.54 2451.0 0.254 1123 9.386
40 1101.5 0.98 8.83 24735 0.256 94.0 9.393
45 1097.7 0.82 7.46 2496.0 0.257 79.4 9.395
50 1094.2 0.70 6.38 2518.2 0.259 68.0 9.385
55 1090.8 0.60 5.50 2540.2 0.260 58.7 9.369
60 1087.8 0.52 4.80 2561.9 0.260 514 9.340
65 1084.9 0.46 421 2583.4 0.261 453 9.305
70 1082.4 0.40 3.74 2605.5 0.261 404 9.255
75 1080.0 0.36 3.33 2628.0 0.261 36.2 9.196
80 1077.5 0.32 3.00 2650.5 0.261 32.8 9.139
85 1075.0 0.29 2.71 2673.0 0.261 29.8 9.083
90 1071.8 0.26 2.46 2695.8 0.261 27.1 9.043
95 1068.2 0.24 2.23 2718.8 0.262 247 9.015
100 1058.5 0.22 2.03 2742.0 0.263 224 9.061
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Table A.4. Ethanol’s thermal conductivity at different temperatures [48]

U eI Ar) cOanﬁi[aTﬁ'y ®)
[Cl W/m.K]
0 0.1724

01712
10 0.1700
15 0.1689
20 0.1678
21 0.1676
22 0.1674
23 0.1671
24 0.1669
25 0.1667
26 0.1664
27 0.1662
28 0.1659
29 0.1657
30 0.1655
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Table A.5 Isopropyl alcohol’s thermal conductivity at different temperatures [47]

10 0.1371
11 0.1369
12 0.1368
13 0.1366
14 0.1364
15 0.1362
16 0.1360
17 0.1358
18 0.1356
19 0.1354
20 0.1352
21 0.1350
22 0.1347
23 0.1345
24 0.1343
25 0.1341
26 0.1339
27 0.1337
28 0.1335
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Appendix B: MATLAB Codes utilized

B.1 Raw data extraction data (from THW setup)

$Setup for MCC DAQ system

d = daglist("mcc"); %Verification that DAQ system is detected
d(l, =)

dg = dag("mcc") S%$Generating a recording session

$Adding the CHO input for detection circuitry. Ensure CHO differential mode
%$is connected to CHO HI, LO, and GND
addinput (dg, "BoardO", "AiO", "Voltage");

$Verification and setup for the Kiethley 6221 System
$WIP for genertaing objl automatically
objl

fprintf (objl, '*IDN?')
fscanf (objl)

o
o°

o

Set up desired sample rate

Note: Will sample this many times over the time period dictated in
$recording actuation code

dg.Rate = 1000

chO0.Range=[-10,10]

o

o

%% Linear Sweep Activation

fprintf (objl, 'SOUR:CURR Oe-3"')

fprintf (objl, 'SOUR:CURR:COMP 10")

fprintf (objl, 'SOUR:CURR:STAR 20e-3')%% Start value for our Linear Step
fprintf (objl, 'SOUR:CURR:STOP 20e-3') %%Stop value for our Linear Step
fprintf (objl, 'SOUR:DEL 1') %%Delay between steps
fprintf (objl, 'SOUR:SWE:COUN 1')
fprintf (objl, 'SOUR:SWE:CAB OFF')
fprintf (objl, 'SOUR:SWE:ARM'")

o o
070

fprintf (objl, '"INIT') %%Initialize armed waveform
$Start recording of DAQ

[data, startTime] = read(dqg, seconds(10));

pause (2)

fprintf (objl, 'OUTP OFF') %%Secures waveform reading

oo
3]

figure (1)
scatter (data.Time, data.BoardO AiO);
xlabel ("Time (s)");

ylabel ("Voltage (V)");

title ('Experimental Voltage');
grid on;

grid minor;
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writematrix (data.Time, 'datatimeRAW.csv');

writematrix(data.Board0 AiO, 'datavoltRAW gain HDR.csv'); %--change mA and
gain--%

GAIN= 20; % Physically refer to the voltage amplifier %--change mA and gain--

o)

°

ConvertVOLT=data.Board0 AiO/GAIN;
writematrix (ConvertVOLT, 'datavoltAMP gain HDR.csv'); %--change mA and gain--%

[

% Helps to readtable to extract the data than using Excel
data t = readtable('datatimeRAW.csv');
data V = readtable('datavoltAMP gain HDR.csv'); %--change mA and gain--%

B.2 Averaging extracted data MATLAB code

t= 0:0.001:0.9999; %change the time limits when possible (other data might be
different)
% Reads the data from csv

datal =

x1lsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
_Tl.csv'); % two columns of data

data2 =

xlsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
~T2.csv'); % two columns of data

data3 =

xlsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
~T3.csv'); % two columns of data

data4d =

xlsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
_Td.csv'); % two columns of data

datab =

x1lsread('20220114 Convert Water GAINS5 105mA 1000samples lsec LONGcavity 22Deg
_T5.csv'); % two columns of data

data6 =
x1lsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
_T6.csv'); % two columns of data

data7 =
x1lsread('20220114 Convert Water GAINS5 105mA 1000samples lsec LONGcavity 22Deg
~T7.csv'); % two columns of data

data8 =
xlsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
~T8.csv'); % two columns of data

datal8 =
xlsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg
~T9.csv'); % two columns of data

datal0l =
x1lsread('20220114 Convert Water GAIN5 105mA 1000samples lsec LONGcavity 22Deg

_T10.csv'); % two columns of data

% averages the data out for each file
al= mean (datal,?2);
a2= mean (data2, 2);
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a3= mean (data3, 2)
ad= mean (data4, 2)
a5= mean (datab5,2);
ab= mean (datao6,?2);
( )
( )

’

’

a’7= mean (data7,?2);
a8= mean (data8, 2
a9= mean (data9,?2);

al0= mean (datal0,2);

Average V=(al+a2+a3+ad4+ab5+a6+a7+a8+a%+al0l)/10;
S = std(Average V)

STDM= S/sqrt (10)

% extracts the average values and convert to csv

writematrix (Average V, '20220114 Convert Water GAIN5 105mA 1000samples lsec LO

NGcavity 22Deg AVERAGE.csv');

’

B.3 Code to initiate thermal conductivity measurement

%% Analyze converted voltages to Thermal conductivity OLD technique
cy
s initial important parameters (INPUT HERE) ——————----------

Q
=

Current = 0.045; % mA to Amperes
Wire Length= 38.5 ;%39 ; ; % units in mm please
Temperature Fluid= 22 ; S%temperature of fluid From data file name

timel= 0.3 ;
time2= 0.8 ;

TimeRange= log(time2/timel) ;

data t = readtable('datatimeRAW 1000hz 10sec.csv');

data V =

readtable ('20220328 Convert IPA GAINS 45mA 1000samples 10sec SHORTcavity 20De
g COVER 12db 20v_100NEW AVERAGE.csv');

% Reads the first row from the raw time values taken from DAQ
data_t = (data_t.Varl);

)

% Change in voltage values
data V = tableZarray(data V);
x=data_t;

Volts=data V;

I=Current; % current going into wire

current=I*1000; %$input at the end of the fprint section
tl=log(data_t); % natural log of time

Resistance=(Volts)/I ;% resistance **** GRAPH PORTION****%*
$V_0= Volts(1l);

writematrix (Resistance, 'Resistance.csv');

R 0= 8.7 ;% Reference Resistance at temperature of 22 degrees Celsius

TCR Slope = 0.03181 ; %TCR of the slope from the calibration graph
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TCR= TCR Slope/ R 0 ;%0.003520; % temperature coefficient of resistance
L=Wire Length*107-3; % converts to m LENGTH OF WIRE
Q=(R _0)*I"2 ; % heat input to the platinum wire

Constant = Q/ (4*pi*L); % the g' over 4pi initial value

% Converted voltage transient graph
figure (1)

scatter (data_t,Volts, 45, '"MarkerEdgeColor', 'k', 'MarkerFaceColor',[1l 0.89
0.41);

hold on

xlabel ('Time (s)','FontSize', 15, 'FontWeight', 'bold'")

ylabel ('Converted Change in Volts (?V)','FontSize', 15, 'FontWeight',
'bold")

title('Voltage Drop of Wire over Time', 'FontSize', 15, 'FontWeight',
'bold'");

grid on;

grid minor;

legend('Voltages', "location', 'southeast');

hold off;

% TEMPERATURE DATA TO EXCEL FILE

Templ= (Resistance—R_O)/(TCR_Slope) ;
writematrix (Volts, 'Voltage Values.csv');
writematrix (Templ, 'Temperaturel.csv');

figure(2) % RESSITANCE GRAPH

scatter(data_t, Resistance, 45, 'MarkerEdgeColor','k', 'MarkerFaceColor', [0
0.5 0.8]);

hold on;

xlabel ("Time (s)",'FontSize', 15, 'FontWeight', 'bold');

ylabel ("Change in Resistance (?R)",'FontSize', 15, 'FontWeight', 'bold');

title("Change in Wire's Resistance", 'FontSize', 15, 'FontWeight',
'bold'") ;

grid on;

grid minor;

legend ('Resistance', 'location', 'southeast');

hold off;

figure (3) % TEMPERATURE GRAPH

scatter (data_t,Templ, 45, 'MarkerEdgeColor', 'k', 'MarkerFaceColor',[1 O
01) 7

hold on

xlabel ('Time (s)','FontSize', 15, 'FontWeight', 'bold')

ylabel ('Temperature of Wire (?K)','FontSize', 15, 'FontWeight', 'bold'")

title('Change in Temperature of Wire', 'FontSize', 15, 'FontWeight',
'bold'");

grid on;

grid minor;

legend ('Temperature', 'location', 'southeast');

hold off;

% technique 1 to extract thermal conductivity of fluids
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figure (4) % TEMPERATURE log scale time
scatter (data_t, Temp,45, 'MarkerEdgeColor', 'k',

'MarkerFaceColor', [1 O

'bold") ;

01) 7
set (gca, "xscale', "log'")
xlabel ("Time (s)",'FontSize', 15, 'FontWeight',
ylabel ("Temperature of Wire (?K)",'FontSize', 15, 'FontWeight', 'bold');
title('Change in Temperature of Wire', 'FontSize', 15, 'FontWeight',
'bold'") ;

grid on;

grid minor;

legend ('Temperature', "location', 'southeast');
hold off;

figure (5) % TEMPERATURE VS NATURAL LOG TIME GRAPH

scatter (tl, Templ, 45, 'MarkerEdgeColor','k', 'MarkerFaceColor',[0 1 0]);
xlabel ("1n(t)", 'FontSize', 15, 'FontWeight', 'bold'");

ylabel ("Temperature of Wire (?K)",'FontSize', 15, 'FontWeight', 'bold');
title('Temperature of Wire over time', 'FontSize', 15, 'FontWeight',

'bold'") ;
grid on;
grid minor;
legend ('Temperature', 'location', 'southeast');
ind = tl>=log(timel) & tl<=log(time2);
p = polyfit(tl(ind), Templ (ind),1)
slopel = p(l);
intercept = p(2);
f = polyval(p,tl(ind));
hold on;

plot(tl(ind),f,"'-', 'Linewidth',2.5, 'Color',[1 0 0]) -

legend ('Temperature', 'Linear fit'

) ;
SStot = sum( (Templ-mean (Templ (ind)))."2); % Total Sum-Of-Squares

SSres sum( (Templ (ind) -£) . "2) ;
Rsqg 1 = 1-SSres/SStot ; % R"2 value

hold off;
csvl = csvread('Voltage Values.csv');
csv2 = csvread('Temperature.csv');
all CsVv = [csvl csv2Z ];

writematrix(all CSV, 'Voltage Temperature.csv');

DATA USE= readtable ('Voltage Temperature.csv');
data=tableZarray (DATA USE);

m= zeros (10000, 1); %initialize m array
for n = 1: length (m)

THWM (n,1)=(4*pi* (data(n,2)))/ (I*(data(n,1))/L);
end

> Residual Sum-Of-Squares

$Iteratively computes m

'MarkerFaceColor',[1 0.5

'bold") ;

figure (6)
scatter (data_t, THWM,45, 'MarkerEdgeColor', 'k',
01):
xlabel ("Time (s)",'FontSize', 15, 'FontWeight',
ylabel ("42?T/q' (W -"1mK)", 'FontSize', 15, 'FontWeight', 'bold');
title('Thermal Conductivity Extraction', 'FontSize', 18, 'FontWeight',
'bold'");
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grid on;

grid minor;

legend ('Thermal Conductivity Extraction', 'location', 'southeast'):;
hold off;

figure (7)

scatter(tl, THWM,45, '"MarkerEdgeColor','k', 'MarkerFaceColor', [0 0.4
0.91);

xlabel ("1n(t)", 'FontSize', 15, 'FontWeight', 'bold'");

ylabel ("42?T/q' (W -"1mK)", 'FontSize', 15, 'FontWeight', 'bold');

title('Thermal Conductivity Extraction', 'FontSize', 18, 'FontWeight',
'bold'");

grid on;

grid minor;

legend ('Thermal Conductivity Extraction', 'location', 'southeast');

hold on;

p = polyfit(tl(ind), THWM(ind),1) -

slope2 = p(l);

intercept = p(2);

f = polyval(p,tl(ind));

hold on;

plot(tl(ind),£f,"'-', 'Linewidth',2.5, 'Color',[1 O 0])
legend ('Thermal Conductivity Extraction', 'Linear fit');
SStot = sum( (THWM-mean (THWM (ind))) ."2); % Total Sum-Of-Squares
SSres = sum( (THWM (ind)-f) ."2); % Residual Sum-Of-Squares
Rsg 2 = 1-SSres/SStot ; % R"2 value

hold off;

k2=(1/slope2); Stechnique #2

kl= Constant* (1/slopel); % thermal conductivity extraction Technique #1
g Referenced fluid's thermal conductivity %Error ----

% Refernce thermal condcutivity of water and Air

k _ref WATER=0.6014; % at 22°C for water W/mK

k ref ATIR=0.026; % at 22°C for air W/mK

k_ref IPA=0.1357; % at 22°C for air W/mK

k_ref Ethanol = 0.1698 ; % at 22°C for ethanol W/mK

$Percent errorl= (abs(kl-k ref WATER)/k1l)*100; % technique 1
$Percent errorl= (abs(kl-k ref AIR)/kl)*100 ; % technique 1
Percent errorl= (abs(kl-k ref IPA)/k1l)*100 ; % technique 1
$Percent errorl= (abs(kl—k_ref_Ethanol)/kl)*lOO ; % technique 1

$Percent error2= (abs(kZ—k_ref_WATER)/k2)*100; % technique 2
$Percent error2= (abs(k2-k ref AIR)/k2)*100 ; % technique 2
Percent error2= (abs(k2-k ref IPA)/k2)*100 ; % technique 2
$Percent error2= (abs(k2-k _ref Ethanol)/k2)*100 ; % technique 2

[

Change Temp= slopel* (log(time2/timel)); % change in temperature
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fprintf ("Initial resistance is %0.4f Ohms.\n",R_O)

fprintf ("Heat input is %0.4f Watts.\n",Q)

fprintf ("Current of %0.1f mA.\n",current)

fprintf ("The gq'/4? is %0.4f W/m.\n",Constant)

fprintf ("The time range of In(0.8/0.3) is %0.4f.\n", TimeRange)
fprintf ("The slope of ?T/In(t) is %0.4f K.\n",slopel)

fprintf ("The Change in temperature range is %0.4f K.\n",Change Temp)

Q

% Alr %
% fprintf ("Air's thermal conductivity at %1.1£f°C is %0.4f W/mK technique #1,
percent error is %0.4f%%.\n", Temperature Fluid, kl, Percent errorl);
% fprintf ("Air's thermal conductivity at %1.1f°C is %0.4f W/mK technique #2,
percent error is %0.4£%%.\n", Temperature Fluid, k2, Percent error2);

% fprintf ("Air's thermal conductivity from reference is %$0.4f W/mK at
$1.1£°C. \n", k ref AIR, Temperature Fluid);

% Water %

$fprintf ("Water's thermal conductivity at %$1.1£f°C is %0.4f W/mK technique #1,
percent error is %0.4£f%%.\n",Temperature Fluid, kl, Percent errorl);

$fprintf ("Water's thermal conductivity at %1.1f°C is %0.4f W/mK technique #2,
percent error is %0.4£f%%.\n",Temperature Fluid, k2, Percent error2);

$fprintf ("Water's thermal conductivity from reference is $%$0.4f W/mK at
$1.1£°C.\n",k ref WATER, Temperature Fluid);

% IPA %

fprintf ("Isopropyl alcohol's thermal conductivity at %$1.1f°C is %0.4f W/mK
technique #1, percent error is %0.4£f%%.\n",Temperature Fluid, k1,

Percent errorl);

fprintf ("Isopropyl alcohol's thermal conductivity at %1.1f°C is %0.4f W/mK
technique #2, percent error is %0.4£f%%.\n",Temperature Fluid, k2,
Percent error2);

fprintf ("Isopropyl alcohol's thermal conductivity from reference is %0.4f
W/mK at %$1.1£°C.\n",k ref IPA, Temperature Fluid);

o

Ethanol %
fprintf ("Ethanol's thermal conductivity at %1.1f°C is %0.4f W/mK technique

o

#1, percent error is %O.4f%%.\n",Temperature_Fluid, kl, Percent errorl);
% fprintf ("Ethanol's thermal conductivity at %$1.1£°C is %0.4f W/mK technique
#2, percent error is %0.4£%%.\n",Temperature Fluid, k2, Percent error2);

oe

4
fprintf ("Ethanol's thermal conductivity from reference is %0.4f W/mK at
%l.lf°C.\n",k_ref_Ethanol, Temperature Fluid);

writematrix (THWM, 'THWM IPA 45mA gainb5.csv');
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